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Summary

This thesis examines the interactions between native bees, in particular bumblebees (Bombus 

spp.), and the alien plants they visit. Most alien plants are well integrated into the resident 

plant-pollinator network. They are thus likely to directly and indirectly affect the foraging 

behaviour, resource use, and the abundance and diversity o f  individuals, populations and 

communities o f  native generalist pollinators as they may augment but also alter the availability 

and composition of forage resources, by attaining large floral densities and possibly displacing 

native plants. To date only a limited number o f  studies have studied the indirect and direct 

impacts o f  alien plants on native bees. 1 investigated the interactions between native bees and 

alien plants through observational and experimental field studies that took place in sites along 

the River Liffey and on Howth, Co. Dublin (Eastern Ireland) and in Spiddal, Co. Galway 

(Western Ireland).

Bumblebee usage o f  alien and native plant resources (nectar and pollen) was examined 

throughout the foraging season (April to September) and over two consecutive years in 

invaded habitats. Although alien resources were collected by native bumblebees, they rarely 

dominated usage as bumblebees relied greatly on native floral rewards. The quantity (nectar 

and pollen production) and quality (concentration o f  essential amino acids in nectar and 

pollen) o f  floral rewards were compared among a suite o f  alien {Buddleja davidii. Fuchsia 

magellanica, Im patiem  glandulifera. Rhododendron ponticum  and Symphytum  x uplandicum) 

and native {Digitalis purpurea, Epilobium hirsutum, Rubus fruticosus  agg, Vicia sepium) 

plants that are pollinated by native insects. Although nectar and pollen rewards from alien 

species were not generally higher in quality, they may quantitatively surpass those o f  native 

species at a plant and population level.

The alien /. glandulifera was also used as a model species to quantify the effects o f  its 

presence and removal on native insects. No impact o f  invasion and removal on standardised 

insect abundance, B. pascuorum  abundance, nor functional insect diversity was detected, 

suggesting that localised small-scale removal o f  I. glandulifera may be feasible to prevent the 

alien from setting seed. Additionally, the impacts o f  /. glandulifera on bumblebee {B. 

hortorum  and B. pascuorum) foraging behaviour and the effect o f  local alien plant density on 

bumblebee visitation, stigmatic pollen deposition and seed set o f  two native self-incompatible



plant species {Lythrum salicaria and Stachyspalustris) were examined. B. hortorum  was more 

flower constant than B. pascuorum. Increased B. pascuorum  visitation to native plants at high 

alien density resulted in increased alien pollen and reduced conspecific pollen deposition on 

stigmas, and reduced seed set in L. salicaria, but not S. palustris.

Lastly, the effectiveness o f native bumblebees {B. pascuorum) as pollinators o f alien I. 

glandulifera and their function in aiding its spread was explored by quantifying pollen 

deposition and removal, and seed production after a single visit. The morphological fit 

between flowers and bumblebee body parts was measured to assess their influence on pollen 

deposition and removal. B. pascuorum  effectively pollinated the alien due to its high visitation 

frequency, the morphological fit with flowers, and individuals removing large pollen 

quantities and inducing maximum seed set after a single visit.

The results o f this thesis reveal that native bees interact greatly with alien plants, which do not 

have a negative impact on native bees. Alien plant resources (nectar and pollen) may thus 

supplement native resources, especially in disturbed, fragmented and suburban habitats. 

Native bumblebees in turn are effectively pollinating alien I. glandulifera and may therefore 

be aiding its spread.
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1.1 Introduction

Alien plants have been introduced into all continents except Antarctica (Lonsdale 1999), 

where they are known to affect the native fauna and flora (Levine et al. 2003). To date most 

research has concentrated on the traits o f  alien plants and invaded habitats, their mechanisms 

o f  invasion, and on the impacts o f  alien plants and their control and management on the native 

communities they invade. Alien plants are likely to disrupt native plant-pollinator interactions 

but so far only a limited number o f  studies have examined this. There is even less known 

about the direct impacts o f  alien plants on native pollinators, in particular bees.

Gaining an understanding o f  the direct interactions between bees and alien plants is important 

for the conservation o f  native bees and the native plant species they forage on, but also for the 

control and management o f  alien plants. This thesis investigates how alien plants affect the 

resource use and foraging behaviour o f  native bees and the subsequent consequences for 

native plants. 1 also examine the implications o f  alien plant management on native bees and 

how they in turn affect the pollination o f  alien plants. This chapter introduces some 

background information on bees, their foraging behaviour and their interactions with plants as 

pollinators. I further synthesise what is known about alien plants and their interactions with 

native plants and pollinators, and detail the specific aims o f  this thesis.

1.2. Bees

L2.1 B ackground information

Bees (Superfamily Apoidea) belong to the insect order Hymenoptera. which also comprises 

ants, sawflies and wasps (Proctor et al. 1996). At present there are about 25 000 known bee 

species (in 4 000 genera) worldwide o f  which most are phytophagous, feeding on nectar and 

pollen (Michener 2000). Despite the majority being solitary, the eusocial species (e.g. Apidae: 

Apis spp. and Meliponinae), which have a non-reproductive caste, are most familiar (Proctor et 

al. 1996). Bumblebees (Apidae: Boiiibus spp.) are primitively eusocial as their social 

organisation is simpler compared to Apis (Goulson 2003b). Unlike Apis, bumblebees exhibit 

an annual life cycle where queens emerging from hibernation found a nest (colony) in early 

spring (Westrich 1989a). Soon after, the first workers (females) emerge and collect forage for
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the colony (Benton 2006). Workers are produced continuously but at the end o f  the colony 

cycle, males and new virgin queens appear and mate (Sladen 1989). After mating, the males 

and workers die and the mated queens overwinter in holes in the ground until the following 

spring (Alford 1978).

This thesis will mainly concentrate on eusocial bees, especially bumblebees, because they are 

one o f  the most important groups o f  pollinators in temperate regions (Goulson 2003b) as their 

ability o f  endothermy allows them to tolerate lower temperatures compared to most other 

pollinators (Corbet et al. 1993). Moreover, their long tongues enable them to feed on, and 

hence pollinate, a wide range o f  crops and wild flowers (Corbet et al. 1991).

Worldwide there are about 250 bumblebee species (Williams 1989a) and their natural range 

spreads over the alpine, arctic and temperate zones o f  Asia, Europe and Central, North and 

South America (Benton 2006). In Ireland there are currently 20 species o f  which six are 

cuckoo bumblebees (Fitzpatrick et al. 2006). This thesis focuses on the six most abundant 

species: B. horlorum, B. lapidarius, B. luconim, B. pascuorum, B. pratorum  and B. terrestris 

(Fitzpatrick et al. 2007a). In Britain and Ireland B. lucorum sensu stricto forms part o f  the 

'"lucorwn complex” together with the cryptic species B. ayp tarum  and B. magnus (Benton 

2006), as morphological identification o f  males, queens and workers among these three 

species can be problematic (Murray et al. 2008). In Ireland B. lucorum  is the most abundant 

species, especially at low altitudes, whilst B. ayptarum  is more abundant at higher altitudes, 

and B. magnus is most common in lowland non-urban areas (Murray et al. 2008). Although 

males and queens are readily identified between the "lucorum  complex’" and B. terrestris, 

workers are not easily separated in the field and are therefore often recorded as B. lucorum  agg 

(Edwards and Jenner 2004).

1.2.2 Nectar and pollen as forage resources

Bees rely on nectar and pollen from flowers during their entire life cycle. Bumblebee queens 

collect floral rewards whilst initiating colonies in early spring (Goulson 2003b). Workers 

collect nectar and/or pollen depending on the age of individuals (polyethism: Goulson et al. 

2002b), plant species, time o f  day and year (Cressweii and Robertson 1994), weather 

conditions (Peat and Goulson 2005) and colony stores (Alford 1978). Bumblebees collect
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nectar by lapping it from floral nectaries with their probosces (Prys-Jones and Corbet 1991). 

Although nectar is the prime energy source for activity and thermoregulation in workers 

(Heinrich 2004), it is also transported to the nest (in honey stomachs) where it is stored in 

honey pots and provides energy (carbohydrates) and water for the colony (Prys-Jones and 

Corbet 1991). Bumblebees gather pollen either incidentally by becoming dusted or 

deliberately by biting at, and brushing their bodies on floral stamens (Brian 1951). They 

groom the pollen from their bodies and store it in external structures (corbiculae or scopae) on 

their hind legs (Prys-Jones and Corbet 1991, Thorp 2000). Pollen is subsequently fed to the 

larvae and provides the principal source o f protein for the colony to rear its brood (Plowright 

and Pendrel 1977, Sutcliffe and Plowright 1990). Protein supplies influence the development 

and survival o f  workers (Schmidt et al. 1987, Schmidt et al. 1995, Genissel et al. 2002, Human 

et al. 2007), and deficiencies can resuh in poor development (Testa et al. 1981) and brood 

rearing (Herbert et al. 1977b, Herbert et al. 1977a, Loper and Cohen 1987). Although pollen 

can substitute nectar if resources are limited (Landry et al. 2000), a deficit o f  resources can 

severely affect colony reproductive success (Pelletier and McNeil 2003). Colonies are thus 

dependent on the availability and quantity o f good quality resources.

The quantity o f  floral rewards is determined by the amount o f  nectar and pollen a plant 

produces. The volume and sugar composition o f  nectar exhibit considerable inter- and 

intraspecific variations (Cruden et al. 1983, Lanza et al. 1995), which is reflected in an 

extensive literature encompassing numerous plant species that provide resources to bees (e.g. 

Gyan and Woodell 1987, Comba et al. 1999b, Corbet et al. 2001, Cartar 2004, Raine and 

Chittka 2007b, Human and Nicolson 2008). Much information exists on the quantity o f  pollen 

produced by plants, with studies focusing on commercial and ornamental species (e.g. 

Medicago spp. and Iberis amara: Oberle and Gortzen 1952, Traynor 1981, Szabo and Najda 

1985, Tidke and Dharamkar 2003, Denisow 2008), and on species that provide important 

resources for wild pollinators (e.g. Lamiiim spp.: Ortiz 1994, Masierowska 2006, Denisow and 

Bozek 2008).

The quality o f floral rewards is quantified via the nutritional components o f  nectar and pollen. 

Fructose, glucose and sucrose make up the primary constituents o f  nectar (Baker and Baker 

1982, Galetto and Bernardello 2003), but traces o f  amino acids, which principally serve as
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rewards for visitors (Baker 1977), antioxidants, alkaloids, dextrins, glycosides, lipids and 

vitamins are also present (Baker and Baker 1973, Baker and Baker 1975, Baker and Baker 

1976, Baker and Baker 1982). Pollen protoplasm consists mainly o f  protein (Roulston and 

Cane 2000, and references therein), which is used as a primary index o f  nutritional quality 

(Day et al. 1990), but also carbohydrates, lipids, minerals, starch, sterols and vitamins (Todd 

and Bretherick 1942, Bonvehi and Jorda 1997, Roulston and Cane 2000).

In the early 1950s, De Groot (1953) conducted rigorous growth experiments on larval and 

adult A. mellifera to determine which amino acids are essential for individual and colony 

survival. Ten amino acids were identified as important and designated to four groups 

according to the amounts required b y ^ l  mellifera (Tah\e 1.1; De Groot 1953). The amino acid 

requirements o f  other nectar and pollen feeding insects are thought to overlap with those o f  A. 

mellifera  (Roulston and Cane 2000).

Table 1.1 Amino acids grouped according to tiie amounts required by A. mellifera (essentiality) (after 
De Groot (1953) and Cook et al. (2003)).

Essentiality

Most Intermediate Least Non

Isoleucine Arginine Histidine Alanine

Leucine Lysine Methionine Asparagine

Valine Phenylalanine

Threonine

Tiyptophan Aspartic acid/aspartate 

Cystine

Glutamic acid/glutamate

Glutamine

Glycine

Hydroxyproline

Proline

Serine

Tyrosine

Since then, comprehensive studies have investigated the nectar and pollen amino acids o f  

various plant species that are commercially important and valuable for A. mellifera (e.g. 

Brassica napus. Taraxacum officinale. Trifolium repens'. Gilliam et al. 1980, Loper and Cohen
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1987, Day et al. 1990, Clark and Lintas 1992, Human and Nicolson 2006). The importance o f  

amino acid content has also been explored in behavioural (Kim and Smith 2000, Gardener and 

Gillman 2002, Cook et al. 2003) and phylogenetic (Baker and Baker 1976, Baker and Baker 

1986) studies. To date, little research has investigated the nectar and pollen amino acid 

composition o f  non commercial plant species that provide fundamental resources for bees 

other than A. m ellifem  (but see Gyan and Woodell 1987, Gardener and Gillman 2001a, 

Rasmont et al. 2005, Petanidou et al. 2006, Hanley et al. 2008).

1.2.3 Foraging behaviour of bees: maximising efficiency

Bumblebees have often been used as model species in foraging theory (Pyke 1978a, Heinrich 

1979a, Pyke 1984, Goulson 1994) as their foraging behaviour is easily observed and 

quantified (Inouye 1978). They are considered efficient foragers because firstly, workers never 

have to search for mates and nests. Secondly, workers collect nectar and pollen for the whole 

colony and are therefore never satiated. Thirdly, bumblebees are not heavily preyed upon and 

thus do not need to avoid predators during foraging (Heinrich 1979a). Bumblebees are faced 

with a highly heterogeneous and complex foraging environment in which forage availability 

changes throughout the colony cycle and between days (Heinrich 1979a). Individuals thus 

must adapt their foraging choices according to spatial and temporal changes, which are further 

influenced by individual experience, learning and memory (intrinsic factors) and the presence 

o f  other foraging insects, the floral environment and abiotic factors (extrinsic factors) 

(Waddington 1983).

1.2.4 Selecting rewarding flower species

While foraging, bees employ remote olfactory (scent) and visual (colours like blue, yellow and 

ultraviolet) cues to assess floral rewards among co-occurring plant species (Marden 1984, 

Lunau 1992, Dobson et al. 1996, Stout et al. 1998b, Raguso 2004). Foraging bumblebees 

gauge the availability o f  pollen and nectar within flowers chemically and visually to maximise 

foraging efficiency (Buchmann and Cane 1989, Harder 1990, Cresswell and Robertson 1994, 

Cresswell 1999, Cartar 2004). Flower shape and size further influence insect forager choice 

(Dafni and Kevan 1997). For example, bumblebees preferentially visit bilaterally symmetrical 

compared to asymmetrical and radially symmetrical flowers, which is probably related to 

increased floral rewards and reduced handling times on symmetrical flowers (Moller 1995,
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West and Laverty 1998). Pollinators usually prefer large corollas (Conner and Rush 1996), 

especially in association with high rewards (Cresswell and Robertson 1994). Once foragers 

have located rewarding plant species they return to the nest and perform irregular runs 

distributing pheromones and floral scents, to trigger food searching and scent learning in nest 

mates (Dornhaus and Chittka 2001, Molet et al. 2009).

Flowers differ in rewards, morphology and signalling cues, and hence bumblebees require 

various skills to assess and handle flowers efficiently (Harder 1983, Laverty 1994b). Floral 

complexity influences the time it takes for bumblebees to learn the necessary handling skills to 

extract floral rewards (Laverty 1980, Harder 1983). Once individuals have learnt how to 

handle a certain plant species, switching to a morphologically distinct species will require 

them to learn a new set o f  flower handling techniques and may hinder them to recall the 

previously learnt technique (“ interference hypotheses” : Darwin 1876, Woodward and Laverty 

1992, Gegear and Laverty 1995), which may result in flower constancy.

Flower constancy is a behaviour observed in bumblebees (Free 1970, Heinrich et al. 1977, 

Waser 1986, Chittka et al. 1999, Gegear and Thomson 2004, Raine and Chittka 2007a) and 

other insects like butterflies (Lewis 1989, Goulson et al. 1997), honeybees (Free 1963, Hill et 

al. 1994) and hoverflies (Goulson and Wright 1998), whereby insects selectively forage on 

flowers o f  the same type and ignore other species in mixed floral arrays. Individuals are 

thought to exhibit flower constant behaviour because increases in handling time when foraging 

on multiple flower types exceed the extra time taken when searching for flowers o f  similar 

types (Waser 1986, Real et al. 1990, Dukas and Real 1993, Gegear and Thomson 2004). 

Another explanation is that individuals maximise their foraging efficiency by selecting the 

most favourable species (Levin 1978). Bumblebees continually assess the changing floral 

resources by using a mixed foraging strategy whereby they forage on a “ major" plant species 

and several ■’minor" species (Heinrich 1979b). They generally favour and remain loyal to an 

abundant and rewarding species, and are unlikely to switch to a new species unless the former 

is rare and rewards are depleted (Bobisud and Neuhaus 1975, Heinrich 1976b).
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1.2.5 Selecting rewarding foraging areas

Even though bumblebees are referred to as central place foragers as their resources need to be 

relatively close to their nests in order to meet their energy demands (Cresswell et al. 2000), 

some species fly distances o f  up to 4000 m (Walther-Hellwig and Frankl 2000, Goulson and 

Stout 2001, Darvill et al. 2004, Knight et al. 2005, Osborne et al. 2008). Flying far from the 

nest is advantageous as it increases the area available to search for forage and reduces intra

colony competition (Osborne et al. 1999). In general, foraging distances o f species depend on 

the energetic demand and the size o f their colonies, as larger colonies generally forage over 

longer distances (Darvill et al. 2004, Knight et al. 2005).

1.2.6 Selecting rewarding floral patches and individual flowers

Within their foraging range, bumblebees forage non-randomly and exhibit directional 

searching. They continuously visit the same patches o f  forage for several days by following 

known routes, so called “trap-lines” (Thomson 1996, Thomson et al. 1997). Trap-lining helps 

them to save time and energy in relocating profitable patches, and to rapidly leave 

unrewarding patches and remain longer in highly rewarding patches (Corbet et al. 1984 , 

Osborne and Williams 2001). Bumblebees further sample various flowers in different areas 

and then become patch- and site-specific (Osborne et al. 1999, Osborne and Williams 2001).

Once bumblebees have located rewarding flowers they will communicate floral rewards to 

conspecifics and congeners through depositing scent marks (short-lived organic substances: 

hydrocarbons), which are secreted by the tarsal glands, onto the corolla o f  the flower (Goulson 

et al. 1998, Stout and Goulson 2001, Stout and Goulson 2002). Although scent marks are 

largely viewed as repellents to aid individuals in discriminating between rewarding and non- 

rewarding flowers (Cameron 1981, Stout and Goulson 2001), conspecifics may employ them 

to increase attractiveness o f  flowers and even entice bees to sample a new flower type 

(Leadbeater and Chittka 2005).

1.2.7 Differences in floral choices among bumblebee species

Bumblebee species display differences in floral choices due to variations in body and head 

size and tongue length (Prys-Jones and Corbet 1991). Large bees with broad heads (e.g. B. 

terrestris) frequent more open flowers with broader corolla tubes whilst smaller bees with
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more narrow heads (e.g. B. pascuorum ) forage on flowers with narrow tubes (Suzuki 1994, 

Suzuki et al. 2002). Proboscis length confines certain castes or species to specific flowers: 

long-tongued individuals visit flowers with long corolla tubes and vice versa (Brian 1957, 

Inouye 1980, Barrow and Pickard 1984). Differences in tongue length can lead to resource 

partitioning among sympatric bumblebees species (Heinrich 1976a, Inouye 1978, Pleasants 

1980, Ranta and Lundberg 1980, Graham and Jones 1996). In Northern bumblebee 

communities however, resource partitioning may depend on spatio-temporal heterogeneity o f  

resources (Ranta and Vepsalainen 1981).

Long-tongued bumblebees can exploit nectar in short corolla tubes (Barrow and Pickard 

1985), allowing them to utilise a broader range o f  flowers than short-tongued bumblebees. 

However, some short-tongued species (e.g. B. lucorum  and B. terrestris) bite holes in the base 

of the flower corolla if they are unable to legitimately access nectar (nectar robbing: Inouye 

1983, Newman and Thomson 2005). Species like B. lapidariiis and B. pratorum  use these 

holes to access nectar (secondary robbers: Prys-Jones and Corbet 1991). Bumblebees are 

thought to socially transmit this behaviour to conspecifics (Leadbeater and Chittka 2008).

1.2.8 Structure o f floral environm ent and impacts on bee foraging behaviour

Pollination takes place whilst bees visit plants to collect rewards and concurrently transfer 

pollen among flowers. Most flowers discharge pollen via stomial bursting, which bees 

passively pick up and transport (Proctor and Yeo 1973). Flowers usually maximise pollen 

dispersal by presenting pollen in sequential units to pollinators, thus preventing all pollen 

being removed in a single visit (Harder and Thomson 1989, Harder and Barrett 1995). Other 

flowers (e.g. Solanum dulcamara) possess staminal pores that require sonication (buzz 

pollination) to release pollen (Proctor et al. 1996). Worker bumblebees rapidly contract their 

pterothoracic flight muscles and vibrate the flower androecium, which discharges pollen that 

is subsequently collected (King 1993, Larson and Barrett 1999).

Clearly, bee foraging behaviour influences the pollination o f  plants. Foraging bees often 

switch between different plant species and pollen can thus be wasted or deposited on 

inappropriate flowers. This can cause improper pollen transfer (IPT), which occurs when 

pollen from a flower is transferred and deposited on the stigma of an incompatible flower that
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is either from a different species, the same species but is unreceptive, or a self-incompatible 

flower on the same plant (Rathcke 1983, Galen and Gregory 1989, Randall and Hilu 1990). 

Incompatible pollen, both se lf  and foreign, can affect seed set negatively via chemical or 

physical interference by pollen, stigma clogging, or production o f  inviable and sterile hybrids 

(Rathcke 1983, Wilcock and Neiland 2002).

In order to maximise pollen export and avoid geitonogamy (pollination between flowers o f  the 

same plant) a plant should receive unlimited visits by pollinators that only visit a single flower 

per plant (Klinkhamer and de Jong 1993). The num ber o f  pollinator visits is influenced by a 

plant’s attractiveness, which in turn is influenced by factors such as floral display size, floral 

density and floral rewards.

Plants with larger floral displays (number o f  flowers displayed simultaneously per plant) can 

attract more bees, as they are more noticeable and bees conserve energy by visiting multiple 

flowers on the same plant (Klinkhamer et al. 1989, Robertson and Macnair 1995, Grindeland 

et al. 2005, Makino et al. 2007). However, bees visiting more flowers per plant could be 

problematic for the plant as geitonogamy may be increased (De Jong et al. 1993, Harder and 

Barrett 1995, Rademaker et al. 1997). Geitonogamy can negatively affect female reproductive 

success (seed set) in self-incompatible flowers and cause inbreeding in self-compatible 

flowers (Klinkhamer and de Jong 1993). Some plants however, seem to adjust their floral 

display size (small versus large) according to the pollinator environment via pollinator- 

induced flower wilting (Harder and Johnson 2005).

Plants growing in dense aggregations with conspecifics that jointly attract and share 

pollinators are thought to facilitate each other through increased visitation (Rathcke 1983, 

Feldman et al. 2004, Moller 2004, Ghazoul 2006). Plants at low densities however, are 

believed to receive lower pollinator visitation, whilst visitation increases with plant density up 

to a certain level where after visitation decreases again (Figure 1.1: Rathcke 1983). In contrast, 

the num ber o f  flowers visited per plant tends to decrease with increasing plant density, which 

can result in reduced pollen deposition and low seed output (Stout et al. 1998a, Waites and 

Agren 2004).
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Figure 1.1 Density visitation curve: pollinator visitation to flowers with increasing floral density. 
Facilitative interactions take place at lower floral densities and competitive interactions with increasing 
floral densities (after Rathcke 1983).

As well as plant density, the quantity and quality o f floral rewards affect pollinator visitation. 

Plants with high quantity and quality rewards generally receive more pollinator visits (Real 

and Rathcke 1991, Pappers et al. 1999, Klinkhamer and van der Lugt 2004, but see Rodrigues- 

Robles et al. 1992). However, enhanced rewards may prolong visit duration (Zimmerman 

1983, Pleasants 1989), which might increase pollen removal but reduce pollen export 

(Klinkhamer and de Jong 1993). When bees encounter highly rewarding plants they fly  shorter 

interplant distances to maximise foraging efficiency (Pyke 1978b, Zimmerman 1983), 

resulting in pollen being exported to a smaller number o f more related plants (Zimmerman 

1983).

1.2.9 Importance of bees as pollinators and their decline and conservation

Bees are considered important pollinators because they maintain and maximise reproductive 

success and genetic variability o f many crops and common and rare w ild  flowers, especially in 

fragmented landscapes (Corbet et al. 1991, Corbet 1997, Steffan-Dewenter and Tscharntke 

1999, Klein et al. 2006). About one third o f human food is estimated to depend directly or
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indirectly on bee pollination (Williams 1995). Although entomophilous crops (e.g. Brassica 

rapa and Raphanus sativus) constitute a minority in Europe (Goulson 2003a), many crops 

require bee pollination to set seed or increase seed set (Free and Williams 1976, Corbet 1987, 

Williams 1991, Carvell et al. 2004, Pywell et al. 2005).

Over the past decades, populations o f  native bees have been declining drastically in Japan, 

North and Central America, continental Europe, Britain and Ireland (Kearns et al. 1998, Cane 

and Tepedino 2001, Goulson et al. 2008). Habitat change, fragmentation and loss due to 

agricultural intensification, climate change and urbanisation are believed to be the prime 

drivers o f  decline (Williams 1989a, Kremen and Ricketts 2000, Sarospataki et al. 2005, 

Goulson et al. 2008, Steffan-Dewenter and Westphal 2008). Evidently, declines o f  wild bees 

have severe implications for the pollination of plant species in agricultural and semi-natural 

habitats (Biesmeijer et al. 2006, Winfree et al. 2007, Winfree et al. 2008, but see Ghazoul 

2005). For example, decreased availability o f  appropriate bee pollinators has lead to vast 

losses o f  some crops in Europe (e.g. Cucurbita pepo: Fuchs and Muller 2004).

Bee declines have also been observed in Ireland, where only 36% o f  the bee fauna is o f  least 

concern and some species are endangered (e.g. B. sylvarum) or even regionally extinct (e.g. 

Andrena fulva) (according to the lUCN red list categories: Fitzpatrick et al. 2006). To date 

none o f  the Irish bee species are protected by existing national agreements or legislations 

(Fitzpatrick et al. 2007b). However, international conservation organisations such as lUCN’s 

Task Force on Declining Pollination (lUCN 2009) and the Convention on Biological 

Diversity’s International Pollinator Initiative (Williams 2003, CBD 2009) have recognised that 

further bee declines need to be prevented in order to maintain their vital pollination services.

Alien plants, insects and pathogens may pose further threats to native pollinators, including 

bees, as they are likely to have an impact on their behaviour, reproduction, communities and 

populations (Traveset and Richardson 2006, Stout and Morales in press, and references 

therein). However, there is little knowledge as to how and to what extent communities and 

populations may be affected by alien species (Bjerknes et al. 2007, Goodell 2008).
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1.3 Alien species

1,3.1 Processes o f introduction, establishment and spread

O ver centuries, species have been transported accidentally and deliberately across continents 

due to anthropogenic activities (e.g. agriculture, horticulture, trade and travel: Hodkinson and 

Thom pson 1997, Reichard and White 2001, Kowarik and von der Lippe 2007). This has 

resulted in species, which are also known as alien, exotic, non-indigenous and non-native 

(Richardson et al. 2000b), being introduced into novel ecosystems where they can become 

naturalised, establish new populations and develop into invasive species (Levine et al. 2004, 

Richardson 2004). Biotic invasions are considered major drivers o f  biodiversity loss and 

human-induced global change (Vitousek et al. 1997, Sala et al. 2000, but see Davis 2003, 

Gurevitch and Padilla 2004) and are associated with great economical and environmental costs 

(worldwide > $336 billion per year: Pimentel et al. 2001) due to eradication costs and damage 

to agricultural and natural areas (Born et al. 2005).

Alien species are more likely to establish if  they invade a region with similar climatic 

(Pauchard et al. 2004) and physiochemical (Milbau et al. 2009) conditions and undergo 

multiple introductions (Sakai et al. 2001). Several alien species establishing simultaneously 

can facilitate and accelerate each other’s invasion (invasional meltdown: S im berloff and Von 

Holle 1999, Molina-Montenegro et al. 2008). Established aliens can be constrained by 

ecological interactions with the resident plant community (biotic resistance: Peterson 2003, 

Levine et al. 2004). They can overcome this initial lag phase through enhanced competition 

and dispersal mechanisms (Sakai et al. 2001, Richardson 2004), as they have escaped their 

coevolved natural enemies such as herbivores, pathogens and parasites that usually prevent 

them from spreading in their native range (enemy release hypothesis: Keane and Crawley 

2002, Mitchell and Power 2003, Ebeling et al. 2008, but see Colautti et al. 2004). Once they 

have invaded, some alien species successfully spread by adapting to the local ecosystem, 

which is accelerated by high genetic diversity (e.g. high out-crossing rates and a large amount 

o f  founders: Mooney and Cleland 2001, Muller-Scharer et al. 2004).

Despite invasions o f  plant communities being a natural process, the spread o f  invasive species 

could be accelerated by global climate change (Beerling 1993, Kriticos et al. 2003) as species 

with high dispersal abilities and climatic tolerances, characteristics often attributed to invasive
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alien species, are likely to be at an advantage (Malcolm et al. 2002). Although only 0.1% o f  

imported species are thought to be invasive (W illiam son’s “tens” rule: Williamson 1996), the 

Irish flora for instance, contains up to 50% o f  alien plants (Reynolds 2002). Here, 716 alien 

plant taxa, including 198 extinct casuals, have been recorded (Milbau and Stout 2008), with 

the majority being flowering plants (Milbau and Stout 2006). Most o f  these alien plants (about 

70%) have been deliberately introduced for cultivation as crop plants or for horticulture, with 

the remaining 30% being accidental introductions (Reynolds 2002).

1.3.2 Traits o f  alien plants and their invaded habitats

Certain traits are often associated with increased invasiveness in alien plants (KUster et al. 

2008, Milbau and Stout 2008). Ornamental quality is one such trait (Milbau and Stout 2008), 

as it is one o f  the main purposes for introducing non-native plant species (Pysek et al. 2002, 

Kowarik and von der Lippe 2007). Species that occupy extensive ranges in their native 

habitats and are successful invaders elsewhere are more likely to become established a second 

time (M ack 1996, Williamson and Fitter 1996, Manchester and Bullock 2000). Using a 

combination o f  reproductive strategies (e.g. asexual and sexual: Truscott et al. 2006), 

producing small seeds that are easily dispersed over long and short distances (e.g. wind or 

water), the capacity to withstand environmental stress, exhibit rapid growth rates and high 

competitive ability can enhance invasiveness (Baker 1965, Callaway and Aschehoug 2000, 

Sakai et al. 2001, Rambuda and Johnson 2004, Sharma et al. 2005, but see Daehler 2003).

Even though all habitats can potentially be invaded, species-poor and anthropogenically 

disturbed and fragmented communities (e.g. arable fields, heavily grazed areas and roads, 

riparian habitats and urban wastelands) are especially likely to contain alien species due to the 

presence o f  cleared areas (Almasi 2000, Weber 2000, Richardson 2004, Maskell et al. 2006a, 

Lambdon et al. 2008). The availability o f  resources and the diversity o f  native habitats are 

additional factors that influence a species ability to invade (Levine and D'Antonio 1999, 

Lonsdale 1999, Davis et al. 2000, Maskell et al. 2006a)

1.3.3 D irect interactions with native plants

Invasive alien plants can exhibit detrimental impacts on native plant communities by changing 

their composition and structure (Manchester and Bullock 2000, Levine et al. 2003). They can
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cause declines in the abundance and diversity o f  native plants by influencing ecosystem 

processes and altering disturbance regimes and interspecific interactions (Pysek and Pysek 

1995, Meiners et al. 2002, Yurkonis and Meiners 2004, Hulme and Bremner 2006, but see 

Hejda and Pysek 2006). They further exert pressures on the growth, reproduction and resource 

allocation o f  native species by competing for abiotic resources (e.g. light, nutrients, space and 

water) and affecting ecosystem processes (e.g. fire regimes and nutrient cycling: D'Antonio 

and Mahall 1991, Lavergne et al. 1999, Levine et al. 2003, Ehrenfeld 2008). In the United 

States for example, alien Tamarix species compete with numerous native riparian trees for 

light and water (Busch and Smith 1995). Alien plants can also negatively affect the 

mutualisms o f  native plants (e.g. herbivores, pollinators and seed dispersers: Traveset and 

Richardson 2006) and in turn, mutualistic interactions are likely to aid the invasion process of 

alien plants (Richardson et al. 2000a, Frenzel and Brandi 2003). Furthermore, an established 

alien plant can hybridise with native plants that are closely related, sometimes resulting in the 

spread o f  aggressive hybrid taxa that are highly resistant to herbivores and pathogens 

(Schnitzler and Muller 1998, Vila et al. 2000, Petit 2004). However, a recent review by 

Rodriguez (2006) suggested facilitative effects (e.g. habitat modification and pollination) of 

alien on native plants to be more prevalent than previously assumed. In Belgium for instance, 

the invasive alien Heracleum mantegazzianum  enriches top-soils with essential minerals due 

to its high primary productivity (Vanderhoeven et al. 2005).

1.3.4 Indirect interactions with native plants via pollinators

Since most plants and insects appear to be generalists (Waser et al. 1996), it is not surprising 

that the majority o f  alien plants are greatly integrated into resident flower-pollinator networks 

(Memmott and Waser 2002, Olesen et al. 2002, Morales and Aizen 2006, Lopezaraiza-Mikel 

et al. 2007). This integration however, depends on the chemical and morphological traits of 

the alien plants and on the composition o f  the insect community present (Lopez-Garcia and 

Maillet 2005). Alien plants are often pollinated by "super-generalisf pollinators that tend to 

interact with both native and introduced plant species (Olesen et al. 2002). Alien and native 

plants sharing the same pollinators are thus likely to indirectly interact with each other 

(Goodell 2008).

15



Chapter 1

To my knowledge so far only 20 studies have investigated pollinator-mediated interactions 

between native and alien plants. Findings differ greatly, which is probably due to studies 

focusing on various alien species (a total o f 14 species) and their interactions with a single 

native plant (e.g. Vanparys et al. 2008, Cariveau and Norton 2009) or the entire native plant 

community (Lopezaraiza-Mikel 2006, Lopezaraiza-Mikel et al. 2007, Bartomeus et al. 2008a, 

Bartomeus et al. 2008b, Dietzsch 2009), and on different aspects o f  pollination: visitation, 

alien pollen transfer and/or deposition, and seed set. Visitation rates to native plants in the 

presence o f the alien study species either increased (Lythrum salicaria: Grabas and Laverty 

1999), decreased (Impatiens glanduilfera: Chittka and Schiirkens 2001, L. salicaria'. Brown et 

al. 2002, Phacelia tanacetifolia'. Totland et al. 2006) or remained unaffected {Cakile maritime 

and Carpobrotus spp.; Aigner 2004). Alien plants appeared to frequently compete for 

visitation with native plants, which occasionally translated into reductions in native plant 

reproductive success (seed set) (e.g. L. salicaria: Brown and Mitchell 2001, I. glandulifera: 

Chittka and Schiirkens 2001, T. officinale: Munoz and Cavieres 2008) but in many cases did 

not (e.g. Chromolaena odorata: Ghazoul 2002, Ghazoul 2004, Carpobrotus spp.; Moragues 

and Traveset 2005). Insect visitation rates have the potential to affect the quality o f  pollen 

deposition (number o f conspecific pollen grains transferred to stigmas), which in turn is likely 

to affect seed set. In general, despite high alien pollen transfer in some cases {Carpobrotus 

spp.: Bartomeus et al. 2008a), native plant stigmas did not receive large quantities o f  alien 

compared to conspecific pollen {L. salicaria: Grabas and Laverty 1999, Euphorbia esula: 

Larson et al. 2006, Carpobrotus spp.: Jakobsson et al. 2008). This may explain to some extent, 

why seed set o f many plant species investigated was not greatly affected by alien plants (e.g. 

T. officinale: Jones 2004). However, the findings o f  these studies need to be treated cautiously 

as some were conducted over a short time period (Chittka and Schiirkens 2001, but see 

Moragues and Traveset 2005, Vanparys et al. 2008) and at small spatial scales (Grabas and 

Laverty 1999). Additionally, only few studies integrated alien plant abundance and density 

into their experimental design (but see Brown and Mitchell 2001, Muiioz and Cavieres 2008, 

Dietzsch 2009); these are likely to affect insect visitation and hence reproductive success.

1.3.5 D irect interactions w ith native pollinators

Native insects are known to directly interact with alien plants, which may benefit from their 

pollination. The reproductive success o f  many alien plants, especially o f  self-incompatible

16



Chapter 1

species relying on out-crossed pollen transfer (e.g. Cytisus scoparius: Parker 1997, Larson et 

al. 2002, Stout et al. 2002), can be greatly increased by visitation by native pollinators 

(Richardson et al. 2000a). In Ireland for example, the invasive alien Rhododendron ponticum  

relies on generalist bumblebees (e.g. B. lucorum) for pollination (Stout 2007a), due to its 

limited ability o f  spontaneous autogamy (Stout 2007b). However, little research has 

investigated the direct impacts that such alien plants have on the native insects pollinating 

them. In theory, impacts at the individual level (e.g. foraging behaviour) are more easily 

studied than at the community level due to the large foraging areas o f  bees (Stout and Morales 

in press, and references therein). This may explain why to date most studies have examined 

the indirect impacts o f  alien plants on native pollinators through visitation to native plants 

(refer to 1.3.4). Although some alien plants (e.g. Bimias orientalis) are considered essential 

nectar and pollen sources (Valentine 1978, Showier 1989, Stary and Tkalcu 1998, Chittka and 

Schiirkens 2001, Schiirkens and Chittka 2001), alien floral rewards have rarely been 

quantitatively and qualitatively evaluated and compared to native resources (but see Rayner 

and Langridge 1985), and it remains unclear how they might affect native insects.

Alien plants are likely to exert great impacts on the abundance and diversity o f  pollinator 

communities, populations and individuals as they may augment, but also change, the 

availability and composition o f  forage resources, especially by attaining large floral densities 

(Parker et al. 1999), and possibly displacing native plants (Gurevitch and Padilla 2004) that 

provide important forage resources. In North American fens for example, sites invaded by the 

invasive alien L. salicaria revealed a 50% reduction in bee richness (Goodell 2003). Finally, 

alien plants such as R. ponticum, that form dense stands and alter the soil biota (Rotherham 

2001), may change the availability and composition o f  nesting habitats (e.g. ground cover, 

dead logs and stems, open habitats), which are important to central place foragers like 

bumblebees, as they require both food and nest sites within their foraging range (Cressvvell et 

al. 2000).

1.3.6 Alien study species

In this thesis, 1 first concentrated on several alien plant species: Biiddleja davidii, Fallopia 

japonica. Fuchsia magellanica, I. glandulifera, R. ponticum  and Symphytum  x uplandicum 

(Plate 1.1 to 1.5). They were chosen as study species because they have naturalised and are
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widespread in Ireland, and are easily located for field studies. In addition, the alien plants are 

often found in dense stands displaying large and numerous flowers that produce highly 

rewarding nectar and pollen resources and attract many native generalist insects. For a brief 

summary on the distribution and current status in Ireland and the floral structure, reproductive 

biology and pollinators o f  each species refer to Appendix 1.1.

1 then utilised the alien I. glandulifera Royle (/. roylei Walp.) as a model species as it is 

considered severely invasive and has been studied extensively in the United States (Toney et 

al. 1998, Tabak and von Wettberg 2008), continental Europe (Konies and Glavac 1979, Pysek 

and Prach 1995) and Britain (Perrins et al. 1993, Hulme and Bremner 2006) and is easily 

manipulated for experimental studies (e.g. Chittka and Schurkens 2001, Lopezaraiza-Mikel et 

al. 2007). I. glandulifera, also known as Himalayan or Indian Balsam, belongs to the 

Balsaminaceae family and originates from the Himalayas (Beerling and Perrins 1993). In 

Ireland, it was introduced as an ornamental garden plant in the mid 1800s and was first 

recorded as naturalised in the wild in 1906 (Reynolds 2002). Since then it has spread widely 

into habitats such as river banks, streams, waste grounds, damp woodlands and flushes, where 

it often forms dense stands (Preston et al. 2002, Reynolds 2002). With a height o f  up to 2 m, I. 

glandulifera is the tallest naturalised annual herb in Europe (Beerling and Perrins 1993). 

Although its large, spurred and pinkish flowers (Webb et al. 1996) are hermaphroditic and 

self-compatible (via geitonogamy), automatic self-pollination is restricted due to protandry 

(Valentine 1978). I. glandulifera  therefore relies on insect pollination both in its native (e.g. 

Bombus spp.: Saini and Ghattor 2007) and invaded (e.g. A. mellifera, Bowbus spp.: Titze 

2000, Lopezaraiza-Mikel 2006) range. Insect pollination is usually secured in 1. glandulifera  

because its flowers secrete copious amounts of sugar-rich nectar that attract many visitors 

(Showier 1989, Stary and Tkalcu 1998, Chittka and Schurkens 2001). This results in the alien 

producing many seeds over extended periods (up to 2 500 seeds per plant: Konies and Glavac 

1979), that are propelled explosively when fruits are ripe (Webb et al. 1996), and are easily 

distributed into novel habitats (Perrins et al. 1993, Willis and Hulme 2004). /. glandulifera  

relies heavily on dispersal via seeds as it does not reproduce vegetatively and has no persistent 

seed bank, which may explain its confinement to habitats that are seasonally disturbed (e.g. 

river banks: Beerling and Perrins 1993). I. glandulifera can tolerate a wide range o f  climates 

and soil types (Beerling and Perrins 1993) and can thus easily invade novel habitats where it is
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known to affect the native flora by competing for limiting resources (e.g. light, water: Pysek 

and Prach 1995, but see Hejda and Pysek 2006) and pollinators (Chittka and Schiirkens 2001, 

but see Lopezaraiza-Mikel et al. 2007). Since it provides highly rewarding resources (nectar 

and pollen: Valentine 1978, Stary and Tkalcu 1998), it is likely to affect the foraging 

behaviour, communities and populations o f native insect visitors. Its direct impacts on native 

pollinators however, have to date only been indirectly quantified by examining visitation to an 

individual native plant species (e.g. Stachys palustris: Chittka and Schiirkens 2001) or to the 

entire community o f native co-flowering plants (Lopezaraiza-Mikel et al. 2007).

1.4 Aims of study
This thesis focuses on broadening the limited knowledge on the interactions between native 

bees, in particular bumblebees, and the alien plants they visit. Here, 1 present the results o f a 

number o f experimental and observational investigations into the direct impacts o f alien plants 

on resource use and foraging behaviour o f native bees and the implications for native plant 

pollination and the spread o f alien plants.

The specific aims o f  this thesis are:

1. To examine the resource (nectar and pollen) use by native bumblebees throughout 

their foraging season in habitats invaded by multiple alien plant species (Chapter 2).

2. To evaluate and compare the quantity and quality o f alien and native floral rewards 

(Chapter 3).

3. To investigate the direct impacts o f alien plants on native bees by using the alien 1. 

glandulifera as a model species. Specifically,

a) to inspect the impacts of I. glandulifera and its localised removal on native insects 

(bees and hoverflies), and its implications for alien plant management (Chapter 

4).

b) to study the effects of I. glandulifera on the foraging behaviour o f native 

bumblebees and the subsequent repercussions for native plant pollination 

(Chapter 5).

4. To examine the direct impacts o f native bees on alien plant pollination and spread 

using I. glandulifera as a model species (Chapter 6).
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Plate 1.1 Bombus pratontm  foraging for nectar on Buddleja davidii

Plate 1.2 B. pascuom m  visiting Fuchsia magellanica
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Plate 1.3 B. horlorum foraging for nectar on Impaliens glandiilifera

Plate 1.4 B. Jonelliis foraging for nectar on Rhododendron ponticum 

(Photo by A C. Dietzsch)
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Plate 1.5 B. pralorum  robbing nectar on Symphytum  x uplandicum
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Chapter 2

Resource use by native bumblebees in invaded

habitats

To be submitted as: Nienhuis, C.M. and Stout, J.C. Resource use by native bumblebees in

invaded habitats. Functional Ecology’.
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2.1 Abstract

Undisturbed and unfragmented habitats supplying a succession o f  perennial flowering plants, 

which bumblebees require, have been seriously reduced in Western Europe. Thus, 

anthropogenic habitats such as gardens and recreational parks have become important refuges 

for bumblebees, especially in suburban areas. These refuges can simultaneously be heavily 

invaded by alien plants, which can provide highly rewarding nectar and pollen resources that 

are likely to be utilised by native bumblebees. To date few studies have investigated how these 

alien plants affect bumblebee resource use. I therefore examined bumblebee usage o f  alien and 

native plant resources (nectar and pollen) throughout the foraging season in invaded habitats 

along the River Liffey, Co. Dublin in Eastern Ireland, over two successive years. Bumblebee 

species differed in their resource use; probably a function o f  tongue length. Although alien 

nectar and pollen rewards were collected by bumblebees, they rarely dominated usage as 

bumblebees relied heavily on native resources, especially in spring when flowers o f  alien 

species were less abundant. Alien plants may complement native resources in disturbed and 

suburban habitats provided that they grow at low abundances and interspersed with native 

species.

2.2 Introduction

Bumblebees {Bombus spp.) are conspicuous insects and their behaviour and ecology have 

been examined extensively over the past decades (e.g. Sladen 1989, Goulson 2003b, Heinrich 

2004, Benton 2006, and references within). They are able to tolerate lower temperatures than 

Apis niellifera (Corbet et al. 1993) and their longer tongues allow them to visit a broader range 

of flowering plant species (Corbet et al. 1991, Willmer et al. 1994). Bumblebees thus play a 

vital role in increasing the yields o f  many entomophilous crops (Free and Williams 1976, 

Corbet 1987, Free 1993, Willmer et al. 1994, Goulson 2003a) and sustaining populations of 

wild plant species (Corbet et al. 1991, Steffan-Dewenter and Tscharntke 1999). There has 

been growing concern for the decline o f  many bumblebee species, especially in economically 

well-developed areas o f  Central and Western Europe and Northern America (Williams 1982, 

Williams et al. 1991, Kosior et al. 2007, Goulson et al. 2008, and references within). Large 

scale disappearances and fragmentations o f  important foraging and nesting habitats due to 

agricultural intensification, climate change and habitat degradation are thought to be the

24



Chapter 2

principal causes for bumblebee declines (Williams 1989a, Steffan-Dewenter and Tscharntke 

1999, Goulson 2003c, Carvell et al. 2006, Kosior et al. 2007, Goulson et al. 2008). In Ireland, 

this has lead to the serious endangerment o f  some species, for example B. distinguendus and 

B. sylvarum, with presently only eight o f  the 20 Irish Bombus species remaining widespread 

(Fitzpatrick et al. 2006, Fitzpatrick et al. 2007a).

Besides appropriate hibernation, mating and nesting sites (Alford 1978, Fussell and Corbet 

1992a, Kells and Goulson 2003), bumblebee populations require unimproved and 

unfragmented species-rich grasslands that supply a seasonal succession o f  their preferred 

flowering species (Williams 1988, Fussell and Corbet 1993, Carvell 2002, Carvell et al. 2006) 

during their entire foraging season (Prys-Jones and Corbet 1991). Preferences for forage plant 

resources differ greatly among bumblebee species, and many factors are thought to affect this 

(Brian 1957). Tongue length is known to influence the partitioning o f  resources as it varies 

distinctly among bumblebee species, and optimal foraging is attained when tongue length 

matches the depth o f  corolla tubes (Heinrich 1976a, Inouye 1978, Ranta and Lundberg 1980). 

Thus, short-tongued bumblebees prefer short-tubed flowers and vice versa (Inouye 1980, 

Williams 1989b, Fussell and Corbet 1992b, Graham and Jones 1996). The entire duration o f  a 

bumblebee colony encompasses the flowering period o f  a variety o f  plant species. Hence, the 

abundance o f  bumblebee populations is partially controlled by the abundance, availability and 

quantity o f  the floral resources, in terms o f  both nectar and pollen, offered by these plant 

species (Inouye 1977, Ranta and Vepsalainen 1981, Zimmerman and Pleasants 1982, Bowers 

1985, Carvell 2002). Certainly, studies have shown that bumblebees are often attracted to 

plant species that produce more nectar and pollen (e.g. Rathcke 1988, Harder 1990, Rasheed 

and Harder 1997, Robertson et al. 1999, Cartar 2004).

In Western Europe pristine habitats that offer a succession of abundant, perennial plant species 

have become significantly reduced with only few sites remaining (Williams 1989b, Goulson et 

al. 2008). As a result, bumblebees in the countryside frequently rely on resources in small 

isolated patches o f  semi-natural vegetation, such as field margins, green lanes and hedgerows 

(Banaszak 1992, Saville et al. 1997, Croxton et al. 2002, Mand et al. 2002). Furthermore, in 

heavily urbanised and suburban areas man-made habitats, such as gardens and recreational 

parks, have become fundamental refuges for bumblebees (e.g. B. pascuorwn  and B. terrestris),
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as they can provide an immense range and continuous supply o f  flowering plant species 

(Klemm 1996, Comba et al. 1999b, Goulson et al. 2002a, Tommasi et al. 2004, McFrederick 

and LeBuhn 2006). These refuges, however, may be heavily invaded by alien plant species 

(MacDougal and Turkington 2005, Hardy and Dennis 2008, Thompson 2008), whose spread is 

facilitated by anthropogenic disturbances (Vitousek et al. 1997, Meekins and McCarthy 2001). 

Although many o f  these alien species are known to offer rewarding resources to native visiting 

insects (e.g. Buddleja spp.: Owen and Whiteway 1980, Clay and Drinkall 2001), some 

ornamental species provide none or only reduced amounts (Comba et al. 1999a, Corbet et al. 

2001). Furthermore, alien plant species can occur at high abundances and densities (Parker et 

al. 1999) and may thus compete for resources and space with native species (e.g. D'Antonio 

and Mahall 1991, Levine et al. 2003), which are important forage sources to native bees. At 

the same time these alien species may flower early or until late in the season when native 

flowering species are less abundant, and consequently they might indirectly help to maintain 

pollinator populations at high levels (Waser and Real 1979). The alien Taraxacum officinale 

agg sustains populations o f  important pollinators in Mediterranean communities (Petanidou 

and Ellis 1996), whilst the invasive alien Impatiens glandulifera supplies essential resources to 

native bumblebees late in the season in the Czech Republic (Stary and Tkalcu 1998). Indeed, 

many studies have found that alien plant species are well integrated into the native visitation 

web as they are frequently utilised as a source o f  nectar and pollen by native insects 

throughout their flowering season (e.g. Memmott and Waser 2002, Morales and Aizen 2006, 

Stout et al. 2006, Lopezaraiza-Mikel et al. 2007, Bartomeus et al. 2008b). Hence, alien plants 

are likely to affect the resource use o f  native bumblebees.

To date few studies have directly investigated the use o f  alien and native floral resources by 

native bumblebees throughout their entire foraging season (April to September) and over 

consecutive years (but see Fussell and Corbet 1992b). I therefore conducted a study in invaded 

habitats along the River Liffey, Co. Dublin (beyond the conurbation o f  Dublin) in Eastern 

Ireland. Despite being partially suburban, this area consists o f  a matrix o f  gardens, parks and 

agricultural fields that have been left fallow for several years and contain a diverse succession 

o f  alien and native plant species (S. McCourt and D. Tiernan, personal communications). The 

aim o f  this study was to establish whether alien plants form an important component o f  native 

bumblebee diets throughout their foraging season and between years by investigating
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bumblebee usage o f alien and native nectar and pollen resources in these invaded habitats. In 

particular, the following hypotheses were tested;

1. Bumblebees collect proportionally more alien than native floral resources. This 

hypothesis is based on research that has shown alien plants to be attractive to 

pollinators due to their rewarding resources (e.g. Chittka and Schurkens 2001, 

Schiirkens and Chittka 2001).

2. Bumblebee species differ in their usage o f  alien and native floral resources. Bumblebee 

species are known to exhibit differences in their preferences for floral resources, 

depending on their tongue lengths (e.g. Heinrich 1976b, Inouye 1978).

3. Bumblebee flower and pollen usage varies throughout the season and between years. 

This hypothesis is based on former research where bumblebee flower usage varied 

annually and seasonally (e.g. Fussell and Corbet 1992b).

4. Bumblebee flower and pollen usage is related to floral abundance, gradient o f invasion 

and climatic conditions. Previous research has shown that pollinator flower usage can 

be affected by the abundance o f flowers (e.g. Potts et al. 2003) and climatic conditions 

(Corbet et al. 1993).

5. Bumblebee flower usage is related to secretion rates (nectar and sugar) and nectar 

sugar concentration o f plant species. This hypothesis is based on studies where 

pollinator flower usage was affected by nectar rewards (e.g. Lack 1982, Cartar 2004)

2.3 Methods

2.3.1 Study sites and plant species

This study was conducted along the River Liffey from 26*̂  April 2006 to 27''  ̂September 2007. 

1 selected five study sites (ranging from 1500 m“ to 3000 m^ and at least 800 m apart; for site 

locations refer to Appendix 2.1) that had been invaded by at least one o f  the follow ing alien 

plant species: B. davidii, Fullopia japonica, I. glandiilifera and Symphytum  x uplcmdicwu (for 

further details refer to Chapter 1, section 1.3.6 and Appendix 1.1). Sites also contained a rich 

assemblage o f native flowering species that provide resources to native bumblebees 

(Appendix 2.2).
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2.3.2 Bumblebee flower usage and floral abundance

At each site, bumblebee flower usage was recorded by slowly walking (10 m per min) a 

transect (from one flower patch to the nearest) in the morning and afternoon (on different 

days) at the end o f  each month, from April to September in 2006 and 2007 (after Banaszak 

1980, Carvell et al. 2004). There is a possibility o f  pseudo-replication because bumblebees 

that left a transect and later reappeared may have been recorded twice (Fussell and Corbet 

1992b). Transects ranged from 150 to 300 m in length and 2 m width (1 m on either side o f  the 

observer). Transect walks were only conducted in calm and dry weather conditions 

(temperature > 10° C, wind < Beaufort 6 (40-50 km/h)), between 9:00 and 18:00 hrs. All 

bumblebees were identified to species (Bombus spp.: after Prys-Jones and Corbet 1991, 

Edwards and Jenner 2004). For some species (e.g. B. pascuorum) it was not possible to 

identify individuals to caste (male, queen and worker) on the wing but individuals were not 

caught so as not to affect their behaviour or populations. Due to difficulties in distinguishing 

between B. cryptarum, B. lucorum, B. magnus and B. terrestris workers in the field (Edwards 

and Jenner 2004, Murray et al. 2008), individuals were grouped as B. lucorum  agg. 

Bumblebee behaviour was recorded as flying, foraging for nectar or pollen, robbing nectar, 

searching for nests (queens flying in zigzag movements close to the ground: Kells and 

Goulson 2003) and resting. In addition, the first flower species each bumblebee was observed 

visiting, was recorded (Dicks et al. 2002) and identified to species (after Webb et al. 1996, 

Rose 2006). Immediately after walking transects, cloud cover (%), temperature (° C) and wind 

force (Beaufort scale) were documented.

Floral abundance o f  all flowering plant species visited by bumblebees was estimated in 1 m 

quadrats at 10 m intervals along each transect by recording the number o f  floral units per plant 

species. 1 quantified a floral unit as an individual flower head or part o f  a larger complex head 

(e.g. capitulum, umbel) that a medium-sized bee has to fly to, rather than walk between, to get 

to another floral unit (Dicks et al. 2002, Lopezaraiza-Mikel et al. 2007, Appendix 2.2). In each 

transect, floral abundance for each plant species was standardised by calculating the number of 

floral units per 100 m (total floral units in transect / total number o f  quadrats in transect x 

100). In addition, the gradient o f  invasion (proportion o f  alien floral units per 100 in^ o f  B. 

davidii, I. glandulifera and S. x uplandicuni) was calculated for each transect.
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For each bumblebee species, flower usage was standardised for each plant species visited in 

each transect by calculating the number o f  individuals per 100 floral units per 100 m^ per hour 

(number of individuals per 100 m^ per hour / number o f  floral units per 100 m^ / 100).

2.3.3 Bumblebee pollen usage

I collected pollen loads from foraging workers o f  B. lucorwn agg, B. pascuorum  and B. 

pratorum  to investigate bumblebee pollen usage. Pollen loads were collected after walking 

transects, each month where possible. Bumblebees were caught and one pollen load per 

individual was removed from the tibia and frozen in separate Eppendorf tubes at -20° C. In the 

laboratory, pollen loads were defrosted, stained (0.5% safranin in 50% alcohol) and 

thoroughly mixed in 0.5 ml ethanol (70%) until pollen grains were equally suspended. The 

number o f  pollen grains per pollen taxon was recorded for three separate 50 )al samples, taken 

from the 0.5 ml solution, using a Fuchs-Rosenthal haemocytometer (0.0625 mm^, 0.200 mm 

depth) and a light microscope (20-40x). Pollen was identified to the lowest taxonomic level 

possible, i.e. genus or species level, using a reference pollen collection o f  the most common 

flowering plants in my sites and other obtainable resources (Hodges 1964, Sawyer and Pickard 

1981, Moore et al. 1999). Subsequently, the mean number of pollen grains per pollen taxon 

and the percentage contribution of each pollen taxon were calculated for each pollen load. 

Pollen taxa contributing < 5% were omitted because they could be due to contamination 

(Kleijn and Raemakers 2008) (50.0% and 66.7% of  all pollen loads contained pollen taxa 

contributing < 5% in 2006 and 2007, respectively). For each bumblebee species for each 

month, pollen usage was quantified by calculating the percentage contribution o f  each pollen 

taxon to the total observed pollen loads for that month, according to Kleijn and Raemakers 

(2008):

PC.v., = ’ where 2.1

PCv./ = contribution o f  pollen ta.\on / to the total pollen loads o f  bumblebee spp. .v,

P, = percentage pollen of taxon / in the pollen load o f  a specimen of bumblebee spp. .v, 

rtx = number of specimens o f  bumblebee spp. .y .

Due to low numbers of individuals carrying pollen loads at some sites, 1 pooled pollen loads 

across all sites for each month and each bumblebee species.

29



Chapter 2

2.3.4 Nectar resources

In 2006 at each site, I established nectar secretion rate (|Lil/24h) and sugar concentration (%) in 

five to twelve randomly selected flowers (each from a different individual) for each o f  all 

plant species that had been visited by bumblebees. The number o f  flowers used per plant 

species varied due to rain damage or wilting. Flowers were entirely emptied o f  nectar and 

thereafter bagged with bridal veil material to prevent insect visitation. After 2 4  hours, bags 

were removed and nectar quantities measured, using 1 and 5 |il micropipettes (Hirschmann 

Laborgerate GmbH & Co. KG, Eberstadt, Germany) and callipers. Sugar concentrations were 

estimated by means o f  a hand-held refractometer (Ceti-Digit-080, Medline Scientific Ltd, 

Oxfordshire, UK). Nectar measurements were not taken for 33.3% o f  all plant species visited 

by bumblebees (Appendix 2.1) because 1 was either unable to detect nectar or flowers were 

too small or fragile to extract measurable quantities without damaging them, even after 

bagging. 1 also calculated sugar secretion rate (mg/h) for each flower (after Prys-Jones and 

Corbet 1991, Corbet et al. 2001). For each species, secretion rates were standardised to floral 

unit.

2.3.5 Statistical analyses

Bumblebee flow er usage between years -  Due to lack o f  normality (even after applying 

transformations), 1 employed Spearman’s rank correlations to examine the relationship of 

bumblebee (analysed separately for B. lucorum  agg, B. pascuorum  and B. pratorum) flower 

usage (number o f  individuals per 100 floral units per 100 m^ per hour, pooled across all 

months) o f  each plant species visited between 2006 and 2007.

Bumblebee flower usage and flo ra l abundance -  Linear regression was used to explore the 

relationship between standardised bumblebee (analysed separately for B. lucorum  agg, B.

pascuorum  and B. pratorum) flower usage (number of individuals per 100 floral units per 100
2  • 2 m per hour: dependent variable) and floral abundance (number o f  floral units per 100 m :

independent variable) o f  each plant species visited across all transects in 2006 and 2007. Data

for flower usage and floral abundance were logio transformed. For all regression equations the

residuals were examined and the variables checked for potentially influential observations and

outliers using Cook’s distance (D/) (Quinn and Keough 2002).
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Bumblebee flow er usage versus gradient o f  invasion and climatic conditions -  I used 

Spearman’s rank correlations to investigate the relationship among standardised bumblebee 

(analysed separately for B. lucorum  agg, B. pascuorum  and B. pratorum) flower usage 

(number o f  individuals per 100 floral units per 100 m^ per hour) o f  each plant species visited 

and gradient o f  invasion (proportion o f  alien floral units per 100 m^) and climatic conditions 

(cloud cover, temperature and wind) across all transects in 2006 and 2007.

Bumblebee pollen usage betM’een years -  Spearman’s rank correlations were employed to 

investigate the relationship o f  bumblebee (analysed separately for B. lucorum  agg, B. 

pascuorum  and B. pratorum) pollen usage (percentage contribution o f  each pollen taxon to the 

total observed pollen loads for 2006 and 2007) between 2006 and 2007.

Bumblebee pollen usage versus flo ra l abundance and gradient o f  invasion -  The relationship 

among bumblebee (analysed independently for B. lucorum  agg, B. pascuorum  and B. 

pratorum) pollen usage (percentage contribution o f  each pollen taxon to the total observed 

pollen loads for each month) and floral abundance (number o f  floral units per 100 m^) and 

gradient o f  invasion (proportion o f  alien floral units per 100 m^) across all sites in 2006 and 

2007 w'as examined using Spearman’s rank correlations.

Bumblebee flow er usage and nectar resources -  To inspect the relationship among 

standardised bumblebee flower usage (number o f  individuals per 100 floral units per 100 m^ 

per hour) and secretion rates (nectar and sugar) and sugar concentration for each plant species 

visited, Spearman’s rank correlation coefficients were calculated. Data for flower usage was 

pooled across all bumblebee species and months for each site.

Data were tested for normality (Anderson-Darling test) and heterogeneity o f  variances using 

Levene’s tests and where necessary, transformations were performed. Non-parametric tests 

were employed when data could not be normalised and lacked homogeneity o f  variances, even 

after utilising adequate transformations. All statistical analyses were carried out using 

MINITAB 13 (Minitab 2000).
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2.4 Results

2.4.1 Floral abundance

Plant species started flowering from April onwards (Appendix 2.3). Peaks in floral abundance 

occurred in early (April to May: e.g. Taraxacum  agg), mid (May to June: e.g. Rubus fruticosus  

agg) to late (July to August: e.g. Epilobium hirsutum) season. Abundance o f  some species 

peaked twice (e.g. Vicia sepium), which was more prevalent in 2007 (e.g. Lotus corniculatus). 

Flowering periods varied between years with some species flowering for longer in 2007 (e.g. 

Trifolium pratense). Abundance for some species peaked later in 2007 than in 2006 (e.g. 

Eupatorium cannabinum). Alien species generally flowered over prolonged periods {B. 

davidii: June to August, I. glandulifera: June to September, and S. x uplandicum: May to 

September).

Total floral abundance (pooled across all transects) was higher in 2006 compared to 2007 (135 

882 and 125 192 floral units per 100 m^, respectively). Brassica rapa and V. sepium  were the 

most abundant native species. Scarce (< 100 floral units per 100 m^) species included: Cirsium  

vulgare, Papaver rhoeas and Petasiles hyhridus in 2006 and Beilis perennis, Cirsium arvense 

and Dipsacus fullonum  in 2007. Alien /. glandulifera and especially S. x uplandicum  in 2007 

were highly abundant, whilst B. davidii was less abundant (Appendix 2.3).

2.4.2 Bumblebee flower usage

Six bumblebee species were recorded visiting flowers in 2006 and 2007: B. hortorum, B. 

jonellus, B. lapidarius, B. lucorum  agg, B. pascuorum  and B. pratorum. The former three 

species were excluded from further analyses due to low numbers o f individuals (< 5% o f  all 

bumblebees). The majority o f  bumblebees were observed foraging for nectar (78.5% in 2006 

and 82.0% in 2007), with the remainder robbing nectar (9.2% and 8.6%), flying {1.0%  and 

8.4%), searching for nests (3.1% and 0.7%), collecting pollen (2.0%> and 0.3%) and resting 

(0.2% and 0.0%).

Because o f  difficulties in distinguishing among castes o f some species (see above) and 

relatively low numbers o f  foraging males and queens (< 7.5% and < 3.5% in 2006 and 2007, 

respectively), 1 grouped all castes for each bumblebee species. Total flower usage (number o f 

individuals per 100 floral units per 100 m per hour for each plant species visited, pooled
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across all transects for each month) for each bumblebee species changed with season (Figure 

2.1 a to f). It increased from April onwards, peaked between May and July and decreased from 

July onwards. Total flower usage by B. pratonim  peaked first, followed by B. luconnn agg 

and B. pascuorum. Total flower usage peaked earlier in 2007 and, except for B. pratorum, was 

higher in 2006. Total B. pascuorum flower usage was highest, followed by B. Jucorum agg and 

subsequently B. pratonm  (Figure 2.1 a to f).

Since most bumblebees collected nectar (> 78%), flower usage may be considered to largely 

represent nectar usage. Total flower usage varied among bumblebee species and months 

(Figure 2.1 a to f). In addition, total flower usage was positively correlated between years (for 

the years 2006 and 2007) for B. pascuorum (N = 28, r  = 0.385, p  = 0.043), but not for B. 

hiconm  agg (N = 26, r = 0.382, p  = 0.054) or for B. pratonm  (N = 12, r  = 0.054, p  = 0.867). 

As flower usage was standardised to 100 floral units per 100 m“, a high value indicates a plant 

species that is greatly used by a certain bumblebee species in any given month, either because 

it occurs in many transects or is abundant or is selected preferentially (Fussell and Corbet 

1992b). Bumblebees generally visited fewer species in 2007 than in 2006 (24 and 35 species, 

respectively). B. pascuorum visited the most species followed by B. lucorum agg and B. 

pralonim  (Figure 2.1 a to f. Appendix 2.2).

Bombus lucorum agg favoured composites (e.g. Centaiirea nigra) in 2006 and other 

actinomorphic and clustered flowers (e.g. Heracleum sphondylium) in 2007 (Figure 2.1 a and 

d). Total flower usage for B. davidii was most intense during its peak abundance in July, 

whilst low and sporadic for /. glandulifera and S. x uplatidicum. Only E. cam ahim m , R. 

fruticosus agg and V. sepium were visited over several months.

Bombus pascuorum foraged on a huge diversity o f species: actinomorphic composites and 

tubular, zygomorphic labiates and legumes (Figure 2.1 b and e). Total flower usage was 

temporarily high for some species (e.g. vulgare in 2006 and Stachys sylvatica in 2007) 

whilst low but continuous for others (e.g. T. repens and V. sepium), especially in 2007. Alien 

S. x uplandicum and particularly 1. glandulifera were selected throughout their flowering 

period, whereas B. davidii was not used.
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Bombus pratorum  visited a mixture o f  plants; species with clustered flowers {R. fruticosus 

agg), composites {C. vesicaria) and legumes (V. sepium) (Figure 2.1 c and f), and S. x 

uplandicum was the sole alien visited extensively by this bum blebee species.

Figure 2.1 a to f (pages 34-36) Total bumblebee {B. hicorum agg, B. pascuorum and B. pratorum) 
flower usage (number of individuals per 100 floral units per 100 m  ̂per hour for each plant species 
visited, pooled across all transects for each month) from April to September in 2006 (a to c) and 2007 
(d to f). Plant species with flower usage pooled across all months < 1% are not included. For a full list 
of plant species visited and abbreviations refer to Appendix 2.2.
(a)

1 6 -| min. b S  dav oC . nig. n C  arv Q C. w/.
□ E can. m F. ulm □ H. sph ■ I. gla a M aqu
□ O. vul. □  P rho. □ R fm. b  S. jac.

I E

o

I I
■C to
g  °

I i5 ^ ̂ I 
® ■% 
S  E

12

8

LkJji
M

Month

(b)

20 n s®P nig. q C  arv a C  vul. b D  ful.
O C ang m E hir. m I gla ■  M aqu □  O vul □  R. fm
■ S aqu □ S pal □ S syl ■  S upl m T. rep m V

- 15

10

5 -

sep

IkU
Month

34



Total B. lucorum agg flower usage in 2007 
(No. individuals/100 floral units/100 rn^/60 min)

Total S. pratorum flower usage In 2006 
(No. individuals/100 floral unrts/100 m^/60 min) 

o  N) o>

□ □□
oo;t]p

CO 5 ) 0

J

Chapter 2



Chapter 2

(e)

16

c
o  ^
0  o
CM CD

- "fe
g, Q
(D O  (0 ■*- = m
1 I  
<S 2
C ^I S 
i  g
g. 5

"S 
00 >

s  ?O ■

12

□  C, rag □ C. arv. m D. ful m / gla.
m M aqu- □ R iru. □  S. syl m S. upl
□ T. pra m T. rep. m V sep

nJ.
Month

(f)

I -  E 
8 8

<0 2

■ C ues  o H  sph
□ R fru m S upl

M J
Month

Linear regression equations revealed negative relationships between bumblebee flower usage 

and floral abundance across transects in both years (Table 2.1), thus flower usage decreased 

with increasing floral abundance. The gradient o f invasion varied hugely (0-93%) among sites
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and  w as positiv e ly  co rre la ted  w ith  B. lucorum  agg  and  B. pascu oru m  f lo w er usage  in 2006 

(T ab le  2 .2). C lim a tic  co n d itio n s varied  g rea tly  du ring  tran sec t w a lk s  (c loud  cover: 0 -100% , 

tem p era tu re : 10-24° C, and  w ind  force: 1-6 (B eau fo rt scale)), and on ly  tem p era tu re  w as 

positiv e ly  co rre la ted  w ith  B. lucorum  agg and B. p ascu oru m  flow er usage in 2006  (T ab le  2 .2).

T able 2.1 Linear regression equations for logio standardised bumblebee {B. lucorum  agg, B. 
pascuorum  and B. pratorum) flower usage (number o f individuals per 100 floral units per 100 m" per 
hour: y )  and logio floral abundance (number o f  floral units per 100 m": x) for each plant species visited 
across transects in 2006 and 2007. *p < 0.05, **p < 0.001.

Bumblebee spp. Regression equation N
•)

r F d f

2006

B. lucorum agg 1 .82-0 .876X 81 0.689 175.17 ** 1,80

B. pascuorum 1.88-0 .851^: 124 0.563 157.49 ** 1,123

B. pratorum y =  1 .32-0 .673X 36 0.420 24.62 ** 1,35

2007

B. lucorum agg ,v=  1 .85-0 .849X 49 0.660 91.04 ** 1,48

B. pascuorum >^= 1.49 -  0.658a- 102 0.516 106.58 ** 1,101

B. pratorum >> = 0.51 -0 .290X 16 0.311 6.32 * 1,15

T able 2.2 Relationship am ong standardised bumblebee (B. lucorum agg, B. pascuorum  and B. 
pratorum) flower usage (num ber o f  individuals per 100 floral units per 100 m‘ per hour) o f  each plant 
species visited and gradient o f  invasion (proportion o f  alien floral units per 100 m^) and climatic 
conditions (cloud cover, temperature and wind force) across transects in 2006 and 2007, using 
Spearm an’s rank correlation, ns = non-significant results, *p < 0.05, **p < 0.001.

Gradient o f Cloud cover Temperature Wind

invasion

2006 2007 2006 2007 2006 2007 2006 2007

B. lucorum  agg r  = ;• = - r = r = - r = r = - r = - r =

2006: N = 81 
2007: N = 49

0.503 ** 0.101 ns 0.145 ns 0.213 ns 0.368 ** 0.259 ns 0.195 ns 0.141 ns

B. pascuorum r = r  = r = /• = - r = r = /• = - r =

2006: N = 124 
2007: N = 102

0.288 * 0.141 ns 0.173 ns 0.060 ns 0.219 * 0.044 ns 0.103 ns 0.081 ns

B. pratorum r = /■ = - r = /• = - /• = - r = - /• = - /• = -

2006: N = 36 
2007: N =  16

0.249 ns 0.014 ns 0.131 ns 0.224 ns 0.022 ns 0.241 ns 0.034 ns 0.090 ns
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2.4.3 Bumblebee pollen usage

Individual pollen loads contained a maximum o f  six pollen taxa with the majority constituting 

one to three (Figure 2.2). The most taxa per load were counted for B. pascuorum  (six) and the 

least for B. pratorum  (four in 2006 and three in 2007). Fewer species were used as pollen 

sources in 2006 than in 2007 (29 and 34 species, respectively). Thirty native and six alien 

pollen taxa {B. davidii. Cannabis sativa, Centranthus ruber. Gladiolus sp., I. glandulifera  and 

S. X uplandicunr. Appendix 2.2) were identified. 1 also recorded pollen from species not 

present in study sites (e.g. S. officinale: Appendix 2.2). Seven pollen taxa remained 

unidentifiable in < 20% o f  loads. Half o f  all loads contained alien pollen (42.4% and 54.7% in

2006 and 2007, respectively).

Bumblebees collected pollen from a range o f  plants, and usage differed among species and 

months (Figure 2.3 a to p). Furthermore, pollen usage was not correlated between 2006 and

2007 for B. lucorum  agg (N = 13, r  = 0.251,/» = 0.408), B. pascuorum  (N = 25, r = 0 .32l , p  = 

0.060) and for B. pratorum  (N = 22, r = -0.212, p  = 0.343).

Bombus lucorum  agg collected pollen from native plants with actinomorphic and clustered 

flowers (e.g. Brassica rapa and R. fruticosus  agg), with preference varying among months 

(Figure 2.3 a to g). Except for 1. glandulifera in August (Figure 2.3 d), B. lucorum  agg 

collected less alien pollen in 2006 (2.2%) than in 2007 (52.6%), especially B. davidii and S. x 

uplandicum  during peak floral abundance (July and May, respectively).

Bombus pascuorum  gathered pollen from various native species providing continuous 

resources (e.g. T. repens and V. sepium) (Figure 2.3 h to 1). Although alien pollen {Cannabis 

sativa, I. glandulifera  and S. x uplandicum) was found in more than half o f  all B. pascuorum  

loads in 2006 (58.3%) and 2007 (51.0%), except for August 2006 (Figure 2.3 i), it did not 

dominate those loads (< 30%).

Bombus pratorum  loads contained more than 75% alien pollen with S. x uplandicum  

contributing large proportions (52-74%) (Figure 2.3 m to p). B. pratorum  collected pollen of 

native species with actinomorphic flowers (e.g. Brassica rapa), and usage coincided with peak 

floral abundance.
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Figure 2.2 a and b Percentage o f number o f pollen taxa (one to six) in bumblebee (B. lucontm  agg, B. 
pascuorum  and B. pratorum) pollen loads in 2006 (a) and 2007 (b).
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Figure 2.3 a to p (pages 40-42) The proportional contribution of plant taxa to bumblebee pollen loads 
{B. lucomm agg (a to g), B. pasatonm  (h to 1) and B. pratomm (m to p)) in 2006 and 2007. Species < 
2% = species contributing less than 2% to pollen loads. Numbers in brackets = % contribution of 
species to pollen loads. Unid. spp. = Unidentified species. For a full list of species visited and 
abbreviations refer to Appendix 2.2.

B. lucomm  agg 2006 

(a) May (N = 3)

B. rap. (17% )

C. mon. (4% )

R. fru. (79% )

B. luconm  agg 2007 

(e) May (N = 10)

s. upl. (77%)

B. rap. (2%)

P. rtio. (4% )

S. off. (17% )

(b) June (N = 20)

B. rap. (43%)

(f) June (N = 21)

Spp. < 2% (3%) -

ulm. (13% )

H. sph. (6% )

Rosa spp. (17% )

Tilia spp. (5%) R. fru. (13% )

(c) July (N = 18)

R. fru. (28% )

Rosa spp. (41% )
T. rep. (3%)

. Spp. < 2 % (1 % )

B. rap. (2%) 

ulm. (23% )

(g) July (N = 7)

B. rap. (48%) C. mon. (3%)

Rosa spp.(16%)

Spp. < 2% (5% )
R. fru. (25%)

S. upl (3%)

Rosa spp. (9%)

T. rep. (8%)

B. dav. (83% )

Unid. spp. (2%)

(d) August (N = 5)
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B. pascuonm  2006 

(h) June (N = 36)

V. Sep. (52%)

T. rep. (3%)

Spp. < 2% (6%) Unid. spp. (6%) 

B. rap. (3%)

P. rtio. (3%)

Rosa spp. (11%)

R. fru.(2%)

S. upl. (14%)

B. pascuonm  2007 

(j) June (N = 30)

R. fru. (29%)

Rosa spp. (19%)

Can. sat. (3%)

Spp. < 2% (7%)

S. syl. (10%)

S. pra. (3%)

T. pra. (2%) 

T. rep. (18%)

V. Sep. (9%)

(i) August (N = 24)

T. rep. (4%)
R. fru. (3%) .  Med. spp. (5%)

I. gla. (68%)

Spp. < 2% (1%) 

B. per. (2%)

Can. sat. (15%)

C. mon. (2%)

(k) July (N = 45)

V. sep. (19%)

I . rep. (10%)

T. pra. (4%

S. upl. (2%)

R. fru. (22%)

Spp. <2% (10%)

Can. sat. (6%)

I. gla. (9%)

Unid. spp. (3%) 

Rosa spp. (15%)

(1) August (N = 27)

Can. sat. (25%) 

Spp. < 2% (5%)

V. sep. (41%)

Unid. spp. (15%)

R. fru. (2%) 

8. upl. (3%)

T. pra. (2%) 

T. rep. (7%)

41



Chapter 2

B pratonm  2006 B. p ra tonm  2007

=  10)

C. ruber (3 % ) 1 ,,  ,
^ ^ U n id .  spp. (1 % )

-  P. rho. (5 % )

s. off. (19%)

(n) June (N = 15)

(o) July (N = 4)

(m) May (N = 7) (p) May (N

s. upl. (53%

Spp. < 2% (5%)

B. rap. (9 % )

S. off. (6 % )

F. ulm. (1 4% )
S. upl.

P. rtio. (1 3% )
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In both years and across all sites, floral abundance was positively correlated with pollen usage 

o f  5. lucorum  agg (2006: N = 91, r  = 0.222,/> < 0.05, 2007; N = 79, r  = 0.678, p  < 0.001) and 

B. pratorum  (2006: N = 54, r  = 0.310, p  < 0.05, 2007: N = 24, r = 0 . 8 5 5 , <  0.001), but not B. 

pascuorum  (2006: N = 124, r = 0 . 1 7 3 , =  0.054, 2007: N = 304, r = 0 .086,/) = 0.135). I also 

observed a positive correlation among gradient o f invasion and pollen usage o f 5. lucorum  agg 

and B. pascuorum, respectively (Table 2.3).

Table 2.3 Relationship among bumblebee {B. lucorum agg, B. pascuorum and B. pratorum) pollen 
usage (percentage contribution of each pollen taxon to the total observed pollen loads for each month) 
and gradient of invasion (proportion of alien floral units per 100 m‘) across sites in 2006 and 2007 
using Spearman’s rank correlation, ns = non-significant results, *p < 0.05, **p < 0.001. Correlations 
were not performed on B. pratorum in 2007 due to pollen loads being from the same site and the same
month. _______________________________________

Bumblebee spp. Gradient of invasion

2006 2007

B. lucorum agg r = -0.207 r = 0.286

2006: N = 91 * *
2007: N = 79

B. pascuorum

00oII r  = -O.OI7

2006: N =  124 ** ns
2007: N = 304

B. pratorum r  = -0.068 -

2006: N = 54 ns
2007: N = 24

2.4.4 Nectar resources

Secretion rates and sugar concentrations were highly variable among species (Appendix 2.4 a 

and b). Alien B. davidii and /. glandulifera  secreted high levels o f nectar and sugar per floral 

unit, whereas secretion rates for S. x uplandicum  were at a medium range. Although I. 

glandulifera and S. x uplandicum  produced sugar-rich nectar, many native species (e.g. M. 

sylvestris) also exhibited high concentrations, whilst nectar o f B. davidii was relatively dilute. 

Flower usage was positively correlated with nectar (N = 43, /■ = 0.653,/; < 0.001) and sugar (N 

= 43, r  = 0.640, p  < 0.001) secretion rates, but not with sugar concentration (N = 43, r  = 0.020, 

p  = 0.901).
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2.5 Discussion

To my knowledge this is the first study to investigate bumblebee usage o f  alien and native 

resources in invaded habitats, throughout the foraging season and over two consecutive years. 

1 found that although alien nectar and pollen rewards were collected by bumblebees, they did 

not dominate usage. Furthermore, bumblebee species differed greatly in their resource use, 

which is most likely a function o f  tongue length. Flower and pollen usage varied during the 

season and between years. 1 discuss these results with regards to floral abundance and nectar 

resources.

2.5.1 Bumblebee flower and pollen usage

I recorded six o f  the 20 Irish bumblebee species (Fitzpatrick et al. 2006), with only B. lucorum  

agg., B. pascuoritm  and B. pratorum  being abundant. Bumblebee communities in Northern 

Europe tend to consist o f  six to 11 species (Ranta and Vepsalainen 1981), suggesting that 

invaded sites supported a low diversity. Phenological patterns o f  flower usage differed among 

species and confirm former studies (Williams 1989b, Prys-Jones and Corbet 1991, Fussell and 

Corbet 1992b). Increases in flower usage in spring represent foraging queens and early 

workers, the mid-summer peaks correspond to peaks o f  workers and declines in late summer 

coincide with the appearance o f  reproductives (males and queens) at the end o f  colony cycles 

(Prys-Jones and Corbet 1991). B. pratorum  flower usage peaked first and is due to workers 

peaking before those o f  other species (Fussell and Corbet 1992b). Additionally, no second 

peak in flower usage was observed, indicating a univoltine life cycle (Benton 2006). High B. 

pascuorum  flower usage indicates that this species was most abundant or that resources most 

suited this species. The reduced flower usage observed in 2007 coincides with reduced floral 

abundances and the absence o f  flowers o f  some plant species (e.g. Stachys palustris) due to an 

unusually wet summer and high waters in the River Liffey.

As expected, bumblebees favoured perennial over annual species (Parrish and Bazzaz 1979, 

Fussell and Corbet 1991, Carvell 2002). Overall, bumblebee flower and pollen usage differed 

among months and between years (Fussell and Corbet 1992b), and it diverged markedly 

among bumblebee species, which may be a result o f  differences in tongue length (Inouye 

1978, Ranta and Lundberg 1980). Bumblebee species with comparable tongue lengths are 

known to overlap in resource utilisation (Ranta and Vepsalainen 1981). Evidently, short-
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tongued B. Jucorum agg and B. pralorum  (Edwards and Jenner 2004) foraged for nectar on 

similar species o f  composites and other clustered and shallow flowers (Prys-Jones and Corbet 

1991, Fussell and Corbet 1992b). In contrast, their pollen usage varied: B. pratorum  collected 

primarily S. officinale and S. x uplandicum  pollen, which B. lucorum  agg rarely utilised. 

Longer-tongued bumblebees are usually more generalist foragers as they can exploit deep and 

short corollas (Heinrich 1976a, Ranta and Lundberg 1980, Harder 1985), and indeed, medium- 

tongued B. pascuorum  (Edwards and Jenner 2004) fed on the greatest diversity o f  species, 

including composites and other clustered flowers, labiates and legumes (Fussell and Corbet 

1992b, Fussell and Corbet 1993).

Alien species were abundant but did not generally dominate flower or pollen usage. Despite its 

high abundance (up to 94%), bumblebees avoided F. japonica, which may be due to its late 

flowering (late August to September: Beerling et al. 1994) or competition from A. niellifera, 

which was abundant on the alien. B. pascuorum  also collected pollen from alien species (e.g. 

Cannabis saliva) located outside study sites. B. lucorum  agg used B. davidii nectar and pollen 

intensely but in July only, which may be due to its brief flowering period in these sites, as 

Fussell and Corbet (1992a) observed visits to B. davidii over many months. Although B. 

lucorum  agg is known to forage on I. glandulifera  (Fussell and Corbet 1993, Titze 2000), 1 

observed visits by these bees only in June 2006. B. pascuorum  visited I. glandulifera (Fussell 

and Corbet 1992b, Chittka and Schurkens 2001, Chapter 4) from July onwards, and 

individuals may have depleted nectar to inaccessible levels for short-tongued B. lucorum  agg. 

I. glandulifera pollen was rarely utilised and mainly in late season. I. glandulifera pollen is 

less nutritive than its nectar (Chapter 3), which may explain why it was used when native 

resources were scarce. Short-tongued B. lucorum  agg individuals were unable to access nectar 

in the long corolla o f  5. x uplandicum  and thus robbed nectar by biting holes (cf. Naida and 

Vishnyakova 1997), allowing B. pratorum  to also rob nectar. S. x uplandicum  has poricidal 

anthers (Gadella 1984) that need to be vibrated to release pollen, and individuals o f  B. 

lucorum  agg, B. pascuorum  and B. pratorum  were seen buzzing for pollen.
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2.5.2 Bumblebee flower and pollen usage, floral abundance, gradient o f invasion and 

climatic conditions

Peak bumblebee flower and pollen usage usually coincided with peak floral abundance o f a 

species. It is thus unsurprising that flower usage was related to floral abundance, even if 

negatively, i.e. less abundant species were used more. This indicates that flower usage may not 

just be a function o f floral abundance (Pleasants 1980, Tepedino and Stanton 1981, Fussell 

and Corbet 1992b, Potts et al. 2003, Potts et al. 2006). Species such as A. sylvestris and B. 

rapa might have been “super-abundant” (Ranta and Vepsalainen 1981) and despite receiving 

many visits, standardised flower usage was lower compared to scarce species like C. nigra, C. 

vulgare and D. fullonum . These species may have offered resources that were either highly 

rewarding (see below) or easily accessible due to densely clustered inflorescences (Heinrich 

and Raven 1972). Although flower usage may have been over- or underestimated due to 

standardisation, it allowed me to examine usage irrespective o f  abundance.

In contrast, except for B. pascuorum, pollen usage increased with increasing floral abundance. 

This deviation may be due to differences in foraging behaviour as bumblebees display a 

greater selectivity when feeding for pollen than for nectar, and may thus be more sensitive to 

floral abundances (Free 1970, Rasheed and Harder 1997, Goulson and Darvill 2004). Since 

bumblebees preferentially exploit patches o f abundant and resource-rich species (Heinrich 

1976b), pollen loads would be expected to reflect floral abundances to some extent (Kleijn and 

Raemakers 2008). Additionally, B. pascuorum  may be less sensitive to floral abundances 

because it foraged on a broader range o f  species.

Flower and pollen usage o f B. lucoriim  agg and B. pascuorum  but not B. pratorum, were 

positively related to gradient o f  invasion. B. praforum  usage may not be greatly affected by 

most alien resources because the only alien used throughout its foraging period was S. x 

uplandicum, probably because it foraged at a time o f  year when B. davidii and I. glandulifera  

were not flowering abundantly. Conversely, the alien species B. lucorum  agg and B. 

pascuorum  mostly foraged on {B. davidii and I. glandulifera), flowered later in the season, 

which gave rise to a sudden increase in floral abundance and simultaneously increased flower 

usage. Furthermore, bumblebee flower usage was not overly affected by climatic conditions.
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which is to be expected as bumblebees are well adapted to cooler climates and can tolerate 

adverse weather conditions (Corbet et al. 1993, Comba 1999, Goulson 2003b).

2.5.3 Bumblebee flower usage and nectar resources

I observed nectar to be an important reward to pollinators (cf. Cruden et al. 1983) as flower 

usage increased for plant species with elevated secretion rates, which has been previously 

observed (e.g. Pleasants 1980, Lack 1982, Klinkhamer and de Jong 1990, Cartar 2004). Bees 

can distinguish among differentially rewarding species (Cartar 1991), which clarifies why 

bumblebees preferentially visited highly rewarding species such as C. nigra and C. vulgare 

(nectar secretion rate: 10.35 and 9.78 |il/24h, respectively) despite their scarceness. In contrast, 

flower usage w'as high for species like R. fruticosus agg and V. sepium  with comparatively low 

secretion rates (3.54 and 1.10 )il/24h, respectively). These species comprised important pollen 

resources and may have been visited due to their high pollen production rates (Chapter 3). 

However, few bumblebee individuals collected pollen (< 2.0%), and R. fruticosus  agg, V. 

sepium  and other species like I. glanduHfera may have an increased competitive ability to 

attract and retain bumblebees (Brink and Dewet 1980, Cresswell 1990) due to their high 

quality nectar (Chapter 3) and high floral abundance. Although I did not measure nectar 

resources in 2007, flower usage in 2007 is likely to be related to secretion rates because rates 

were comparable to previous studies (Comba et al. 1999b, Chittka and Schiirkens 2001, 

Corbet et al. 2001, Raine and Chittka 2007b), in spite o f  spatial and temporal variations (e.g. 

Zimmerman and Pyke 1986, Thomson et al. 1989).

2.5.4 Conclusions

Flower and pollen usage differed among bumblebee species, which is most likely to be a 

function o f  tongue length. Although bumblebees foraged on alien resources, aliens seldom 

dominated flower or pollen usage. High nectar and sugar secretion rates and floral abundance 

o f  alien species may be responsible for their attractiveness to bumblebees. Nevertheless, 

bumblebees relied heavily on native floral resources, especially queens and early workers in 

spring when alien species were less abundant. Alien plants may supplement native resources 

in disturbed and suburban habitats as long as they do not take over and only grow interspersed 

with native species (Memmott and Waser 2002, Lopezaraiza-Mikel et al. 2007, Bartomeus et 

al. 2008b). Alien species are likely to be pollinated by bumblebees (Naida and Vishnyakova
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1997, Chapter 6, personal observations), and flower usage could aid their spread. It is further 

unclear whether these alien species support declining and rare bumblebee species like B. 

sylvarum, and future studies should address this.
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Alien and native floral rewards: a quantitative and

qualitative comparison

To be submitted as: Nienhuis, C.M. and Stout, J.C. Alien and native floral rewards: a 

quantitative and qualitative comparison. Journal o f  Chemical Ecology
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3.1 Abstract

Many alien plant species require insect pollination to successfully reproduce and are visited by 

native generalist insects. They are thus likely to compete with native co-flowering species for 

pollinators and some are at an advantage by bearing highly productive and large floral displays 

over extended periods. Indeed, profuse nectar production is thought to be the mechanism by 

which the alien plant Impatiens glandulifera  lures pollinators away from native plants. 

However, little is known about the quantity and quality o f  alien plant rewards for native 

pollinators. 1 compared the quantity and quality o f  nectar and pollen in a suite o f  alien 

{BuddJeja davidii. Fuchsia magellanica, I. glandulifera. Rhododendron ponticum  and 

Symphytum  x uplandicum) and native {Digitalis purpurea, Epilobium hirsutum, Rubus 

fruticosus agg and Vicia sepium) plants that are pollinated by native insects in Eastern Ireland. 

Quantity was examined by estimating pollen and nectar production, and quality by evaluating 

the concentration o f  essential amino acids in nectar and pollen. Alien species did not generally 

produce more pollen and sugar-rich nectar that contained larger amounts o f  essential amino 

acids at a flower and inflorescence level. At a plant and population level however, their 

rewards may quantitatively, but not qualitatively, exceed those o f  native species and provide 

important resources to native insects particularly in degraded and urbanised habitats.

3.2 Introduction

Biological invasions are widespread and are thought to represent a major driver of 

fundamental global environmental change caused by human interferences (Vitousek et al. 

1997, Mack et al. 2000). Indeed, alien plant species are particularly prevalent in habitats that 

have been degraded and heavily disturbed by human activities (Schnitzler and Muller 1998, 

Lake and Leishman 2004, MacDougal and Turkington 2005, Maskell et al. 2006a), where they 

often exert strong competitive effects on resource availability for native plants (D'Antonio and 

Mahal! 1991, Lavergne et al. 1999). On introduction, alien plants can be at a disadvantage 

because they have to develop new mutualisms with animals that pollinate them and/or disperse 

their seeds because their native mutualists may not be present in the novel habitat (Simberloff 

and Von Holle 1999, Richardson et al. 2000a, but see Valentine 1978). Certainly, many alien 

plants that have become successful invaders reproduce vegetatively (e.g. Fallopia japonica:
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Beerling et al. 1994) and/or rely on abiotic modes o f  pollination (wind: Milbau and Stout 

2008). However, numerous alien species require insect pollination to reproduce successfully 

because they are either self-incompatible (e.g. Lythrum salicaria: Brown et al. 2002) or their 

seed set is greatly improved via pollination, despite being self-compatible (e.g. Tibouchina 

herbacea: Almasi 2000). Such alien plants are usually visited by generalist, opportunistic 

insects (Memmott and Waser 2002, Olesen et al. 2002, Lopez-Garci'a and Maillet 2005, Stout 

et al. 2006, Tepedino et al. 2008) and are thus likely to compete with the native co-flowering 

flora for pollinators (Ghazoul 2002). These alien species may be more attractive to native 

pollinators by bearing large flowers or floral displays (e.g. Schurkens and Chittka 2001) 

and/or producing prolific nectar or pollen rewards (e.g. Dietzsch 2009) over a prolonged 

flow'ering period (Memmott and Waser 2002). Therefore an increase in the quantity and 

quality o f  floral rewards could simultaneously promote and accelerate the invasion o f  alien 

plants (Ghazoul 2002). In fact, many alien plants, for example Bunias orientalis, Carpobrotus 

spp. and Petunia x hybrida, are known to possess big floral displays providing highly 

attractive rewards (Corbet et al. 2001, Schurkens and Chittka 2001, Moragues and Traveset 

2005). In the case of the exceedingly rewarding Impatiens glandidifera, this has even resulted 

in the alien effectively luring bumblebee pollinators away from native plants in Central 

Europe (Chittka and Schurkens 2001). In Britain however, the opposite was observed where 

insect visitation to native plants was increased in the presence o f  /. glandidifera (Lopezaraiza- 

M ike le ta l.2007).

Nectar and pollen o f  these alien plants are therefore readily incorporated into the diet o f  native 

insects (Memmott and Waser 2002, Stout et al. 2006, Lopezaraiza-Mikel et al. 2007, Kleijn 

and Raemakers 2008, Chapter 2). in the light o f  global and local declines o f  native insects 

(Buchmann and Nabhan 1996, Biesmeijer et al. 2006, Fitzpatrick et al. 2007a, Goulson et al. 

2008), it is o f  great importance to explore whether alien floral rewards are nutritionally 

adequate for native insects and to further compare them quantitatively and qualitatively with 

native rewards. This is especially relevant since alien plants can occur at high densities (Parker 

et al. 1999) and are known to out-compete and displace native plants (Levine et al. 2003, and 

references therein) but also potentially provide important resources to native insects in 

degraded and urbanised habitats (Owen and Whiteway 1980).
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Even though some studies have investigated the nectar production o f  alien plant species 

(Chittka and Schiirkens 2001, Corbet et al. 2001, Schiirkens and Chittka 2001, Dietzsch 2009), 

our understanding o f the quantity and nutritional quality o f alien floral rewards remains 

limited (cf. Goodell 2008, but see Rayner and Langridge 1985). To date most research has 

focused on the quantitative and qualitative assessment o f floral rewards o f commercially 

important and ornamental plants (e.g. Gilliam et al. 1980, Denisow 2008), but rarely o f  non

commercial plants that provide vital resources to native insects (but see Comba et al. 1999b, 

Rasmont et al. 2005, Petanidou et al. 2006). The quantity o f floral rewards is usually evaluated 

by the amount o f nectar and pollen a plant produces (e.g. Oberle and Gortzen 1952, Cruden et 

al. 1983). Quality on the other hand is estimated through the nutritional components o f  nectar 

(e.g. fructose, glucose and sucrose: Baker and Baker 1982) and pollen (e.g. protein and lipids: 

reviewed by Roulston and Cane 2000), and in particular through amino acid composition (e.g. 

Day et al. 1990, Cook et al. 2003) (for further details refer to Chapter 1, section 1.2.2).

In this study, I assessed and contrasted the quantity and quality o f floral rewards, in terms of 

nectar and pollen, o f a suite o f alien and native plant species that are visited by a range of 

native insects in Ireland. More explicitly, 1 hypothesised that alien species are more valuable 

in terms o f their floral rewards compared to native species because they (a) produce more 

pollen and sugar-rich nectar and (b) contain higher concentrations o f essential amino acids.

3.3 Methods

3.3.1 Plant species and study sites

Five alien plant species that have naturalised and spread across Ireland (Reynolds 2002) were 

selected: Buddleja davidii. Fuchsia magellanica, I. gJandulifera, Rhododendron ponliciiw  and 

Symphytwn x uplandiciiin. Except for R. ponliciim, which invades native heaths, lowlands and 

woodlands, these alien plants are especially widespread in disturbed urban areas and on waste 

grounds (Reynolds 2002). All species rely on insects for pollination because they are either 

self-incompatible {S. x uplandicum: Gadella 1984) or despite being self-compatible, their 

potential for spontaneous autogamy is restricted {B. davidii: C.M. Nienhuis, unpublished data, 

F. magellanica: Traveset et al. 1998, R. ponticuvr. Stout 2007b); in some cases flowers are 

unable to self-pollinate due to protandry (/. glandulifera: Valentine 1978). In invaded habitats,

52



Chapter 3

they are visited by generalist insects including bumblebees, butterflies, hoverflies and solitary 

bees (Valentine 1978, Owen and Whiteway 1980, Stary and Tkalcu 1998, Stout et al. 2006, 

Lopezaraiza-Mikel et al. 2007, Chapter 2). For comparison, four native species that flower 

simultaneously in the same habitat with at least one o f  the alien species were chosen: Digitalis 

purpurea, Epilobium hirsutum, Rubus fruticosus  agg and Vicia sepiwn. Native species 

selection was limited by availability and abundance. All species provide important floral 

rewards to native insects and are abundant in the habitats they occur in (Fussell and Corbet 

1991, Fussell and Corbet 1992b, Comba et al. 1999b, Dietzsch 2009, Chapter 2). For B. 

davidii, E. hirsutum, I .  glandulifera, R. fruticosus agg, S. x uplandicum  and V. sepium  study 

sites were located along the River Liffey, Co. Dublin, Ireland (Appendix 3.1). Nectar and 

pollen samples were taken from plants rooted in pots in greenhouses at Trinity College Dublin 

for D. purpurea and from natural populations at Howth, Co. Dublin for F. magellanica and R. 

ponticum  (Appendix 3.1). Before taking samples, 1 estimated the number o f  open flowers per 

inflorescence o f  fifteen different plant individuals for each species (Appendix 3.2). The 

number o f  inflorescences per plant was not determined as it varies greatly with plant age 

(C.M. Nienhuis, personal observations).

3.3.2 Quantity o f floral rewards

Nectar quantity -  Data for secretion rates per flower (|il/24h) and sugar concentrations (%) of 

species along the River Liffey were pooled from a study conducted in 2006 (Chapter 2). For 

the remaining three species {D. purpurea, F. magellanica and R. ponticum) measurements 

were made from May to July 2007. For each plant species 1 quantified nectar secretion rate 

and sugar concentration in at least 10 randomly selected flowers (each flower from a different 

plant). Nectar was completely extracted from flowers, which were subsequently bagged with 

bridal veil material to exclude insect visitors. After 24 hours bags were removed and nectar 

quantities measured by means o f  1 and 5 |il micropipettes (Hirschmann Laborgerate GmbH & 

Co. KG, Eberstadt, Germany) and callipers. Sugar concentrations were estimated 

simultaneously by using a hand-held refractometer (Ceti-Digit-080, Medline Scientific Ltd, 

Oxfordshire, UK). In order to make my data more comparable with previous studies, sugar 

secretion rate (mg/h) was calculated for each flower in accordance with Prys-Jones and Corbet 

(1991) and Corbet et al. (2001).
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Pollen quantity -  The numbers o f  pollen grains in virgin anthers were quantified for each plant 

species. From May until August 2007, fifteen flowers in bud were collected per plant species 

and stored in separate Eppendorf tubes with 1.0 ml ethanol. Because D. purpurea  and 1. 

glandulifera  (Chapter 5) possess large anthers containing great amounts o f  pollen grains, and 

V. sepium  has 10 anthers that are fused into a tube, the number o f  pollen grains per anther was 

determined employing the sub-sampling method o f  Traynor (1981). Each anther was sliced 

open in an Eppendorf tube, which was then shaken strongly for five minutes, to make sure 

pollen grains were equally suspended in the solution (1.0 ml). For each anther, 1 took three 

separate 0.5 |j.l samples from the solution and counted the number o f  pollen grains in each 

sample, using a Fuchs-Rosenthal haemocytometer (0.0625 mm^, 0.200 mm depth). The total 

number o f  pollen grains in the 1.0 ml solution was established by multiplying the mean o f  the 

number o f  pollen grains in the three 0.5 |xl samples by 2000. For the remaining five species {B. 

davidii, E. hirsutum, F. magellanica, R. fruticosus  agg, R. ponticum  and S. x uplandicum), 

which possess smaller sized anthers, I established the number o f  pollen grains in anthers by 

placing whole anthers on a slide and lightly squashing them with a cover slip to ease pollen 

grain counting under a light microscope (x20). The number o f  pollen grains per flower and per 

inflorescence was calculated by multiplying the number o f  pollen grains per anther by the 

number o f  anthers per flower (Table 3.1) and by the number o f  flowers per inflorescence 

(Appendix 3.2).

3.3.3 Quality o f floral rewards

From May until September 2007, I collected nectar and pollen for amino acid analysis.

Nectar collection -  Flowers were bagged for two to three days prior to nectar collection, to 

allow nectar to accumulate. Bagging also prevented insects from accessing and removing 

nectar, which may cause nectar contamination due to pollinator-borne nectarivorous yeasts 

(Canto et al. 2008). Subsequently, flowers were collected and transported to the laboratory 

where nectar was carefully extracted (Appendix 3.3), using a micropipette. Precautions were 

taken to reduce contamination w'ith floral material (e.g. pollen) by cutting anthers away, and 

by preventing contact between micropipette and anthers and damage to floral structures 

(Gardener and Gillman 2001a).
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Pollen collection -  Buds o f  six species {B. davidii, D. purpurea, E. hirsutum, F. magellanica, 

I. glandulifera and V. sepium) were bagged, and once flowers had opened they were collected 

and pollen grains were directly extracted from dehisced anthers in the laboratory (Appendix 

3.3). Pollen was difficult to extract from the remaining three species because anthers either 

contained small pollen quantities (R. fruticosus agg and R. ponticum) or required sonication {S. 

X uplandicum). Instead pollen loads were removed from the corbiculae o f  foraging bumblebee 

workers. Prior to collection, I observed bumblebee individuals for at least five minutes to 

make sure they were collecting pollen from the target species only (after Hanley et al. 2008). 

Pollen loads (N = 20) were then examined under a microscope to ensure that at least 80% of  

the load consisted o f  the target species (mean ± S.E. % o f  target species: R. fruticosus  agg = 

87.9 ± 0.7, R. ponticum  = 99.2 ± 0.4 and S. x uplandicum  = 92.1 ± 0.6).

For each plant species nectar and pollen were pooled from all flowers because quantities for 

individual flowers were low. Samples were stored in Eppendorf tubes at -20° C.

Nectar and pollen amino acids -  Eight essential amino acids (EAAs: arginine, isoleucine, 

leucine, methionine, phenylalanine, threonine, tryptophan and valine) and seven non-essential 

amino acids (N-EAAs: alanine, asparagine, aspartic acid, glutamic acid, glutamine, glycine 

and tyrosine) (after De Groot 1953) were identified and quantified in two nectar and two 

pollen samples for each plant species, using HPLC (High Performance Liquid 

Chromatography) at the Max Planck Institute for Chemical Ecology, Jena, Germany. Nectar 

and pollen samples were thawed from frozen. A 250 |il aliquot was taken from each nectar 

sample and 250 )il o f  0.5 M sodium borate buffer (pH 11.0) was added. Samples were 

centrifuged at 14000 rpm for five minutes (Eppendorf Centrifuge 54I7R). From each pollen 

sample a 10 mg aliquot w'as suspended in I ml 0.1 N HCl, homogenised for 2x2 minutes, 

using a paint shaker, and subsequently centrifuged at 14000 rpm for 10 minutes (Eppendorf 

Centrifuge 54I7R). 200 |.il aliquots o f  the supernatant o f  pollen samples were mixed with 300 

(il o f  0.5 M sodium borate (pH 11.0), and incubated for 15 minutes at room temperature. Prior 

to HPLC analysis, 100 )il o f  supernatant was taken from each nectar and pollen sample and 

subsequently transferred to vials. The HPLC system consisted o f  a Supelcosil LC-I8-DB 

column (25 cm x 4.6 mm, 5 (im, Temperature = 301 K, Sigma-Aldrich), a fluorescence 

detector (Agilent 1100 Series Fluorescence-Detector) set at 340 nm (Ex) and 445 nm (Em) and
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was controlled by Agilent ChemStation for LC software. Samples (100 n.1) were placed into 

the HPLC auto-sampler rack, derivatised with 30 )il o f  ortho-Phthaldialdehyde-2- 

Mercaptoethanol (0PA-2M E, 85/130 mM) and incubated for two minutes. 30 )j.l o f  the 

mixture was then injected into the HPLC system. The amino acids were separated at a flow 

rate o f 1 ml/min by a linear gradient programme (minutes: % o f  solvent A: % o f  solvent B): 

(0.0: 85.0: 15.0), (42.0: 61.5: 38.5), (43.0: 55.0: 45.0), (63.0: 37.5: 62.5), (63.5: 0.0: 100.0), 

(66.5: 0.0: 100.0), (67.0: 85.0: 15.0) and (75.0: 85.0: 15.0), with solvent A consisting o f Na- 

Citrat buffer (0.02 M, pH 5.5) and solvent B o f  65% methanol and 35% acetonitril (v/v). 

Amino acids were classified and quantified by comparing them to externally available amino 

acid calibration standards (Fluka). The amino acids histidine and serine could not be separated 

and lysine could not be reliably quantified, and all three were therefore omitted.

3.3.4 Value of alien and native species

To evaluate the overall value o f alien and native species in terms o f  their floral rewards, 1 

graded each species on a scale o f  one (highest value) to nine (lowest value) according to its 

nectar and sugar secretion rate, sugar concentration, pollen production (pollen grains per 

anther, per flower and per inflorescence), the amount o f EAAs contained in nectar and pollen 

and the number o f  flowers per inflorescence.

3.3.5 Data analysis

Nectar quantity -  Due to unbalanced data and heterogeneity o f variances, 1 compared nectar 

and sugar secretion rates and sugar concentrations o f the four native species to each alien 

species by employing non-parametric one-tailed Fligner-Policello statistics (Hollander and 

Wolfe 1999). Significance levels were corrected using the Dunn-Sidak method (Day and 

Quinn 1989).

Pollen quantity -  To test whether the number o f  pollen grains per anther, per flower and per 

inflorescence differed among species I used non-parametric M ood's Median tests since data 

lacked normality and homogeneity o f variances.

Nectar and pollen amino acids -  To compare the concentrations o f  EAAs and total amino 

acids (TAAs), and the proportion o f  EAAs in nectar and pollen o f  alien and native plant
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species 1 employed a balanced one-factor Analysis o f  Variance (ANOVA) and Tukey’s post- 

hoc tests. To reduce heterogeneity o f  variances, data for nectar samples were logio (x+1) 

transformed. Data for E. hirsutum  nectar were excluded from analysis because 1 only had one 

replicate sample.

Minitab (Minitab 2000) was used for all data analysis.

3.4 Results

3.4.1 Quantity o f floral rewards

Nectar quantity

Flowers o f  alien F. magellanica  and I. glandulifera, and native D. purpurea  produced the most 

nectar and sugar, whilst alien B. davidii and native E. hirsutum  produced the least (Figure 3.1 

a). Except for I. glandulifera, for which secretion rates were significantly higher than most 

native species (but not D. purpurea), no other alien species secreted significantly more nectar 

or sugar per flower than the natives (Appendix 3.4 a and b).

Nectar o f  alien I. glandulifera and R. ponticum, and native V. sepium  was most sugar-rich 

whereas nectar o f  alien F. magellanica and native E. hirsutum  least sugar-rich (Figure 3.1 b). 

However, nectar o f  1. glandulifera  only was significantly richer in sugar than nectar o f  native 

species {D. purpurea, E. hirsutum  and R. fruticosus  agg but not V. sepium) (Appendix 3.4 c). 

Even though nectar o f  alien R. ponticum  and S. x uplandicum  seemed to have higher sugar 

concentrations than most native species (Figure 3.1 b), these differences were not significant 

(Appendix 3.4 c).

Pollen quantity

Pollen quantity per anther (X^= 120.07, df = S , p  < 0.001), per flower (X' =  116.33, d f=  S, p  < 

0.001) and per inflorescence (X" = 112.07, d f =  S, p  < 0.001) clearly differed among species. 

Anthers, flowers and inflorescences o f  I. glandulifera and D. purpurea  contained the largest 

amounts o f  pollen, whilst anthers o f  R. fruticosus  agg and flowers and inflorescences o f  E. 

hirsutum  had the smallest quantities (Table 3.1). On an inflorescence basis, except for B. 

davidii and I. glandulifera, alien species did not produce more pollen; high pollen quantities 

were found in inflorescences o f  native D. purpurea  and R. fruticosus  agg (Table 3.1).
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Figure 3.1 a and b Mean nectar secretion rate (|il/24h) (open bars) and sugar secretion rate (mg/h) 
(grey bars) per flower (a), and sugar concentration (%) (b) of alien (B. davidii, F. magellanica, I. 
glandulifera, R. ponlicum  and S. x uplandicum) and native {D. purpurea, E. hirsutum, R. fruticosus agg 
and V. sepium) plant species. Numbers in bracicets indicate sample size. ----- = median values.
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Table 3.1 Number o f anthers per tlower and mean (± S.E.) number of pollen grains per anther, flower and inflorescence for alien (B. davidii, F. 
magellanica, I. glanditlifera, R. ponlicum and S. x iiplandicum) and native (D. purpurea, E. hirsutum, R. fruticosus agg and V. sepium) plant species.

No. o f anthers/flower No. pollen grains/anther No. pollen grains/flower No. pollen grains/inflorescence

Alien plant spp.

B. davidii 4 5 532.1 ±69.1 22 128.3 ±276.6 4 735 449.1 ± 5 9  183.2

F. magellanica 8 2 447.3 ± 37.6 19 578.1 ±301.2 123 342.2 ± 1 897.4

I. glandulifera 1 2 496 933.3 ± 98 974.6 2 496 933.3 ± 98 974.6 8 239 880.0 ± 326  616.1

R. ponlicum 10 2 597.5 ± 34.8 25 975.3 ± 347.9 340 276.9 ± 4  557.3

S. X uplandicum 5 14 690.1 ± 157.5 73 450.3 ± 787.5 161 590.7 ± 1 732.5

Native plant spp.

D. purpurea 4 (bilobed) 416 000.0 ± 24  077.1 1 664 000.0 ± 96 308.5 22 131 200.0 ± 1 280 903.0

E. hirsutum 8 784.8 ± 12.2 6 278.4 ± 97.3 13 184.6 ±204.3

R. fruticosus agg 123.5 ± 1.3 (S.E.) 614.9± 11.2 75 636.8 ± 1 372.6 355 493.0 ± 6  451.4

V. sepium 10 (fused into tube) 62 666.7 ± 2 747.2 62 666.7 ± 2 747.2 144 133.3 ± 63 1 8 .6
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3.4.2 Quality o f floral rewards

Overall, amino acid concentrations were higher in nectar compared to pollen (Table 3.2 a and 

b). High concentrations ofN -EA A s and relatively low concentrations o f  EAAs were detected 

in nectar and pollen (Figure 3.2 a and b). Furthermore, nectar and pollen quality varied greatly 

among native and alien plant species (Appendix 3.5).

Nectar amino acids -  Nectar o f  native E. hirsutum  and R. fruticosus  agg, and alien 1. 

glanduUfera and S. x uplandicum  contained high concentrations o f  TAAs and EAAs (EAAs 

were significantly higher in I. glanduUfera and S. x uplandicum  than in native D. purpurea  

and V. sepium: Figure 3.2 a. Appendix 3.5). In most cases, concentrations o f  TAAs and EAAs 

in alien B. davidii, F. magellanica and R. ponticum  nectar were significantly lower compared 

to native species (except F. magellanica  did not differ from D. purpurea  and V. sepium, and B. 

davidii from V. sepium: Figure 3.2 a. Appendix 3.5). Proportions o f  EAAs ranged from 

16.93% {R. ponticum) to 25.41% {S. x uplandicum) (Figure 3.2 a). Although proportions did 

not generally differ among native and alien species (Appendix 3.5), they were consistently 

high in E. hirsutum, I. glanduUfera and S. x uplandicum.

Pollen amino acids -  Even though high concentrations o f  TAAs were observed in pollen of 

alien B. davidii, F. magellanica and R. ponticum  (only B. davidii significantly higher 

compared to native species), only F. magellanica pollen contained significantly higher levels 

o f  EAAs than native species (B. davidii significantly higher than E. hirsutum  and R. ponticum  

than V. sepium: Figure 3.2 b. Appendix 3.5). Pollen o f  alien I. glanduUfera and S. x 

uplandicum  contained low concentrations o f  TAAs and EAAs (Figure 3.2 b) (significantly 

smaller than in native E. hirsutum  and R. fruticosus  agg for TAAs and smaller than in E. 

hirsutum  for EAAs: Appendix 3.5). A great range in EAA proportions was observed: 9.40% 

{B. davidii) to 34.49% {F. magellanica). Proportions differed significantly among native and 

alien species (Appendix 3.5) and high proportions were recorded in E. hirsutum, F. 

magellanica and R. ponticum.
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T able 3 .2  a and b Mean (± S.E.) concentration o f  amino acids in nectar (nm ol/m l) (a) and pollen (nm ol/m g) (b )  o f  alien (B. david ii, F. inagellanica, 
I  glandidifera , R. ponliciini and S. x iiplandiciiiu) and native (D. purpurea, E. hirsutum, R. fru licosus  agg and V. sepium ) plant species. Essential 
amino acids: ARG = arginine, ILE = isoleucine, LEU = leucine, MET = methionine, PHE = phenylalanine, THR = threonine, TRP = tryptophan, VAL  
= valine. N on-essential am ino acids: ALA = alanine, ASN = asparagine, ASP = aspartic acid/aspartate, GLU = glutamic acid/glutamate, GLN =  
glutamine. GLY = glycine , TYR = tyrosine (after De Groot 1953). N = 2, except for E. hirsutum  nectar where N = I.

(a) Am ino

acids a. d a v id ii /•. m agellcinica I. g landu lifera R. ponticum

Plant species  

S. X uplandicum D. purpurea E. hirsutum R. fru tico su s

agg

V. sepium

ARG 5.53 ±  0.02 3.74 ± 0 .2 ! 1 L 97± 0 .20 2.61 ± 0 .42 8.43 ± 0 .14 7.50 ± 2.94 20.56 14.29 ±0.01 4.82 ± 3 .82

ILE 4.62 ± 0 .58 2.26 ± 0 .14 2 I.7 7 ± 3 .1 5 2.45 ± 0.03 14.47 ± 0 .07 7.92 ± 0.63 19.51 12.08 ± 0 .15 8.05 ± 1.21

LEU 5.21 ± 0.96 1.74 ± 0 .10 19.31 ±  1.92 2.28 ± 0 .12 19.94 ±0.03 8.85 ± 3 .3 ! 22.31 13.03 ± 0 .25 1L 52±  1.85

MET 0.56 ± 0 .12 0.07 ±  0.00 16.11 ± 1.42 0.05 ±0.01 0.18 ± 0 .00 0.67 ±0 .25 2.1 \ 0.99 ± 0.04 0.90 ±  0.06
s(/)
(/:

UJ
PHE 2.41 ± 0.57 13.45 ± 0 .5 9 13.69± 1.68 3.17 ± 0 .02 13.29 ±0.03 5.59 ± 1.76 24.75 15.97 ± 0 .0 7 7.68 ± 0.90

THR 6.93 ± 1.29 15.28 ± 0 .7 6 59.04 ±  10.44 5 .19± 0 .27 15.98 ±0.01 13.35± 1.12 38.33 47.33 ± 1.63 9.22 ± 0.39

TRP 2.63 ± 0 .17 1.95 ± 0 .13 37.47 ± 3 .73 L 70± 0 .07 2.53 ± 0.05 4.52 ± 0 .26 13.57 12.28 ± 0 .08 2.51 ±0.81

VAL 9.75 ±2.61 5.93 ±  0.32 46.71 ± 6 .6 9 3.99 ±0.13 25.18 ± 0 .07 !4 .00±  1.04 40.56 35.99 ± 0.33 1L 93±  1.40

ALA 2 L 0 6 ±  0.26 39.00 ±  1.68 167.98 ±21 .06 9.50 ± 0 .79 23.19 ± 0 .09 22.36 ± 1.74 65.97 154.81 ± 3 .9 6 28.58 ± 0 .72

ASN 33.81 ±  10.31 3.33 ± 0.09 49.39 ± 3 .95 10.72 ± 3 .22 69.31 ±0.45 13.91 ±0 .33 22.02 473.35 ±  0.99 11.43 ± 2 .27

ASP 20.86 ± 6 .82 15.79 ± 0 .7 6 13.29 ± 4 .99 24.67 ±  2.23 12.43 ± 0 .16 28 .10±2.17 23.92 1 I8 .13±  1.73 24.67 ± 3.72
<ut/5
u

GLU 35.81 ± 9 .38 73.33 ±4.01 35.97 ± 9 .67 50.19±  1.39 30.00 ± 0.18 49.38 ±  1.00 2.00 105.27 ± 0 .8 0 52.71 ± 4 .54
1c

o
z

GLN 19.72 ± 6 .32 47.31 ±47.31 269.44 ± 23 .79 5.01 ±0.21 147.67 ± 1.40 161.24 ± 7 .90 378.92 60.31 ± 1.67 115.23 ±27.93

GLY 12.66 ± 4 .00 7.97 ±  0.33 213.90 ± 0 .37 4.08 ± 0.03 8.22 ± 0.35 12.84 ± 0 .82 51.70 40.91 ±0.91 19.95 ± 3 .14

TYR 3.56 ± 1.38 4.75 ± 0.25 28.11 ± 3.22 l.4 7 ± 0 .1 7 2.74 ± 0 .02 9.72 ±0 .75 13.20 9.80 ± 0.02 9.32 ± 0 .97

Total 185. II 235.89 1004.17 127.07 393.57 360.31 740.03 1114.54 318.54
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(b) Amino

acids B. davidii /'. Iiiagellanica /. glandiilifera R. ponticiim

Plant species 

S. X uplandicim D. purpurea E. hirsutum R. frulicosus

agg

V. sepium

ARC 1.42± 0.13 26.32 ± 1.22 2.65 ± 0 .50 11.77± 1.56 7.44 ± 1.65 2.53 ± 0 .28 4.89 ±0.11 2.02 ±  0.07 0.87 ±0.21

ILE 2.09 ±  0.22 1.50 ± 0 .22 0.88 ± 0 .07 0.58 ± 0.04 0.31 ±0.03 1.28 ±0.01 1.19 ± 0 .07 I .0 4 ± 0 .I2 0.55 ±  0.03

LEU 1.73±0.19 2.17 ± 0 .2 7 0.97 ± 0.08 0.70 ± 0.07 0.52 ± 0.00 1.49 ±  0.03 1 .I6± 0 .02 l.8 8 ± 0 .3 l 0.54 ± 0 .18

MET 0.06 ± 0.00 0.18 ±0.03 0.18 ± 0 .02 0.59 ±0.11 0.05 ±0.01 0.36 ±  0.03 0.07 ±0.01 0.12 ± 0 .0 4 0.09 ± 0.02

PHE 0.35 ± 0.04 1 .20±0.17 0.74 ± 0.08 0.42 ± 0.03 0.27 ± 0.06 0.61 ±0.01 4.45 ± 0 .18 1.03 ± 0 .08 0.50 ± 0.09

THR 1.98 ± 0 .2 0 4.60 ± 0.46 0.90 ± 0.37 2.08 ± 0.05 0.65 ± 0.06 1.91 ± 0 .07 3.06 ± 0.02 2.05 ± 0 .1 2 0.73 ±  0.03

c
TRP 1.07± 0.10 0.29 ± 0.05 0.66 ± 0 .07 0.27 ± 0.00 0.13 ±0.01 0.34 ± 0.00 0.83 ± 0.02 0.54 ±0.01 0.19 ± 0 .04

t/1

UJ
VAL 3.70 ± 0.37 3.61 ±0.41 0.71 ± 0 .09 1.47 ±0.01 0.87 ± 0 .10 2.16 ± 0 .02 5.11 ± 0 .02 2.96 ± 0 .1 7 1.02 ± 0 .24

ALA 20.24 ± 2 .5 8 12.29± 1.66 4.09 ± 0 .58 11.49 ±0.83 4.14 ±0.33 14.45 ± 0 .16 20.94 ±0.11 11.64 ± 0 .98 17.92 ± 0 .4 4

ASN 52.00 ± 1 .99 40.01 ± 2 .16 26.27 ±3.41 49.77 ± 1.71 24.74 ± 3 .37 30.70 ± 0.62 1.63 ± 0 .6 7 51.89 ± 0 .76 1.21 ± 0 .34

ASP 4.79 ± 0 .43 5.52 ± 0 .24 2.48 ± 0.29 1 .8 0 ± 0 .I9 1.49 ± I.OI 3.78 ± 0 .14 13.43 ± 0 .26 2.33 ± 0.20 6 .19±2.31

GLU 25.69 ± 2.25 0.34 ± 0.06 0.25 ± 0.00 0.72 ± 0.05 0.45 ± 0.24 3.10 ± 0 .08 22.31 ± 1.03 1.75 ± 0 .17 1.82± 1.19
nJ

C
GLN 13.17± 1.00 13.60 ±  1.30 1.30 ± 0 .20 2.04 ±  0.23 2.34 ± 0.75 2.07 ±  1.05 10.47±0.16 5 .12± 0 .14 1.46 ±  0.20

t/i
t/5
u1

GLY 2.59 ± 0 .0 ! 3.55 ± 1.21 2 .I9 ± 0 .5 1 1.90 ±  0.04 0.99 ± 0.02 4.75 ±0.01 2.36 ± 0.02 2.05 ± 0.29 2.99 ±  0.22
co
Z TYR 0.78 ± 0.23 0.54 ± 0 .16 1.39±0.14 0.37 ± 0 .08 0.14 ±0 .02 0.73 ± 0.00 0.70 ± 0 .03 0.86 ± 0 .0 6 0.25 ±0.01

Total 131.66 115.73 45.65 85.97 44.54 70.26 92.59 87.29 36.33
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F igure  3.2 a and  b Concentrations o f  essentia! (arginine, isoieucine, leucine, metiiionine, 
phenylalanine, threonine, tryptophan and valine) (open bars), non-essential (alanine, asparagine, 
aspartic acid/aspartate, glutamic acid/glutamate, glutamine, glycine and tyrosine) (hatched bars) and 
total (dotted bars) amino acids, and proportions o f  essential amino acids (grey bars) in nectar (a) and 
pollen (b) o f  alien {B. davidii, F. magellanica, I. glandulifera, R. ponticum  and S. x uplandicum) and 
native (Z). purpurea, E. hirsutum, R. fruticosus  agg and V. sepium) plant species.
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3.4.3 V alue o f  alien and native species

The alien I. g landulifera  seem ed to be the m ost valuable species, because it produced large 

quantities o f  pollen and sugar-rich nectar that contained the highest am ount o f  essential am ino 

acids (Table 3.3). O ther valuable alien species included R. ponticum  and S. x uplandicum , 

w hilst B. davidii was less valuable. The native D. purpurea  can also be considered an 

im portant resource, as it produced high quantities o f  nectar and pollen (Table 3.3).

Table 3.3 Value o f alien {B. davidii, F. magellanica, I. glandulifera, R. ponticum  and S. x uplandicum) 
and native {D. purpurea, E. hirsutum, R. fruticosus agg and V. sepium) plant species according to floral 
rewards (nectar and pollen) offered to native insects. NSR = nectar secretion rate per flower (|il/24h), 
SSR = sugar secretion rate per flower (mg/h), SC = sugar concentration (%), PG/A = pollen grains per 
anther, PG/F = pollen grains per flower, PG/INF = pollen grains per inflorescence, N = nectar, P = 
pollen, F/INF = flowers per inflorescence.

Plant species NSR SSR SC

PG/A

Pollen quantity 

PG/F PG/INF

Essential amino 

acids 

N P

F/INF Overall

rating

/. glandulifera 3 1 2 1 1 2 1 8 6 1

D. purpurea 2 3 7 2 2 1 5 6 2 2

R. ponticum 5 4 1 6 6 5 9 3 3 3

S. X uplandicum 4 5 3 4 4 6 4 7 8 4

F. magellanica 1 2 8 7 8 8 7 1 4 5

R. fruticosus agg 6 6 5 9 3 4 3 5 5 6

B. davidii 9 9 6 5 7 3 8 4 I 7

V. sepium 7 7 4 3 5 7 6 9 7 8

E. hirsutum 8 8 9 8 9 9 2 2 9 9

3.5 Discussion

In this study 1 quantitatively and qualitatively investigated the floral rew ards o f  five alien and 

four native plant species. A lthough my predictions that alien species produce m ore pollen and 

m ore sugar-rich nectar that contain higher concentrations o f  essential am ino acids com pared to 

native species, did not hold true in m ost cases, these alien plants can be regarded as valuable 

nectar and pollen resources, especially in degraded and urbanised habitats. Here, I address 

these findings and discuss them  in relation to native plant species and insects in Ireland.
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3.5.1 Nectar quantity

Im patiem  glandulifera  was the only alien species to produce significantly larger amounts o f 

sugar-rich nectar than most native species, with measurements being similarly high to those 

previously reported (Titze 2000, Chittka and Schurkens 2001, Raine and Chittka 2007b, 

Chapter 4). Alien F. magellanica also exhibited high secretion rates but low sugar 

concentrations. This is unsurprising as its flowers are ornithophilous (Traveset et al. 1998), 

typically producing large quantities o f dilute nectar (Pyke and Waser 1981). Although B. 

davidii flowers revealed low secretion rates, its densely massed inflorescences (214.0 ± 23.0 

flowers) produce large amounts o f  sugar-rich nectar that are easily exploited by visiting 

insects (Heinrich and Raven 1972). Whilst secretion rates and sugar concentrations o f alien R. 

ponticum  and S. x uplandicum  seemed to exceed those o f most native species, this was not 

significant. These differences might have been masked by interspecific, spatial and temporal 

variations in nectar parameters (Zimmerman and Pyke 1986, Thomson et al. 1989, Lanza et al. 

1995). By taking measurements after 24 hours and from different individuals and even 

populations, these variations were more likely to be overcome, thus making nectar parameters 

more comparable among species. Besides, similar nectar secretion rates have been formerly 

measured for B. davidii (0.15 + 0.01 (il/24h: C. Kelly, unpublished data), F. magellanica 

(21.38 ± 0.50 )j.l/24h: C. Amador-Pelaez, unpublished data) and R. ponticum  (4.9 |il/24h: 

Dietzsch 2009). In addition, secretion rates were high in flowers o f  D. purpurea  (> 20 |j.l/24h), 

which surpass previous measurements (2.17 |il/24h: Dietzsch 2009). My measurements may 

be biased because 1 used plants rooted in pots. However, production rates in potted plants o f E. 

hirsutum  and Stachys palustris were comparable to those o f naturally established plants 

(Chapter 4). Moreover, nectar volumes o f D. purpurea  and also R. fruticosus  agg (4.90 jil/24h) 

have been reported to be similar to alien R. ponticum  (Dietzsch 2009). Furthermore, secretion 

rates o f the present alien plants are likely to exceed those o f native species not included in this 

study: Lotus corniculatiis (0.01 ± 0.00 mg/h: Corbet et al. 2001) and T. repens (0.005 mg/h: 

Raine and Chittka 2007b) (Chapter 2).

3.5.2 Pollen quantity

Pollen production in anthers, flowers and inflorescences o f alien species usually did not 

exceed that o f native species. Large numbers o f pollen grains were produced by alien I. 

glandulifera, but also native D. purpurea. Similarly high pollen quantities have been recorded
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for I. glandulifera (Titze 2000) and its pollen can dominate pollen transport networks 

(Lopezaraiza-Mikel et al. 2007). Although pollen production per anther was not as high in 

alien B. davidii, F. magellanica, R. ponticum  and S. x uplandicum, production rates still 

exceeded those o f  some native species in my study {E. hirsutum  and R. fruticosus  agg) and 

other studies (Medicago spp. and Trifolium  spp. produced between 215 and 461, and 267 and 

554 pollen grains per anther, respectively: Traynor 1981, Szabo and Najda 1985). On an 

inflorescence level, pollen production o f  B. davidii and 1. glandulifera only, topped that of 

native species, except D. purpurea. Indeed, D. purpurea  is known to be an important source of 

pollen for native insects (Brian 1951, Dietzsch 2009). It is also possible that plants producing 

exclusively pollen may produce higher quantities as for instance floral production rate of 

Papaver somniferum  (516 096 pollen grains per flower: Tidke and Dharamkar 2003) surpasses 

those o f  some species in my study. Furthermore, pollen production evidently depends on the 

number o f  anthers per flower (Traynor 1981). For example, flowers o f  R. fruticosus agg 

contain many anthers, which may explain the drastic increase in floral pollen counts. 

However, pollen production in R. fruticosus  agg is likely to vary due to inconstant numbers of 

anthers per flower. 1 further observed relatively high variability in pollen counts for other 

species, especially those carrying large anthers with high pollen quantities {D. purpurea  and /. 

glandulifera). This variability may be caused by using the haemocytometer method, although 1 

ensured that pollen grains were equally suspended in the solution before extracting samples 

for counting.

3.5.3 Nectar and pollen quality

I observed obvious differences in amino acid concentrations in nectar and pollen, with 

concentrations being generally higher in nectar (up to ten times). This may be due to pollen 

contamination or damaged floral structures, which can release amino acids into nectar (Erhardt 

and Baker 1990, Gottsberger et al. 1990, but see Nicolson 2007). Nevertheless, firstly, 

precautions were taken to avoid this and secondly, levels o f  nectar amino acids in my study lie 

within and even below the range o f  those observed previously (Lanza et al. 1995, Gardener 

and Gillman 2001a, Gardener and Gillman 2001b). Concentrations o f  pollen amino acids in 

my study were also lower than in other studies (Day et al. 1990, Clark and Lintas 1992). 

Variations among studies may be due to different methodologies (Nicolson 2007) or plants 

grown under dissimilar conditions (Gardener and Gillman 2001b). Certainly, my data were not
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directly comparable to data o f  several studies because o f  differences in measurements (e.g. 

present/absent: Cyan and Woodell 1987, g/lOOg protein or pmoles/flower: Gilliam et al. 1980, 

Lanza et al. 1995, Petanidou et al. 2006).

None o f  the plant species showed amino acid deficiencies as all 15 amino acids were detected. 

Nectar and pollen contained higher proportions o f  N-EAAs (about 81%) than EAAs (about 

19%), which other authors have also recorded (Gardener and Gillman 2001a, Cook et al. 

2003). N-EAAs often dominate nectar (Lanza et al. 1995, Nicolson 2007) because they are 

fundamental in the nitrogen metabolism o f  plants and reach high levels in phloem sap (Pate et 

al. 1985). My results however, may be biased as the EAAs histidine and lysine could not be 

reliably identified. Previous studies also had difficulties in classifying amino acids such as 

cystine, proline and serine (Petanidou et al. 2006, Nicolson 2007, Hanley et al. 2008). 

Furthermore, although confidence in my statistical results would be low because o f  the use of 

only two replicate samples, intraspecific variation was reduced by pooling nectar and pollen 

from numerous flowers from different individuals and populations. Besides, replication was 

low in other studies (e.g. N = 3: Lanza et al. 1995, N = 1 to 4: Nicolson 2007) and amino acid 

composition is known to be surprisingly constant within a species (Baker and Baker 1977).

There was much variation in nectar and pollen quality among plant species, and quality in 

alien did not generally exceed that in native species. Nectar o f  alien I. glandulifera and S. x 

uplandicutn was rich in EAAs, whilst pollen had low levels. In contrast, pollen o f  alien B. 

davidii, F. magellanica and R. ponticum  had relatively high levels o f  EAAs, whereas nectar 

contained low levels. To my knowledge no studies exist that have quantified amino acids in 

these alien species. Furthermore, E. hirsutum  was the only species to produce both nectar and 

pollen with high EAA levels, with nectar concentrations exceeding (about six times) those 

observed by Gardener and Gillman (2001b). Resources o f  native R. fruticosus agg were also 

relatively nutritive, despite EAA levels in pollen being lower (about 37 times) than levels 

measured by Day et al. (1990). Nonetheless, other native species produce qualitatively higher 

nectar and pollen compared to the present species. For instance, concentrations o f  the same 

EAAs analysed in this study were five to 20 times higher in nectar o f  Centaurea nigra. 

Convolvulus a n ’ensis and L. corniculatus (Gardener and Gillman 2001a), and eleven times 

higher in pollen o f  T. repens (Day et al. 1990). Additionally, EAA proportions in pollen o f
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Brassica napus, L. corniculatus, T. pratense, T. repens and Vicia fa b a  (> 40%: Cook et al. 

2003, Hanley et al. 2008) lay above the range observed for my study species (10 to 35%).

3.5.4 Are alien species more valuable than native species?

The alien species in this study were generally not more valuable than the native species 

studied because they showed deficiencies in some aspect o f  their floral rewards. Moreover, 

some species produced quantitatively high but qualitatively low rewards (e.g. I. glandulifera), 

whilst others produced rewards o f  high quality but low quantity (e.g. E. hirsutum). Rewards 

however, were investigated at a flower and inflorescence level, and I might see quite different 

results at a plant and in particular population level. Some alien species in this study (/. 

glandulifera  and R. ponticum) can occupy extensive areas and produce massive floral densities 

(Pysek and Prach 1995, Rotherham 2001, Reynolds 2002). At high population densities they 

may therefore be quantitatively even more valuable but simultaneously they could alter the 

distribution o f  important native floral resources and even displace them (Ghazoul 2002). 

Conversely, at lower densities they probably complement native resources such as E. 

hirsutum, which produces small quantities o f  nutrient-rich nectar and pollen. Except for R. 

ponticum, all alien plants are common in degraded and urbanised habitats where they flower 

over prolonged periods (Chapter 2) and may supplement a reduced diversity o f  native 

resources. Indeed, insects usually forage and specialise on different species depending on their 

provision o f  floral rewards (Heinrich 1979b, Ghazoul 2006), and in doing so they can 

compensate for resources poor in quantity or quality (Gilliam et al. 1980, Day et al. 1990). 

Therefore, a succession o f  various plant species flowering throughout and at different times of 

the season is necessary to sustain native insect populations.

3.5.5 Conclusions

To my know ledge this is the first study to assess the quantity and quality o f  alien and native 

floral rewards. Although alien species were usually not more valuable than native species at a 

flower and inflorescence level, their floral rewards are likely to quantitatively, but not 

qualitatively, exceed those o f  many native species at a plant and population level. At low 

population densities, especially in degraded ecosystems, they could be regarded as important 

nectar and pollen sources for native insects. At high densities however, they may out-compete 

nutritionally important native resources. My study draws attention to a general lack o f  studies
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investigating floral rew ards o f  alien and native species and further highlights the need to 

incorporate a series o f  param eters when assessing how rew arding plant species are.
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The impacts of an invasive alien plant and its 

removal on native bees

In press: Nienhuis C.M., Dietzsch A.C. and Stout J.C. The impacts o f  an invasive alien plant

and its removal on native bees. Apidologie.
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4.1 Abstract

Although the alien Impatiens glandulifera successfully invades riparian habitats and is visited 

by native insects, knowledge o f  its impact on native bees is limited. I assessed pollinator 

abundance in field sites where 1. glandulifera was absent, present or had been experimentally 

removed. I measured insect visitation to flowers o f  potted native plants and to I. glandulifera. 

Bombus spp. comprised the highest proportion o f  visitors in invaded sites, whereas solitary 

bees made up the highest proportion in sites where 1. glandulifera was removed. More bees, 

especially medium- and long-tongued Bombus spp. {B. pascuorum  and B. hortorum) foraged 

on I. glandulifera than the native plant species (possibly because the alien was more 

abundant). 1 detected no impact o f  invasion on standardised pollinator abundance, B. 

pascuorum  abundance, nor functional insect diversity. This may be due to variable climatic 

conditions. 1 suggest that future studies focus on impacts on rare or specialised pollinator taxa.

4.2 Introduction

invasive species are regarded as one o f  the greatest threats to global biodiversity (Vitousek et 

al. 1997, Sala et al. 2000) as they disrupt the composition and functioning o f  local ecosystems 

(Chapin et al. 2000, Richardson et al. 2000a, Levine et al. 2003) and pose serious economic 

and health problems (Davis 2003). Although direct (e.g. smothering) and indirect (competition 

for nutrients and water) negative effects o f  invasive alien plants on native plant communities 

have been reported (Levine et al. 2003, and references therein), little is known about their 

direct (and indirect) effects on native pollinators (Traveset and Richardson 2006, Bjerknes et 

al. 2007, Goodell 2008).

Since they must form mutualistic interactions with pollinators already present in the ecosystem 

in order to establish and invade (Richardson et al. 2000a. Parker and Haubensak 2002, Stout et 

al. 2006). entomophilous alien plants depend greatly on native pollinators for reproduction and 

population grow th (Parker 1997). They are more likely to be successful invaders if served by a 

range o f  generalist pollinators rather than a single specialised taxon (Johnson and Steiner 

2000, Richardson et al. 2000a. Memmott and Waser 2002, but see Morales and Aizen 2006). 

Hence, alien plants have the potential to directly and indirectly affect individuals, populations 

and communities o f  native generalist pollinators.
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Some alien plants, particularly those that produce an abundance o f  large brightly coloured 

flowers with extended flowering seasons, are very attractive to native pollinators (Ghazoul 

2002, Memmott and Waser 2002). For example, Impatiens glandulifera. Mimosa pigra  and 

Rhododendron ponticum  are regularly visited by native pollinators in the communities they 

invade (Stary and Tkalcu 1998, Chittka and Schurkens 2001, Schurkens and Chittka 2001, 

Moragues and Traveset 2005, Stout et al. 2006, Lopezaraiza-Mikel et al. 2007). However, the 

nectar and pollen provided by these plants may be inappropriate for some native pollinators 

morphologically (pollinators may not be able to access rewards from flowers), physiologically 

(they may be nutritionally poor, or even contain toxins: Barker 1978) and phenologically 

(there may be temporal mismatches between reward supply and pollinator demand). 

Alternatively, these plants may provide valuable resources for native pollinators, which are in 

decline globally (Biesmeijer et al. 2006).

i f  alien plant invasion causes a change in the native plant community by altering the spatial 

distribution of floral resources (Ghazoul 2002) or even displacing important native plant 

species (Rathcke 1983), invasive alien plants have the potential to indirectly affect both 

generalist and specialist taxa who utilise these native plants. It is likely that specialist species 

are those most at threat (see also Biesmeijer et al. 2006).

Impatiens glandulifera is the tallest naturalised annual herb in Europe and is regarded as 

extremely invasive (Beerling and Perrins 1993, Hulme and Bremner 2006). Since its 

introduction from the Himalayas as a garden plant at the beginning o f  the 19“’ century 

(Beerling and Perrins 1993), I. glandidifera has established, invaded and spread rapidly in 

riparian habitats across Europe (Perrins et al. 1993, Pysek and Prach 1995, Hulme and 

Bremner 2006). Their frequent disturbance regimes (i.e. flooding) make riparian habitats ideal 

sites for /. glandulifera to invade as propagules carried by water establish easily (Pysek and 

Prach 1993, Maskell et al. 2006b). Riparian habitats are one o f  the most diverse ecosystems 

worldwide (Naiman and Decamps 1997), providing vital resources for native insects (Stary 

and Tkalcu 1998). I. glandulifera has been reported to interfere with such native communities 

by competing for (Prow'se and Goodridge 2000, Chittka and Schurkens 2001) and facilitating 

(Lopezaraiza-Mikel et al. 2007) pollinator visitation to the native flora but may benefit native
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pollinators by supplying important nectar and pollen resources (Showier 1989, Stary and 

Tkalcu 1998).

Impatiens glandulifera is considered invasive in Ireland where it was first recorded in 1906 

and since then has spread extensively (Reynolds 2002). Despite much research being 

conducted on 1. glandulifera in continental Europe (Konies and Glavac 1979, Stary and 

Tkalcij 1998, Titze 2000, Chittka and Schurkens 2001, Hejda and Pysek 2006) and the UK 

(Lopezaraiza-Mikel et al. 2007), no study known to me in Ireland or elsewhere has quantified 

the effects o f  I. glandulifera and its removal on native pollinators in a controlled manipulative 

field experiment. I tested the following hypotheses:

1. Insect abundance and functional diversity, and Bombus spp. abundance and diversity, 

vary between sites invaded by I. glandulifera compared with non-invaded sites and 

sites with I. glandulifera removed.

2. Bees preferentially visit alien (/. glandulifera) plants.

3. Nectar secretion rate and nectar sugar concentration differ between native and alien (/. 

glandulifera) plants and are correlated with insect visitation.

4.3 Methods 

4.3.1 Study site

This study was conducted along the River Liffey, Co. Dublin (outside the conurbation of 

Dublin), Ireland, between 17*'' July and 2"‘* August 200 6 .1, glandulifera is distributed patchily 

along the river, with dense patches occurring where the bank gradient is gradual and disturbed.

Nine sites (of approximately 50 m x 15 m and at least 800 m apart) were selected along the 

river (for site locations refer to Appendix 4.1), three where I. glandulifera was absent and the 

remaining sites were randomly assigned to two treatments: I. glandulifera present (mean ± 

S.E. inflorescences per site = 320 ± 109) and I. glandulifera removed (mean ± S.E. 

inflorescences removed per site = 358 ± 318). I. glandulifera was removed by cutting 

infiorescences and buds from plants already in flower, at least two days before observations
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began and floral removal continued throughout the observational period to ensure the absence 

o f alien flowers.

4.3.2 Floral abundance and diversity

After I. glandulifera  removal, floral abundance and floral diversity was assessed in each site 

by walking a 60 m transect and recording the number o f  plant species and the total number o f 

inflorescences per plant species within twelve 2 m quadrats (at 5 m intervals). For each site, 

floral diversity was calculated using the Shannon diversity index (//) (Southwood and 

Henderson 2000);

H = - X  A log. P, > where ' 4.1

P i =  proportion o f  total number o f inflorescences present o f species ;

One-factor Analysis o f  Variance (ANOVA) was used to establish whether floral diversity 

differed between treatments.

4.3.3 Insect abundance and diversity

To quantify insect abundance and activity I observed insect visitation rates to native plants, in 

order to standardise native plant abundance and density, 1 introduced 18 native plants in pots, 

six individuals o f  each o f three native species {Epilobium hirsutum, Filipendula ulmaria and 

Stachys palustris) into each site. These species were chosen because they are widespread in 

the section where the experiment was conducted along the River Liffey, flower simultaneously 

with I. glandulifera, are frequently visited by insects (Fussell and Corbet 1992b, Comba et al. 

1999b) and have been used in previous studies (Chittka and Schiirkens 2001, Lopezaraiza- 

Mikel 2006). In invaded sites, plants were placed directly next to I. glandulifera patches. A 

small proportion (< 10%) o f potted plants failed to flow'er and therefore plants in flower were 

cut from naturally established stands located outside the sites and placed into water-filled 

bottles in order to maintain the number o f flowering plants in the standard artificial native 

plant communities. Where necessary, plants were substituted at least one day before 

observations commenced. Each site was visited once, between 8.00 to 18.00 hrs, on each of 

three separate days during the period between 17*'’ July and 25̂ '̂  July 2006. On each visit, a 

total o f  six plants (two o f each o f the three native species) were observed for 10 minutes, in
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addition, three randomly selected I. glandulifera  patches were observed for 10 minutes in each 

o f  the invaded sites. All insects visiting flowers for nectar and/or pollen were identified to 

family (Andrenidae, Apidae and Syrphidae) and social bees to species {Apis mellifera and 

Bombus spp.). Andrenids and syrphids were difficult to identify to species on the wing and we 

did not want to capture individuals (because we did not want to affect either their behaviour or 

their populations). The total number o f  inflorescences per plant species per patch was recorded 

after observations. Standardised insect abundance was calculated as the number of insects per 

inflorescence per hour (number of insects arriving at a patch in 10 min / number of 

inflorescences in patch x 6). In addition, cloud cover (%), temperature (° C) and wind force 

(Beaufort scale) were recorded during each observation session.

Although insect visitation does not provide a direct measure o f  insect abundance, other 

methods such as pan traps were considered too destructive to the insect community. Transect 

walks were not employed because o f  variation in native plant communities among sites.

Total standardised insect abundance (analysed separately for all insects, all bees including 

Bombus spp., syrphids and Bombus spp.) on native and alien inflorescences were compared 

among treatments and sites using a balanced two-factor nested Analysis o f  Covariance 

(ANCOVA) (‘site’ as random factor nested within ‘treatment’ as fixed factor) with cloud 

cover, temperature and wind force as covariates. Both cloud cover (proportional data) and 

wind force (count data) data were arcsine and square root transformed. ANCOVAs were also 

performed on non-normal data as analysis o f  co-variance is robust to non-normality 

(Underwood 1997). Levene’s test was used to test for heterogeneity o f  variances and if 

necessary data were logio (x+1) transformed (syrphid and total insect abundance). When 

transformations were unable to reduce heterogeneity of variances, non-parametric analysis 

(Mood’s Median test) was employed. In addition, I investigated w'hether insect abundance 

differed between I. glandulifera and the three native plant species in invaded sites, using one- 

factor ANOVA and a Dunnett's posl-hoc test. A post-hoc power analysis was conducted using 

total standardised insect abundance.

Because o f  difficulties in identifying some insects to species (see above), insects were 

assigned to five functional groups (andrenids, syrphids, long- and medium-tongued Bombus
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species {B. hortorum  and B. pascuorum), short-tongued Bonibus spp. {B. pralonm i and B. 

terrestris) and A. mellifera). Insect diversity for each site was estimated using the Shannon 

diversity index (//) (as above).

To test for differences in insect diversity among treatments, data were analysed with one- 

factor ANOVA as above.

4.3.4 Bombus spp. abundance and diversity

To estimate bumblebee abundance in, and utilisation of, all nine sites, 1 conducted mark- 

recapture studies between 26*'’ July and 2"‘* August 2006, during the removal period after

observations on native plants had taken place. B. pascuorum  was selected as study species

because it was the most commonly observed insect visitor in these sites. Each site was visited 

twice. On the first visit, all B. pascuorum  individuals encountered during a 1.5 hour period 

were captured, their thorax marked with red permanent marker and released. Observations on 

freely foraging bumblebees from colonies kept in captivity have shown that marks on the 

thorax are clearly visible for up to five days (A.C. Dietzsch, personal observations). Studies o f 

the foraging range o f B. pascuorum  suggest that the same individuals are unlikely to occur at 

multiple sites when they are > 800 m apart (Darvill et al. 2004, Knight et al. 2005). Twenty- 

four hours later, sites were revisited and all bumblebees encountered were caught and the 

number o f marked and unmarked individuals recorded. The number o f B. pascuorum  per site 

was estimated according to the Lincoln-Peterson formula (jV) (Southwood and Henderson 

2000);

= (ni X n2 ) / m2 , where 4.2

ni = total number o f  B. pascuorum  caught and marked in first sample,

n2 = total number o f B. pascuorum  caught in second sample, 

m 2 = number o f  marked B. pascuorum  recovered in second sample.

To estimate Bombus spp. diversity in each site. I used the number o f individuals for each 

Bombus spp. {B. hortorum, B. pascuorum, B. pratorum  and B. terrestris) visiting native and 

alien patches recorded during observations. For each treatment Bombus spp. diversity was 

estimated using the Shannon diversity index (//) (as above).
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To determine whether Bombus spp. numbers and diversity differed between treatments, data 

were analysed using one-factor ANOVA as above.

4.3.5 Nectar resources

Immediately after observations o f insect visitation, nectar standing crop was determined at 

each site in 10 randomly selected flowers o f  all plant species that had been visited by 

bumblebees, using 1 and 5 |il micropipettes (Hirschmann Laborgerate GmbH & Co. KG, 

Eberstadt, Germany). In addition, nectar secretion rate ()xl/24h) and sugar concentrations (%) 

for each study plant species visited by bumblebees were determined at each site by randomly 

bagging ten flowers per species with bridal veil material to exclude insect visitors. A hand

held refractometer (Ceti-Digit-080, Medline Scientific Ltd, Oxfordshire, UK) was used to 

measure sugar concentration. I excluded F. idmaria from nectar measurements because 

flowers were too small to extract any measurable nectar quantities, even after bagging.

The relationship between nectar standing crop and insect abundance was investigated using 

correlations. Pearson’s product moment correlation was utilised for all data related to I. 

glandulifera (parametric) and Spearman’s rank correlation was employed for data related to E. 

hirsutum  and S. palustris (non-parametric). One-factor ANOVAs were used to examine 

whether nectar sugar concentrations and secretion rates differed between 1. glandulifera and 

the native plant species. Data for nectar secretion rates were logio x transformed to reduce 

heterogeneity o f  variance. Dunnett’s post-hoc  tests were utilised to compare sugar 

concentrations and secretion rates among the three species.

MINITAB 13 (Minitab 2000) was used for all statistical analyses.

4.4 Results

4.4.1 Floral abundance and diversity

The co-flowering vegetation in the sites contained a species rich assemblage o f  native plants 

and included Calystegia sepium, Chamerion angiistifoliiim, Cirsiitm paliistre, E. hirsutum, 

Eupalorium camiabinum, F. uhnaria, Rubiis fruticosus agg, Scrophularia aquatica, Senecio 

jacobaea, and S. palustris. Neither floral abundance (F2,s = 0 .86,/; = 0.469) nor floral diversity
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(//ran ging  from 0.96 to 1.70: f ’2,g= 0 .6 1 ,p  =  0.575) differed significantly among treatments, 

probably due to high variation among sites within treatments.

4.4.2 Insect diversity

In 360 observation minutes, a total o f  263 individual insects were observed visiting native 

potted plants (125 Diptera and 138 Hymenoptera). Sites containing I. glandulifera  attracted 

more flower visitors (12.75 individuals per inflorescence per hour) than non-invaded sites ( /  

glandulifera  absent = 1.45 individuals per inflorescence per hour, I. glandulifera  removed = 

1.16 individuals per inflorescence per hour). Both Bombus spp. and syrphids seemed to be 

more abundant on native inflorescences in invaded compared to non-invaded sites (Figure 

4.1), with Bombus spp. being especially abundant on I. glandulifera  inflorescences in sites 

where the alien was present (Figure 4.2). However, syrphids made up higher proportions o f  

flower visitors in sites without I. glandulifera  whereas Bombus spp. comprised a higher 

proportion in invaded sites (Figure 4.3). Other bees only constituted a minority o f  visitors, 

including Andrena  spp. (seven visitors) and A. mellifera  (one visitor), and made up a higher 

proportion o f  visitors when I. glandulifera  was removed (Figure 4.3). Bombus spp. visitors 

included medium-tongued B. pascuorum  (112 visitors), long-tongued B. hortorum  (10 

visitors), short-tongued B. terrestris (eight visitors) and short-tongued B. pratorum  (one 

visitor).
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Figure 4.1 Mean insect abundance (standardised as insects per inflorescence per hour) on native 
inflorescences made by Bombus spp., other Hymenoptera and Syrphidae in sites where /. glandulifera 
was present, absent and had been experimentally removed. Bombus spp. (grey bars), Syrphidae (open 
bars) and other Hymenoptera (closed bars).
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Figure 4.2 Mean insect abundance (standardised as insects per inflorescence per hour) on native 
versus 1. glandulifera inflorescences made by Bombus spp., other Hymenoptera and Syrphidae in sites 
where I. glandulifera was present. Bombus spp. (grey bars), Syrphidae (open bars) and other 
Hymenoptera (closed bars).
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Figure 4.3 Mean percentage o f flower visitors to native and alien inflorescences made by Bombus 
spp., otiier Hymenoptera and Syrphidae in sites where 1. glandulifera was present, absent and had been 
experimentally removed. Bomhus spp. (grey bars), Syrphidae (open bars) and other Hymenoptera 
(closed bars).

The different plant species attracted different pollinator groups: syrphids more frequently 

visited F. ulmaria, thereafter S. palustris, E. hirsutum  and, rarely, /. glandulifera. In contrast, 

bees primarily visited /. glandidifera  followed by S. palustris, E. hirsutum  and, rarely, F. 

ulmaria, except andrenids which mainly visited F. ulmaria (Figure 4.4). B. pascuorum  was the 

most frequent Bombus spp. recorded and many o f  this species’ visits were to I. glandulifera. 

B. hortorum  chiefly visited I. glandidifera  inflorescences, whereas B. terrestris  visited native 

plants more often. Bombus spp. visited all plants primarily for nectar, except for F. ulmaria 

where Bombus spp. collected pollen only (they were not observed to extend their probosces 

for nectar collection).

The functional diversity o f  insects {H  ranging from 0.54 to 1.08) did not vary among 

treatments (^ 2,8 = 0 . 4 2 , =  0.676).
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Figure 4.4 Mean number o f  native and alien inflorescences visited by each insect taxa.

4.4.3 Insect abundance

A nalysis o f  standardised insect abundance on native plants revealed no significant differences  

am ong treatments with only total insect abundance varying am ong sites (Table 4 .1). During 

observations there w as a mean (± S.E .) cloud cover o f  49 ±  40%  and mean (± S.E.) 

temperature o f  23.1 ± 2 .9° C. Total insect abundance w as influenced negatively by cloud  

cover and temperature whereas bee, Bom hiis spp. and syrphid abundances remained  

unaffected by the environm ental variables (Table 4 .1 ). Abundance, i f  visitors to both native 

and alien plants are considered, differed am ong sites within treatments {F(,2 6 ~  3 . 9 4 , =  0 .011) 

but not am ong the three treatments (^ 2,26 = 0 .40, p  =  0 .690). There w as no significant 

difference in the number o f  bees and the number o f  syrphids recorded visiting native plants 

overall (F i 5 3 =  3 .8 4 ,/;  = 0 .056). In sites where /. g lan du lifera  w as present, significantly more 

insects (except syrphids) w ere observed on alien I. g lan du lifera  than on native plants (Table 

4.1 ) and significantly more bees w ere observed visiting 1. g lan du lifera  than syrphids =  

2 4 . 3 7 , <  0 .001). in these sites, insect abundance w as significantly higher on I. g landu lifera  

than native E. hirsulum  and S. p a lu str is  (^ 3,35 =  6 .02, p  =  0 .002 , D unnett’s p o st-h o c  test p  <
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0.05), but there were no differences between /. glandulifera  and F. ulmaria (Dunnett’s po st-  

hoc test p  >  0.05).

Table 4.1 Insect abundance on native plants [N] and on native versus alien plants in invaded sites [N 
vs A], standardised as insects per inflorescence per hour, compared among treatments [T] and sites 
(nested within treatments S[T]) using parametric tests (ANCOVA F  and ANOVA F) and non- 
parametric tests (Mood’s Median X'). “Bee” = all bees including Bombus spp.. Covariates include 
cloud cover (CC), temperature (TP) and wind force (WF). ns = non-significant results, *p < 0.05, **p 
< 0 .0 0 1 .

Total insect Bee Bombus spp. Syrphids

N T F2,2(, = 0.19 ns ■̂2,2 6 = 0.69 ns Fi.ib ~ 1 -07 ns Fi,2(, = 0.48 ns

S[T] ^ 6 , 2 5 = 4 . 6 1  * Fe,26 = 1.15 ns ^6 ,2 6 = 1.09 ns ^’6,2 6 = 2.26 ns

CC F , ,2 6 =  12.80 * ^ 1,26 = 1 -68 ns - 1̂,26 =3.09 ns F, 26=0.63 ns

TP F ,,2 6  = 7.09 * F i ,26 = 0.25 ns ■ ^ 1 ,2 6 = 0 .3 3  ns / ’i , 2 6 = 1 .6 7  ns

WF F\2 6 ~ 1.16 ns Fi,2 6 = 0.16 ns F | , 26= 0 .21  ns •̂ 1,26 =0.45 ns

N vs A F ,̂̂ =̂ 16.01 * ^ 2  ̂ = 18 ** Y-2̂ = 18 ** Fi,i7 = 0.29 ns

I detected low power (a = 0.065) for the analysis on total insect abundance (three sites per 

treatment), and increasing the number o f  sites per treatment by a factor o f  ten (N = 30) did not 

increase power greatly (a = 0.319).

4.4.4 Bombus spp. abundance and diversity

The mean total number (± S.E.) o f  B. pascuorum  individuals caught and marked in the first 

sample (ni) and subsequently caught in the second sample (n2 ), and the mean number (± S.E.) 

o f  marked B. pascuorum  individuals recovered in second sample (m2 ) for each treatment were:

I. glandulifera  absent: 15.3 ± 7.4, 18.7 ± 5.8 and 6.3 ± 2 .3 ,1, glandulifera  removed: 7.0 ± 2.6, 

10.0 ± 4.0 and 3.3 ± 1.8, I. glandulifera  present: 41.7 ± 11.3, 42.0 ± 10.7 and 31.7 ± 9.4, 

respectively. Overall, mean values o f  N  (estimates o f  abundance according to the Lincoln- 

Peterson formula, calculated per site and averaged per treatment) suggested that there were 

fewer B. pascuorum  individuals in sites where /. glandulifera  was removed (Figure 4.5), 

although this difference was not significant (N  ranging from 0 to 76, Fj.?, = 2.11, p  = 0.203). 

There were no significant differences in Bombus spp. diversity among treatments {H  ranging 

from 0.00 to 0.95, ^ 2 ,8  = 0 .1 3 ,p  = 0.878).
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Figure 4.5 Mean number (N) of B. pascuorum individuals in sites where I. glandulifera was present, 
absent and had been experimentally removed, estimated using the Lincoln-Peterson formula.

4.4.5 Nectar resources

When flowers were bagged to prevent insect visitation, nectar was found in native E. hirsutum  

and S. palustris species and alien I. glandulifera. Mean nectar standing crop was low in all 

plant species (Table 4.2). No significant correlation was found between insect abundance and 

nectar standing crop in E. hirsutum (r = 0.263,/? = 0.186), S. palustris (r  = 0.073, p  = 0.719) or 

I. glandulifera (r = -0.564,/) = 0.114).

Mean nectar secretion rate was significantly larger in I. glandulifera than in E. hirsutum  and S. 

palustris {F2.20 = 24.51, p  < 0.001, Dunnett’s post-hoc  test p  < 0.05 for both comparisons, 

Table 4.2). Mean sugar concentration was higher in I. glandulifera  compared with both E. 

hirsutum  and S. palustris {F220 = 4.36, p  = 0.029, Dunnett's post-hoc  test p  < 0.05 for both 

comparisons. Table 4.2).
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Table 4.2 Mean (± S.E.) nectar standing crop (|al), nectar secretion rate (|i!/24h) and nectar sugar 
concentration (%) o f native {E. hirsutum and S. palustris) and alien (/. glandulifera) plant species.

Plant species Nectar standing corp Nectar secretion rate Nectar sugar concentration

E. hirsutum 0.054 ± 0.007 0.502 ±0.072 47.1 ± 1.4

S. palustris 0.011 ±0.003 0.167 ±0.049 47.1 ±1.1

I. glandulifera 0.043 ±0.016 10.6I9±2.176 53.9 ± 2 .2

4.5 Discussion

K nowledge on the im pacts o f  invasive alien plants on native pollinators is lim ited and my 

study is am ong the first to explicitly address this topic. I observed that the presence and/or 

removal o f  I. glandulifera  did not seem to affect insect abundance or diversity although in 

invaded sites the alien attracted large num bers o f  bees, especially generalist Bombus spp., 

which could be due to its highly rew arding nectar resources. Here, 1 d iscuss the im plications 

o f  my findings for native pollinators, in particular bees, and m ake suggestions for further 

study.

4.5.1 Insect diversity

The large, brightly coloured flowers o f  I. glandulifera  have been previously shown to attract a 

range o f  generalist insects (Fussell and Corbet 1992b, Titze 2000, Lopezaraiza-M ikel et al. 

2007). I found no differences in insect functional diversity am ong invaded and non-invaded 

sites suggesting that I. glandulifera  does not reduce diversity at the site level. How ever, 1 did 

not identify solitary bees and syrphids to species, and grouping may m ean I m issed changes in 

som e rare and/or specialist taxa. Bombus spp. were the m ost com m on visitors to /. 

glandulifera, w hilst syrphids visited native plants more often. This supports sim ilar findings 

from the UK (Lopezaraiza-M ikel et al. 2007). This is unsurprising considering the differences 

in floral m orphology between two o f  the native plants (£. hirsutum  and F. ulinaria have 

radially sym m etrical flowers) and I. glandulifera  (zygom orphic flow ers) and m ay explain 

Bombus spp. preference for the alien, as bees favour the latter shape (Proctor et al. 1996). I. 

glandulifera  could be less attractive to syrphids because they are too sm all to access nectar in 

the spur located at the posterior o f  the low er sepal (Titze 2000).
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Bombus flower preferences varied among species, which may be explained by tongue length 

and corolla depths (Inouye 1980, Prys-Jones and Corbet 1991, Comba et al. 1999b): medium- 

and long-tongued Bombus spp. {B. pascuoriim  and B. hortorum) favoured the deep I. 

glanduUfera flowers and short-tongued Bombus spp. {B. terrestris and B. pratorum) the more 

shallow native flowers. Short-tongued Bombus spp. might not be able to extract nectar from I. 

glanduUfera, or it may take them longer, reducing their energetic gain (Harder 1983). /. 

glanduUfera may therefore be providing a nectar resource mainly for longer-tongued Bombus 

spp.. Additionally, even though pollen is readily accessible to visiting insects, no visitors 

(neither bees nor syrphids) were observed actively collecting pollen during the experimental 

period.

4.5.2 Insect abundance

My results suggest that the presence o f  /. glanduUfera did not affect insect abundance, when 

measured as visitation to native co-flowering plant species. This finding contrasts with 

Lopezaraiza-Mikel et al. (2007) who observed a higher insect abundance in sites containing I. 

glanduUfera. There may be several explanations for this. Firstly, my data were collected as 

visitation rates whereas Lopezaraiza-Mikel et al. (2007) measured insect abundance using 

transect methods. Secondly, my study was conducted during a short time period when all 

potted native species and I. glanduUfera were co-flowering and may not reflect the situation at 

other times o f  the year. Thirdly, I only had three sites per treatment and high within-treatment 

variation among plots, which may have reflected variable climatic conditions, since insect 

abundance decreased with increased cloud cover and temperature. 1 was unable to completely 

standardise climatic conditions due to logistical (number o f  observers) and temporal 

constraints (flowering period o f  plants). Indeed, small scale variability in weather is a standard 

source o f  variation in field experiments o f  this sort. Power analysis suggested that increasing 

the number o f  sites per treatment may not enhance e.xperimental power and would 

simultaneously increase the spatial scale o f  the experiment, and may introduce further 

variation among sites. Fourthly, invaded sites attracted a higher proportion o f  bees and most of 

these bees (principally B. pascuorum) preferentially visited the alien. Therefore, the 

abundance o f  insects, as recorded as visitation to native plants, did not vary since native plants 

still attracted other visitors (such as short-tongued Bombus spp. and syrphids) which tended 

not to visit I. glanduUfera. Lastly, in my sites, isolated I. glanduUfera patches did not occupy
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extensive areas o f  the river bank common elsewhere in Europe (Beerling and Perrins 1993, 

Pysek and Prach 1995), and left enough space for the persistence o f  native plants, which 

represented an attractive resource to insects, particularly those less able to, or efficient at, 

exploiting I. glandulifera.

4.5.3 Bombus spp. abundance and diversity

Contrary to my hypothesis, invaded sites did not attract a greater abundance o f  B. pascuorum  

or diversity o f  Bombus spp. compared with non-invaded sites. Study sites contained a diverse 

native flora, which did not vary significantly among sites, with many valuable forage plants 

including E. hirsutum, R. fruticosus  agg and Cirsium  spp. that provide forage resources for a 

variety o f  Bombus spp. (Fussell and Corbet 1992b). I can assume that the abundance of 

shorter-tongued Bombus spp. (e.g. B. terrestris) may not be influenced greatly by I. 

glandulifera as they did not utilise the alien frequently. However, if the invasion by I. 

glandulifera becomes more widespread, causing a loss o f  the native flora, 1 might see quite 

different results (c f  Lopezaraiza-Mikel et al. 2007).

Although I only sampled during a short time period, with its prolonged flowering season (June 

to October), I. glandulifera may support the survival and reproduction o f  B. pascuorum  

colonies, which persist until late October, when flowering native plants become scarce (Sowig 

1989, Stary and Tkalcu 1998) and queens build up fat bodies in preparation for hibernation 

(Prys-Jones and Corbet 1991). Then again, I. glandulifera provides no resources to initial 

queens emerging in spring and could be displacing important early flowering resources 

(Lopezaraiza-Mikel et al. 2007). I. glandulifera  is probably less valuable to early emerging 

and short-tongued species with short colony cycles, such as B. pralorum. The impact o f  alien 

plants on the entire Bombus colony cycle and on Bombus populations and colony sizes merits 

further investigation and studies addressing this are currently being undertaken in Ireland 

(Dietzsch 2009).

Impatiens glandulifera is common in disturbed habitats, which support more widespread 

generalist Bombus spp. such as B. terrestris and B. pascuorum. As a result. I. glandulifera 

might be a vital forage resource for and may be supporting increased populations o f  common 

generalist medium- and long-tongued Bombus spp., which have been recognised as important
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for conservation (Fitzpatrick et al. 2007a), especially in built-up areas o f  Ireland. However, the 

possible spread o f  I. glandulifera  into rare habitats and the consequent displacement o f  native 

plants may have severe implications on the survival o f  threatened bee species in Ireland.

4.5.4 Nectar resources

I observed no relationship between nectar standing crop and insect abundance. Standing crop 

was low in all study plants. This has been reported elsewhere (Comba et al. 1999b) and may 

be due to low nectar secretion rates o f  native plants, Bombus spp. efficiently depleting 

resources and/or high ambient temperatures (up to 28.5° C in the shade) causing water to 

evaporate more quickly.

Impatiens glandulifera  produced significantly more nectar (20 and 81 times, respectively) that 

was higher in sugar concentration compared to both E. hirsutum  and S. palustris. However, 

native species were rooted in pots whilst I. glandulifera plants were naturally rooted in the 

soil, which may bias these results. Nevertheless, similarly low nectar secretion rates and sugar 

concentrations have been measured for naturally established plants o f  both E. hirsutum  (0.489 

± 0.074 |al and 13.7 ± 1.5%, respectively) and S. palustris (1.162 ± 0.222 |il and 36.0 ± 2.6%, 

respectively) (Chapter 2). Bombus spp. prefer nectar-rich flowers (Heinrich 1976b, Corbet et 

al. 1984) w'ith high sugar concentrations (Corbet et al. 1979) and they require energetically 

high rewards to maintain colonies (Comba et al. 1999b, Titze 2000, Morales and Aizen 2006). 

It is unclear however, whether the quality o f  I. glandulifera nectar and pollen is nutritionally 

adequate for Bombus spp. and their colonies and current research is addressing this issue 

(Chapter 3).

4.5.5 /. glandulifera removal

My study implies that I. glandulifera flow'er removal did not have a significant effect on insect 

abundance nor B. pascuorum  numbers and Bombus spp. diversity. In contrast, Lopezaraiza- 

Mikel et al. (2007) found significant reductions in both species richness and insect abundance 

when the alien was removed compared to when it was present. Alien flower removal might not 

have severely affected insect abundance in my study sites because insects feeding on 1. 

glandulifera  switched to native plants instead. This is unlikely however, as the alien attracted 

mainly large bees {Bombus spp.) and other insects are therefore not likely to be affected
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greatly. In addition, alien flower removal might not have affected insect abundance in my 

study sites severely because the alien formed small patches compared to Lopezaraiza-Mikel et 

al.’s (2007) sites that were all heavily invaded and where 1. glanduUfera was the dominant 

plant. This suggests that pollinators were not deterred from returning to sites and were able to 

locate alternative forage resources rapidly after alien removal. Other studies also suggest that 

localised control o f  alien plants does not have an impact on pollinator activity (Aigner 2004) 

and native plant species diversity is quick to recover following removal (Hejda and Pysek 

2006). These findings imply that removing small patches o f 1. glanduUfera flowers in order to 

prevent the alien from setting seed might be feasible for conservation purposes on a local 

scale. However, further research is needed to investigate what impacts removing monospecific 

and widespread stands on a regional scale, has on pollinators with different life history 

strategies relying solely on I. glanduUfera, on specialised and rare pollinator taxa and the 

native plant community supporting such pollinators.

4.5.6 Conclusions

Medium- and long-tongued Bombtis spp. are utilising the sugar-rich nectar o f 1. glanduUfera. 

However, it is unclear whether Bombus spp. are actively employing I. glanduUfera pollen for 

colony maintenance and whether the pollen is nutritionally adequate. Although localised I. 

glanduUfera fiower removal does not seem to affect insect abundance, my study highlights the 

need for further experimental long-term studies focusing on pollinator population responses to 

the spread and consequent removal o f/. glanduUfera, especially on a regional scale.
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Bumblebee foraging behaviour on alien Impatiens 

glandulifera: implications for native plant pollination

To be submitted as: Nienhuis, C.M. and Stout. J.C. Bumblebee foraging behaviour on alien 

Impatiens glandulifera'. implications for native plant pollination. Acta Oecologica
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5.1 Abstract

By attracting native generalist flower visitors, alien plants have the potential to affect 

pollinator behaviour and so pollen dispersal patterns in native plant communities. Theory 

suggests that alien plants can affect both the quantity and quality o f  pollination services for 

native plants. In terms o f  quantity, aliens may facilitate visitation to native plants (i.e. acting as 

"magnet species") or compete with native plants for pollinator attention. In terms o f quality, if 

flower visitors do visit both native and alien plants during a foraging bout, the transport o f 

alien pollen, possibly coupled with reduced conspecific pollen deposition, could negatively 

affect native plant pollination success. 1 investigated the foraging behaviour o f two generalist 

bumblebee species {Bombus hortorum  and B. pascuorum) in a native plant community that 

was heavily invaded by the alien Impatiens glandulifera and examined the impacts o f invasion 

on both the quantity and quality o f  pollination for native plants. I focused on species specific 

differences in bumblebee foraging behaviour by assessing fidelity o f visitors during a foraging 

bout, and the effect o f local density o f I. glandulifera on bumblebee visitation, pollen 

deposition on stigmas and seed set o f  native plants {Lythrum salicaria and Stachys palustris). 

B. hortorum  was more flower constant than B. pascuorum, with individuals o f the latter 

frequently moving between alien and native plants. Although B. pascuorum  visitation to native 

plants increased at high /. glandulifera densities, suggesting facilitation, for L. salicaria, this 

increased alien pollen and reduced conspecific pollen deposition on stigmas, and reduced seed 

set. These patterns were not detected for S. palustris, possibly because o f differences in flower 

structure and the limited number o f ovules per flower in the latter. In conclusion, the 

pollination o f self-incompatible perennial plants growing at low densities in mixed 

populations could be greatly affected by /. glandulifera invasion, but effects are likely to be 

species specific and vary according to the intensity o f invasion.

5.2 Introduction

Alien plants interact with native organisms in antagonistic, facilitative and mutualistic ways 

(Richardson et al. 2000a. Memmott and Waser 2002, Parker and Haubensak 2002, Morales 

and Aizen 2006). They can become well integrated into native plant-pollinator communities if 

flowers are visited by a range o f generalist insects (Memmott and Waser 2002, Stout et al. 

2006, Lopezaraiza-Mikel et al. 2007). These alien plants can therefore modify the
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composition, morphology, structure and the competitive and mutualistic relationships o f  native 

plant communities (Levine et al. 2003, Palmer et al. 2003, Traveset and Richardson 2006). 

Those that produce large, numerous and prolonged floral displays, with profuse nectar and 

pollen production, especially those which occur at high population density, can be very 

attractive to generalist native pollinators and simultaneously alter their foraging behaviour 

(Ghazoul 2002, Morales and Aizen 2006). This may result in reduced quality o f  pollinator 

services (Ghazoul 2002), which can lead to depressed reproductive success (seed set and seed 

sired) o f  native plants, particularly o f  self-incompatible species relying on cross-pollination 

(Bjerknes et al. 2007), as they receive reduced amounts o f  intraspecific pollen and increased 

quantities o f  incompatible alien pollen (e.g. Ghazoul 2002, Larson et al. 2006, Jakobsson et al. 

2008, Cariveau and Norton 2009).

Bumblebees are efficient and important generalist pollinators in temperate ecosystems 

(Proctor et al. 1996, Steffan-Dewenter and Tscharntke 1999, Goulson 2003b). They rely on 

mixed plant communities to supply a succession o f  perennial plant species in order to sustain 

themselves and their colonies throughout the season (Williams 1988, Fussell and Corbet 1993, 

Carvell 2002). These resources are often partitioned among several co-foraging bumblebee 

species as they exhibit differences in forage plant preferences, which have mainly been 

ascribed to interspecific differences in tongue length (Brian 1957, Heinrich 1976a, Heinrich 

1976b, Inouye 1978, Ranta and Lundberg 1980, Barrow and Pickard 1984). Foraging 

bumblebees usually encounter mixed floral arrays and they will favour an abundant and 

rewarding flower species but also forage on several other species (Free 1970, Heinrich 1979b, 

Thomson 1981, Waddington 1983, Chittka et al. 1997), especially if they are simple to handle 

(Gegear and Laverty 1998) and are morphologically similar (Raine and Chittka 2007a). Even 

though individual bumblebees are known to exhibit high levels o f  flower constancy, some 

species (e.g. Bonibiis terrestris) are more flower constant than others (e.g. B. pascuoninr. 

Stout et al. 1998a. Raine and Chittka 2005). Additionally, flower constancy is influenced by 

the density and dispersion o f  floral resources. Constancy is higher at dense floral aggregations 

because short travelling distances between flowers increase the bee's foraging efficiency 

(Klinkhamer and de Jong 1990), whilst bees tend to be less flower constant and visit more 

plant species at low floral densities (Waddington and Heinrich 1981, Zimmerman 1981, 

Chittka etal. 1997).
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Flower constancy is in turn o f  vital importance to plant reproduction (Levin 1978) as it can 

influence interspecific pollen dispersal (Rathcke 1983, Kunin 1993). In floral mixtures, for 

instance, plants at very low densities are visited infrequently (decline in pollinator “quantity’') 

and more commonly receive interspecific pollen mixtures (decline in “quality” o f  visits), 

possibly resulting in improper pollen transfer (IPT), pollination failure and low seed output 

(e.g. Levin and Anderson 1970, Kunin and Iwasa 1996, Kunin 1997, Stout et al. 1998a). 

Furthermore, pollen wastage is more likely to occur in plants at low densities in mixed floral 

arrays, because pollinators conduct more interspecific flower movements (Cresswell et al. 

1995, Palmer et al. 2003). Self-incompatible, out-crossing plants in particular, face severe 

reproductive difficulties at low densities and in small populations due to pollen limitation, 

often caused by IPT (Feinsinger et al. 1991, Kunin 1993, Burd 1994, Waites and Agren 2004). 

Hence, if native plants occur in low density patches amongst alien plants, they may have 

reduced pollination success.

Im patiem  glandulifera, introduced in the early 1800s, is extremely invasive in Europe where it 

has established dense populations, often in riverine habitats (Showier 1989, Beerling and 

Perrins 1993, Pysek and Prach 1993, Pysek and Prach 1995, Reynolds 2002), and attracts large 

numbers o f  mutualistic native pollinators (Chapter 2 and 4). Its rapid growth rates, high seed 

production (Willis and Hulme 2004) and effective seed dispersal (Perrins et al. 1993) make I. 

glandulifera a highly competitive annual plant species. Although I. glandulifera  is known to 

successfully out compete the native flora by competing for pollinator visitation (Prowse and 

Goodridge 2000, Chittka and Schiirkens 2001) and by simultaneously swamping native pollen 

transport networks (Lopezaraiza-Mikel et al. 2007), it is considered an essential nectar and 

pollen resource for native pollinators (Showier 1989, Sowig 1989, Stary and Tkalcu 1998).

Its impacts on native pollinators and their foraging behaviour however, have only been 

indirectly quantified through visitation to native plants at large spatial scales among different 

populations (Lopezaraiza-Mikel et al. 2007) and using experimental arrays o f  potted plants 

(Chittka and Schiirkens 2001). To date no studies known to me have examined the direct 

impacts o f  I. glandulifea  on native bumblebee foraging behaviour and its implications for 

native plant pollination within mixed plant communities.
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I used a naturally established native plant community that had been heavily invaded by I. 

glandulifera to investigate the patch scale impacts o f  the alien on the foraging behaviour o f  

native bumblebees and native plant pollination. My objectives were to determine (i) whether 

bumblebees utilise and readily switch between the alien and the native co-flowering plants 

during foraging bouts and (ii) whether bumblebee species {B. hortorum  and B. pascuorum) 

differ in their behaviour when foraging on alien and native plants. Additionally, 1 quantified 

(iii) the effect o f  I. glandulifera plant density on bumblebee visitation to native plants and (iv) 

its subsequent implications for the deposition o f  alien pollen on native plant stigmas and 

native seed set.

5.3 Methods

5.3.1 Study site and plant species

The study site (approximately 60 m^) was located along a small stream in Spiddal, Co. 

Galway, Western Ireland (53°14’48'‘N, 9 ° I8 ’ 10"W) where I. glandulifera  grew interspersed 

with a variety o f  alien {Fuchsia magellanica, Crocosmia x crocosmiflora) and native 

{Filipendula ulmaria, Lylhrum salicaria, Rubus fruticosus  agg and Stachys palustris) plant 

species. I selected L. salicaria and S. palustris as native study species because they were 

widely distributed in my site, co-existed with I. glandulifera  throughout their flowering 

season, their floral colour and morphology were similar to the alien and they were visited by 

the same native insects as those visiting I. glandulifera. The study site was heavily invaded by 

I. glandulifera as total floral density was higher for alien (2518 inflorescences) compared to 

native study plants (Z. salicaria and S. palustris: 424 and 148 inflorescences, respectively).

Both L. salicaria and S. palustris are perennial, self-incompatible plants (Wilcock 1974, 

Nicolls 1987). L. salicaria grows in clumps with large red-purple inflorescences consisting o f  

short-tubed flowers (Levin 1970), while S. palustris produces long creeping rhizomes and 

erect stems w'ith pink-purple flowers (Rose 2006). The flowers o f  the two natives are easily 

accessible and provide rewarding nectar sources to many insect visitors, such as bumblebees, 

butterflies, solitary bees and syrphid flies (Comba et al. 1999b, Corbet et al. 2001, Waites and 

Agren 2004).
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5.3.2 Bumblebee foraging behaviour

1 selected the long-tongued and large-sized B. hortorum  and the medium-tongued, medium

sized B. pascuorum  (Prys-Jones and Corbet 1991) as study species because they were the two 

most frequently observed flower visitors in my site. From 16* to 20* July 2007, B. hortorum  

and B. pascuorum  individuals foraging on either the alien or the two native plant species, were 

randomly selected and followed for a minimum o f  three and a maximum o f  71 flower visits 

(termed “foraging bout’'). For each foraging bout, all inflorescences and flowers per 

inflorescence per plant species visited and movements between flowers were recorded onto a 

dictaphone. I also documented bumblebee behaviour in terms o f  nectar and/or pollen 

collecting and pollen grooming. Once recording ceased, where possible, observed bumblebee 

individuals were caught and marked on the dorsal part o f  the thorax to avoid replicate 

observations. Although 1 was unable to mark all observed bumblebees (64% and 65% of  B. 

hortorum  and B. pascuorum, respectively, escaped marking), as individuals escaped before 

being either caught or marked, this procedure reduced the chance o f  repeated observations. In 

the laboratory, the time spent on each flower and inflorescence and the total time elapsed 

during a foraging bout were measured using a stopwatch.

5.3.3 Bumblebee visitation to native plants

A total o f  nine 4 m^ quadrats containing 1. glandulifera  at varying densities (11 to 92 

inflorescences per quadrat) and at least four inflorescences (maximum of  26 native 

inflorescences per quadrat) o f  either or both o f  the native study plant species were randomly 

selected (quadrats were at least 2 m apart). Quadrats usually contained both L. salicaria and S. 

pahistris because the two species grew in close proximity and were difficult to locate growing 

separately. Although F. uhnaria was recorded in quadrats, bumblebee visits to this species 

were not observed. Each quadrat was visited once and all native plants were observed for 15 

minutes. Observations were made between 10:00 and 15:00 hrs (temperature: 16 to 20° C, 

wind < Beaufort 5 (30-39 km/h)). All bumblebees visiting plants were identified to species 

(Bomhus spp.) and the number o f  native inflorescences and flowers visited by each individual 

was recorded. After observations the total number o f  inflorescences and flowers per plant 

species per 4 m^ quadrat was documented. Visitation rates were calculated as the number of 

bumblebees per inflorescence, and per flower per hour (number of bumblebees arriving in a 

quadrat in 15 min / number o f  inflorescences and flowers in quadrat x 4) and the number of
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flower visits per inflorescence, and per flower per hour (number o f  inflorescences visited in a 

quadrat in 15 min / number o f inflorescences and flowers in quadrat x 4).

5.3.4 Pollen deposition on native plants

1 examined the presence o f /. glandulifera  and intraspecific pollen on L. salicaria and S. 

palustris stigmas at three alien densities: low (one to 19 inflorescences per quadrat), medium 

(35 to 46 inflorescences per quadrat) and high (78 to 103 inflorescences per quadrat). For each 

native species, four 4 m^ quadrats per density category (quadrats were at least 2 m apart) were 

selected. For L. salicaria, five stigmas from separate plants were randomly collected within 

each quadrat (total o f  20 stigmas per density). Because o f  the clumped and patchy distribution 

o f S. palustris, 1 collected stigmas from three to eight separate stems per quadrat (total o f 19 

stigmas per density) for this species. Exposed stigmas were carefully removed using forceps 

so as not to contaminate or damage the surface tissue and stored in Eppendorf tubes containing 

ethanol. Flowers from which stigmas had been removed were marked. In the laboratory, 

stigmas were removed from the style, placed on a slide, stained (with 0.5% safranin in 50% 

alcohol) and squashed under a cover slide to spread the stigmatic surface in order to facilitate 

pollen grain counting. The number o f  intra- and inter- (/. glandulifera and other species) 

specific pollen grains for each stigma was counted under a light microscope using a reference 

pollen collection and other available resources (Hodges 1964, Sawyer and Pickard 1981, 

Moore et al. 1999). For both L. salicaria and S. palustris 1 was unable to distinguish between 

self and out-crossed pollen and 1 therefore utilise the term intraspecific pollen. Interspecific 

pollen other than /. glandulifera pollen was counted, but not included in the analysis because it 

only made up small proportions o f the total pollen on stigmas (18% and 16% for L. salicaria 

and S. palustris, respectively).

5.3.5 Native plant seed set

Between 23'̂ ‘̂ and 24*'’ August 2007, 1 revisited the same L. salicaria and S. palustris plants 

from which stigmas had been gathered. Five randomly selected fruits per individual (a total o f 

100 fruits per plant species per density) were collected, excluding flowers from which stigmas 

had been removed. Subsequently, the number o f developed seeds per fruit was counted.
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5.3.6 Statistical analysis

Bumblebee foraging behaviour -  To test for differences in B. hortorum  and B. pascuorum  

foraging behaviour in terms o f  whether individuals readily switched between alien and native 

plants during foraging bouts (n+1), and in the amount o f  time spent on alien and native 

flowers, goodness o f  fit tests (G-test) were applied (Fowler et al. 1998). I estimated the 

average number o f  alien and native inflorescences and flowers visited by individuals for both 

bumblebee species per 60 s during a foraging bout. In addition, the percentage of 

inflorescences with only one flower being visited during each foraging bout for both B. 

hortorum  and B. pascuroum  was calculated.

Bumblebee visitation to native plants -  The relationship between B. hortorum  and B. 

pascuorum  visitation rates to native plants (dependent variable) and alien plant density 

(number o f  inflorescences and flowers per quadrat analysed separately: independent variables) 

were analysed using quadratic regression equations (N = 9). 1 used quadratic instead o f  linear 

regression equations because the former fitted the data best (i.e. higher r^-values). Native plant 

density was generally low and was therefore not included in the analysis. The independent 

variables conformed to normality. For B. hortorum  all dependent variables were logio (x+1) 

transformed whilst for B. pascuorum  the number o f  bumblebees per inflorescence and per 

flower per hour conformed to normality and the number o f  bumblebee visits per inflorescence 

and per flower per hour were logio x transformed. For all regression models, I checked the 

residuals and examined the variables for influential observations and potential outliers (Quinn 

and Keough 2002), and no problems were detected.

Pollen deposition on native plants -  The average number o f  I. glandulifera pollen grains on S. 

palustris, and the average number o f  intraspecific pollen grains on L. salicaria and S. palustris 

stigmas, was compared among treatments using one-factor Analysis o f  Variance (ANOVA). 

ANOVAs were also performed on non-normal data as analysis o f  variance is robust to non

normality when the experimental design is large and balanced (Underwood 1997). Levene's 

tests were utilised to test for heterogeneity o f  variances. The average number of I. glandulifera 

pollen on L. salicaria stigmas (non-parametric data) was analysed using Mood's median test 

(Zar 1999) because transformations did not homogenise unequal population variances.
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Native plant seed set -  To test for differences in L. salicaria  and S. palustris seed set between 

treatments non-parametric analysis (Mood’s median test) was employed as transformations 

were unable to reduce unequal population variances.

MINITAB 13 (Minitab 2000) was used for all statistical analyses.

5.4 Results

5.4.1 Bumblebee foraging behaviour

The foraging bouts o f  70 bumblebee individuals (33 and 37 individuals for B. hortorum  and B. 

pascuorum, respectively) were documented. Individuals o f  B. hortorum  were observed visiting 

three to 56 flowers, and o f  B. pascuorum  six to 61 flowers per foraging bout, which lasted 

from 13.4 to 333.9 s and 12.2 to 327.6 s, respectively. In terms o f  switching between alien and 

native plants during bouts, individuals o f  the two bumblebee species differed significantly in 

their foraging behaviour (G = 38.68, d f=  2, p  < 0.01). B. hortorum  individuals did not switch 

between the alien and natives (Figure 5.1) and visited I. glandulifera more frequently (91% of 

individuals), during foraging bouts. Conversely, B. pascuorum  individuals readily switched 

between the three plant species (46% of  individuals) (Figure 5.1) and remained less often on I. 

glandulifera or the natives exclusively (19% and 35% o f  individuals, respectively). Although 

the average time spent foraging per flower was longer for I. glandulifera compared to native 

plants (Table 5.1), this was not statistically significant (G = 0.18, d f  = 2, p  > 0.05). B. 

hortorum  individuals visited more /. glandulifera (approximately twice the number) and native 

(up to three times the number for S. palustris) flowers and inflorescences during a 60 s period 

compared to B. pascuorum  individuals (Table 5.2). For both B. hortorum  and B. pascuorum, 

the percentage of inflorescences with only one flower visited was higher for /. glandulifera 

(58% and 65%, respectively) compared to the native plant species (17% and 30%, 

respectively). This implies that individuals switched more often between /. glandulifera 

inflorescences than native inflorescences during foraging bouts, which could be due to I. 

glandulifera  inflorescences containing fewer open flowers (number o f  flowers (± S.E.) per 

inflorescence: 3.5 ± 0.5) compared to L. salicaria (18.7 ± 2.7) and S. palustris (15.5 ± 1.3). In 

addition, B. pascuorum  individuals were more likely to switch between both alien and native 

inflorescences than B. hortorum  individuals.
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5.4.2 Bumblebee visitation to native plants

In general, B. pascuorum  exhibited higher visitation rates to native plants compared to B. 

hortorum  (Appendix 5.1 a to h). Quadratic regression equations for bumblebee visitation rates 

to native plants according to I. glandulifera density, were statistically significant for B. 

pascuorum  (except for the number o f bumblebees per flower per hour), but not B. hortorum  

(Table 5.3). This indicates that B. pascuorum  visitation rates to native plants increased at low 

and high alien density but decreased at medium alien density (Appendix 5.1 a to h).

ro 10

Alien only Natives only Alien & natives

Figure 5.1 Num ber o f  B. hortorum  (open bars) and B. pascuorum  (grey bars) individuals that during a 
foraging bout visited the alien (/. glandulifera) only, the natives (Z,. salicaria  and S. palustris) only and 
a combination o f  both the alien and the native plants.

Table 5.1 Mean (± S.E.) time spent foraging per flower for alien (/. glandulifera) and native {L. 
salicaria  and S. palustris) plant species during bumblebee foraging bouts.

Foraging time (s)

Plant species B. hortorum B. pascuorum

I. glandulifera 3 .5 3 ± 0 .I8 4.62 ± 0 .3 6

N = 30 li

L. salicaria 2.80 ± 0 .45 1 .7 8 ± 0 .I9

N = 2 N = 2I

S. palustris 1.10 1.24 ±0.11

N =  1 N =  17
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Table 5.2 Mean (± S.E.) number of flowers and inflorescences o f alien (/. glandulifera) and native {L salicaria and S. palustris) plant 
species visited by bumblebee individuals per 60 s during a foraging bout.

Number of flowers visited per 60 s Number of inflorescences visited per 60 s

Bumblebee spp. /. glandulifera L. salicaria S. palustris /. glandulifera L. salicaria S. palustris

B. hortonim 10.48 ±0.72 12.39±0.l 1 26.78 6.59 ±0.33 3.72 ±0.59 1.98

B. pascuonnu 4.23 ± 0.53 11.83 ± 1.53 8.80 ± 2.02 3.25 ±0.41 4.69 ± 0.73 1.86 ±0.37
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Table 5.3 QLiadratic regression equations for B. hortorum and B. pascuorum visitation rates (y) and /. glandulifera density (x).

Visitation rate Regression equation F d f P

B. hortorum

No. bumblebees / inflorescence / hr LogO’+ 1 ) = 0.143 - 0.005a- - (10'^*4.2)x^ 0.266 1.088 2,8 0.395

No. bumblebees / flower / hr LogO'+1) = 0.018 - (10'^* 1.8).v - (1 0'"*5.0)a:̂ 0.265 1.080 2,8 0.397

No. visits / inflorescence / hr LogO^ 1 ) =  0.184 - 0.006X + (10 '^*5.3y O.t 13 0.384 2,8 0.697

No. visits / flower / hr Log(y+1) = 0.087 - 0.00 fX + (10-^*2.2)x^ 0.210 0.798 2,8 0.493

B. pascuorum

No. bumblebees / inflorescence / hr y  = 4 M 7  -0 .\6 4 x  + 0.002x^ 0.716 7.558 2,8 0.023

No. bumblebees / flower / hr >; = 0.3II -0.002x + (l0'® *5.8y 0.557 3.766 2,8 0.087

No. visits / inflorescence/ hr Logy = 1.209 - 0.052x- + 0.00 I r 0.783 10.805 2,8 0.010

No. visits / flower / hr Log>> = 0.845 - 0.015x + ( f O'-*4.3)x^ 0.670 6.102 2,8 0.036



Chapter 5

5.4.3 Pollen deposition on native plants

Except for a small proportion o f S', palustris stigmas (10% at low and medium alien density 

and 30% at high alien density), I recorded pollen on all native plant stigmas. More pollen 

grains were detected on L. salicaria stigmas (up to a total o f  435 grains per stigma) compared 

to S. palustris stigmas (up to a total o f 42 grains per stigma). At all alien densities, the 

proportion o f I. glandulifera pollen deposited on stigmas was lower for L. salicaria than for S. 

palustris (5-29% and 27-44%, respectively). I found no significant effect o f alien density on 

the amount o f /. glandulifera and intraspecific pollen deposited on either L. salicaria or S. 

palustris stigmas (Table 5.4). Nevertheless, I did observe a trend for the amount o f /. 

glandulifera  pollen on L. salicaria stigmas to increase with increasing alien plant density 

while intraspecific pollen decreased (Figure 5.2).

Table 5.4 Parametric tests (one-factor ANOVA F) and non-parametric tests (Mood’s median X~) for 
differences in I. glandulifera and intraspecific pollen on L. salicaria and S. palustris stigmas between 
treatments.

F d f P
L. salicaria stigma 

/. glandulifera pollen 2.00 2 0.368

Intraspecific pollen 2.28 2,11 0.158

S. palustris stigma 

/. glandulifera pollen 0.67 2,11 0.533

Intraspecific pollen 1.77 2,11 0.224
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Figure 5.2 Mean number of /. glandulifera pollen (open bars) and intraspecific pollen (grey bars) 
deposited on L. salicaria stigmas at three alien plant densities (low, medium and high).
 — median values.
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Figure 5.3 Mean number o f seeds per L. salicaria (grey bars) and S. palustris (open bars) fruit at three 
alien plant densities (low, medium and high). = median values.

5.4.4 Native plant seed set

S. pa lustris  flow ers produced only four ovules each, and so on average, L. salicaria  fruits 

contained 16 to 17 tim es m ore seeds than S. pa lustris  fruits (Figure 5.3). L. salicaria  seed set 

{X^ = 6.9 \ ,  clf=  2, p  = 0.032) decreased significantly with increasing alien density. On the
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contrary, S. palustris seed set (X^ = \ AO, d f  = 2, p  = 0.578) did not differ according to I. 

glandulifera  density.

5.5 Discussion

5.5.1 Bumblebee foraging behaviour

Although bumblebees readily utilised the alien and native plants, which may be due to their 

similar floral colour and morphology (Bobisud and Neuhaus 1975, Kunin 1993), I observed 

noticeable differences in foraging behaviour o f  B. hortorum  and B. pascuorum  individuals. 

Individuals o f  the former tended to specialise on a single plant species, whilst B. pascuorum  

individuals exploited multiple species during foraging bouts. Lower levels o f  flower constancy 

by B. pascuorum  have also been previously observed (Stout et al. 1998a, Raine and Chittka 

2005). B. hortorum  individuals mainly specialised on I. glandulifera (91% o f  all foraging 

bouts), to which their long tongues and large bodies are especially well suited, whereas the 

medium-sized tongue and body make B. pascuorum  more efficient in foraging on the smaller 

native flowers. Although B. pascuorum  is known to be a more efficient forager than other 

bumblebee species (Raine and Chittka 2005), I detected B. hortorum  individuals visiting more 

flowers (during a 60 s period). This may be due to individuals only having to handle one 

flower type during foraging bouts, which reduces handling time and interference (Laverty 

1994a, Gegear and Laverty 1998), and B. hortorum 's longer tongue may enable faster nectar 

extraction from flowers. In addition, B. pascuorum  may have visited fewer flowers due to 

increased flight distances as individuals regularly foraged on the patchily distributed native 

plants.

Although bumblebees can easily access nectar in I. glandulifera  flowers (Chapter 4 and 6), 

individuals spent more time foraging on alien compared to native flowers, possibly because of 

the profuse nectar rewards produced by the former (Titze 2000, Chittka and Schurkens 2001, 

Chapter 4). Additionally, bumblebees departed more quickly from alien compared to native 

inflorescences, probably because native inflorescences contained many densely packed 

flowers bumblebees could feed on, thereby reducing flight distances and simultaneously 

increasing foraging efficiency and energy intake (Laverty 1994a), but also increasing 

geitonogamous pollen transfer (Klinkhamer and de Jong 1993).

103



Chapter 5

The bumblebee foraging behaviour observed in this study suggests that even though both 

species were likely to transport I. glandulifera  pollen, B. hortorum  may provide better quality 

pollination o f  native species, whilst the generalist forager B. pascuorum  may increase the 

quantity o f  pollination services. This is because B. hortorum  was less likely to waste native 

pollen and transport alien pollen to native stigmas as individuals were more flower constant 

and did not switch between the alien and natives during foraging bouts, whilst B. pascuorum  

visited natives more frequently.

5.5.2 Effects o f I. glandulifera on bumblebee visitation, pollen deposition and native seed 

set

The effects o f  alien I. glandulifera  density on bumblebee visitation to native plants differed 

markedly between B. hortorum  and B. pascuorum. Firstly, B. hortorum  visitation to natives 

was generally low, which may explain why visitation was unaffected by alien density. 

Secondly, B. pascuorum  visitation to native plants increased at low and high I. glandulifera 

density but decreased at medium alien density. Other studies conducted at small spatial scales, 

have also observed enhanced pollinator visitation to native plants at high (Grabas and Laverty 

1999, but see Brown et al. 2002) and at low (Munoz and Cavieres 2008) alien density. In my 

site, increased floral density may have augmented B. pascuorum  visitation in patches with 

high I. glandulifera density (Grabas and Laverty 1999), whilst at low alien density the native 

plants do not have to compete with as many alien plants for visitation, in contrast, at medium 

alien density I. glandulifera may be luring B. pascuorum  away from native plants (Chittka and 

Schurkens 2001). However, the temporarily enhanced visitation to natives does not necessarily 

translate directly into increased seed set. as native stigmas can become clogged with alien 

pollen (Larson et al. 2006).

Indeed, bumblebees (and possibly other pollinators) deposited large amounts o f  alien pollen 

on native stigmas compared to other studies (Aigner 2004, Moragues and Traveset 2005, 

Larson et al. 2006, Lopezaraiza-Mikel et al. 2007, Jakobsson et al. 2008). This is unsurprising 

as I. glandulifera  produces large quantities o f  pollen (Titze 2000, Chapter 3) that can dominate 

pollen transport networks (Lopezaraiza-Mikel et al. 2007), and B. pascuorum  individuals 

switched between alien and native flowers. Moreover, the relatively low total floral density of

104



Chapter 5

native compared to alien plants in my site may further explain the high quantities o f  alien 

pollen on native stigmas.

Lythrum salicaria stigmas, in particular, were contaminated with interspecific pollen, mostly 

stemming from I. glandulifera  but also from other co-flowering plants such as F. ulmaria and 

R. fruticosus agg. Interspecific pollen may interfere with the stigmatic surface by causing 

stigma or stylar clogging (Waser and Fugate 1986, Palmer et al. 1989), by limiting the space 

available to intraspecific pollen (Feinsinger and Tiebout 1991), and/or by preventing the 

adherence and germination of intraspecific pollen (Galen and Gregory 1989). Certainly, 

intraspecific pollen on L. salicaria stigmas seemed to decrease at higher alien densities. 

Larson et al. (2006) observed a reduction in conspecific pollen on native plant stigmas in the 

presence o f  the alien Euphorbia esula whereas a recent study found alien (/. glandulifera) and 

native {E. hirsutum) pollen to increase on E. hirsutum  stigmas at high alien density (D.A. 

Stanley, unpublished data). Although the observed trend for alien pollen deposition to increase 

with alien density translated into a reduction o f  L. salicaria seed set. the native may not be 

greatly affected by /. glandulifera, as fruits contained a substantial number o f  seeds (average 

o f  33 seeds/fruit). Besides, L. salicaria is usually visited by a range o f  generalist pollinators 

(Waites and Agren 2004), which are said to make native plants more resilient to alien invasion 

(Johnson and Steiner 2000). Furthermore, I was unable to control for competitive interactions 

other than pollinator visitation between alien and native plants because naturally established 

and not potted plants were used (cf  Grabas and Laverty 1999). Consequently, L. salicaria 

may not be pollen limited but might be competing for other limiting resources (e.g. light, 

nutrients, space and water) with 1. glandulifera, as native seed set was higher at low alien 

density.

The impacts o f  alien plants on native seed set vary vastly with studies documenting declines in 

native seed set (Brown and Mitchell 2001, Chittka and Schiirkens 2001, Brown et al. 2002, 

Nielsen et al. 2008), both declines and increases depending on the native species (Grabas and 

Laverty 1999, Moragues and Traveset 2005, Jakobsson et al. 2008, Muiioz and Cavieres 2008) 

and neutral effects (Jones 2004, Totland et al. 2006, Cariveau and Norton 2009, Dietzsch 

2009). in contrast to L. salicaria, S. paluslris seed set remained unaffected by 1. glandulifera 

in my study, perhaps because the native received sufficient amounts o f  intraspecific pollen and
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was not pollen limited. Besides, flowers contained a low number o f  ovules (four) and for full 

fruit set to occur the ratio o f  the number o f  pollen grains deposited on a stigma to the number 

o f  ovules has to exceed approximately 1:1 (Herrera 1987), and thus the amount o f  intraspecific 

pollen on S. palustris stigmas would theoretically suffice to fertilise at least V4 o f  ovules per 

flower.

As well as pollen quantity, quality influences seed set (Wilcock and Neiland 2002), as self 

pollen can interfere with out-crossed pollen in self-incompatible species (Aizen and Harder 

2007). Intraspecific pollen could have consisted o f  self (incompatible) and out-crossed 

(compatible) pollen on native stigmas as I was unable to differentiate between the two pollen 

types. Native species attained high seed sets, suggesting that a good proportion o f  intraspecific 

pollen loads consisted o f  out-crossed pollen. Hence, intraspecific pollen loads were a reliable 

indicator of potential female reproductive success.

5.5.3 Conclusions

This study highlights the importance o f  investigating impacts o f  alien plants on pollinator

foraging behaviour and native plant pollination at a variety o f  spatial scales. Within the

invaded community, bumblebee foraging behaviour differed between species, with B. 

hortorum  being more flower constant than B. pascuorum, which switched frequently between 

/. glandulifera and native plants, thereby potentially causing IPT and pollen wastage. Indeed, 

increased B. pascuorum  visitation to native plants at high alien density translated into declines 

in seed production o f  native L. salicaria. Hence, the reproductive output (seed set) o f  self

incompatible native plants relying on cross-pollination and growing at low densities can be 

greatly affected by I. glandulifera. Although I. glandulifera's, impact on the pollination of 

other native co-flowering species, especially those with dissimilar floral colour and

morphology (e.g. Asteraceae family) and served by different pollinators (e.g. dipterans and

syrphids) compared to the alien, is uncertain, it is likely to be species specific, be influenced 

by alien and native plant density and vary seasonally, annually and among populations 

(Herrera 1988, Roubik 2001, Price et al. 2005, Larson et al. 2006).
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Effectiveness of native bumblebees as pollinators of 

the alien invasive plant Impatiens glandulifera in

Ireland

Submitted as: Nienhuis, C.M. and Stout, J.C. Effectiveness o f  native bumblebees as 

pollinators o f  the alien invasive plant Im patiem  glandulifera in Ireland. Journal o f  Pollination

Ecology’, January 2009.
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6.1 Abstract

Flowers o f  alien invasive plants can be pollen limited due to a lack o f  effective pollinators. 

The alien Impatiens glandulifera  is predominantly visited by bumblebees in its invaded range. 

There, bumblebees pollinate I. glandulifera, but it remains unclear whether foraging behaviour 

or bumblebee and/or flower morphology affect effectiveness. I investigated the effectiveness 

o f  native bumblebee {Bombus pascuorum) pollinators in Ireland by quantifying pollen 

deposition and removal, and seed production after a single bumblebee visit. Morphological 

characteristics o f  flowers and bumblebee body parts were measured to determine their 

influence on pollen deposition and removal. B. pascuorum  is a highly effective pollinator of 

the alien due to its high visitation frequency, the morphological fit with flowers and 

individuals removing large pollen quantities and inducing maximum seed set after a single 

visit. The impact o f  native bumblebees on I. glandulifera  pollination and the implications of 

the pollination mechanism o f  the alien for its successful spread are discussed.

6.2 Introduction

Although many alien plant species have been accidentally and deliberately introduced into 

ecosystems worldwide (Levine et al. 2003, Richardson 2004), only a small proportion of 

introduced species actually establish and persist in the newly invaded habitats (Mack et al. 

2000, Manchester and Bullock 2000). For an alien plant to become a successful invader it has 

to be able to tolerate a range o f  biotic and physical characteristics (Richardson et al. 2000a, 

Milbau and Stout 2008). In addition, many alien plants have to rely on mutualisms with 

symbiotic micro-organisms, seed dispersers and pollinators to not only facilitate their invasion 

and naturalisation process, but also aid their rapid spread (Simberloff and Von Holle 1999, 

Richardson et al. 2000a). Interactions with mutualistic pollinators are often essential for the 

establishment and persistence o f  self-incompatible, out-crossing alien plants that depend on 

animal pollination (Parker 1997, Morales and Aizen 2002). For example, the seed production 

and perhaps the spread o f  the alien shrub Lupinus arboreus in Tasmania, is facilitated by 

pollination by exotic bees {Apis mellifera and Bombus terrestris: Stout et al. 2002). If 

mutualistic pollinators are not introduced and are absent from the invaded ecosystem, the 

newly introduced alien plants either fail to establish or have to interact with native pollinators 

already present to reproduce successfully (Valentine 1978, Richardson et al. 2000a, Parker and
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Haubensak 2002). This is particularly the case if the introduction occurs between continents, 

as the alien plant is less likely to be served by its natural pollinators (Valentine 1978). The 

alien Fuchsia niagellanica for instance, is pollinated primarily by hummingbirds (e.g. 

Sephanoides galeritus) in its native range (Traveset et al. 1998), whereas in Ireland its native 

pollinators have been replaced by generalist bumblebee species (e.g. B. pascuorum: C.M. 

Nienhuis, personal observations). Although many invasive alien plants are visited by a range 

o f  native generalist insects (Baker 1965, Richardson et al. 2000a, Memmott and Waser 2002, 

Stout et al. 2006, Dietzsch 2009), they can suffer pollinator limitation due to a limited number 

or a complete lack o f  legitimate pollinators (Parker 1997, Parker and Haubensak 2002, Stout 

2007a). Illegitimate pollinators either fail to transport pollen from the anthers or do not deposit 

pollen onto receptive stigmas effectively (Stout 2007a). This can be caused by a 

morphological mismatch between the plant and the insect visitor (Stang et al. 2006). For 

example, long-tongued B. horlorum  individuals are too large to access nectar from the alien 

plant Inipatiens balfouri legitimately and have been observed robbing nectar via holes pierced 

through the corolla (C.M. Nienhuis, personal observations).

The effectiveness o f  pollinators is related to floral structures and pollinator body shapes and 

sizes (e.g. Schemske and Horvitz 1984, Herrera 1987, Hurlbert et al. 1996, Fukuda et al. 2001, 

Hiei and Suzuki 2001, Suzuki et al. 2002) and the mechanical fit of  flowers around pollinators 

(Wilson 1995). Successful pollination is further affected by insect foraging behaviour in terms 

o f  the method of pollen collection (from anthers) and deposition (on stigmas) (Thomson 

1986), and visitation quantity (abundance o f  visitors and flower visitation rates) and quality 

(proportion o f  visitors carrying conspecific pollen and proportion o f  visits leading to positive 

out-crossing) (Fenster et al. 2004, Fumero-Caban and Melendez-Ackerman 2007, Stout 2007a, 

Young et al. 2007). Hence, foraging behaviour and morphology o f  native pollinators can have 

profound effects on the reproductive success and consequently the persistence o f  alien 

invasive plant populations.

Inipatiens glandulifera originates from the Himalayas and East India and is a widely 

naturalised, prolific alien plant, rapidly invading waterways, woodlands and waste grounds 

across continental Europe, Britain and Ireland (Beerling and Perrins 1993, Perrins et al. 1993, 

Pysek and Prach 1995). In its native habitats the alien is visited by a variety o f  bumblebee
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species (e.g. B. asiaticus, B. keriensis and B. nifofasciatus: Saini and Ghattor 2007). In its 

invasive range, I. glandulifera  is regarded as an important nectar and pollen source (Showier 

1989), especially in late sum m er (Stary and Tkalcu 1998), and is visited by a range o f  

generalist insects in Britain (Valentine 1978, Barrow and Pickard 1984, Fussell and Corbet 

1992b, Prowse and Goodridge 2000, Lopezaraiza-Mikel et al. 2007) and continental Europe 

(Sowig 1989, Stary and Tkalcu 1998, Titze 2000). The medium- and long-tongued 

bumblebees, B. pascuorum  and B. hortorum  respectively, represent its main visitors in Ireland 

(Chapter 4).

It has been proposed that the distribution o f / ,  glandulifera  is not pollinator limited (Willis and 

Hulme 2002) and native pollinators are thought to have aided the establishment and spread o f  

I. glandulifera  in Europe (Lopezaraiza-Mikel 2006). In Germany, bumblebees are known to be 

efficient pollinators o f  1. glandulifera, which is thought to be related to the morphology and 

the suspension mechanism o f  the flowers (Titze 2000). It remains unclear however how 

effective native bumblebee visitors are as pollinators o f  the alien in Ireland, and whether 

factors such as bumblebee and flower morphology are influencing this effectiveness.

The aim o f  this study was to investigate the role that native bumblebees play in the pollination 

o f  I. glandulifera  in Ireland. I further considered how bumblebee and flower morphology 

influence pollen deposition on stigmas and pollen removal from androecia. In particular, I 

posed the following questions:

1. Is /. glandulifera  pollen limited in Ireland? To deal with this question 1 examined the 

breeding system o f  I. glandulifera  and its seed production in three treatments: open 

pollination, supplemental hand pollination and pollinator exclusion (bagged).

2. Are bumblebees {B. pascuorum ) effective at pollinating and inducing seed set in I. 

glandulifera?  To clarify this, I explored pollination effectiveness after a single bumblebee visit 

(single visit experiments), by estimating firstly pollen deposition on stigmas and pollen 

removal from androecia, and secondly seed production.

3. Which bumblebee body parts and which floral parts are involved in the effective pollination 

o f  /. glandulifera? Here, I took morphological measurements o f  1. glandulifera  flowers and 

their individual bumblebee visitors and conducted multiple linear regression analysis to
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investigate which bumblebee body parts and which floral parts influenced effective 

pollination.

6.3 Methods

6.3.1 I. glandulifera  and its pollinators

Impatiens glandulifera is an invasive annual plant and blooms from mid June until late 

October in Ireland (Chapter 2). The alien produces strongly zygomorphic flowers, with the 

dorsal petals forming a hood above the androecium and the lower petals o f  the lateral united 

petals serving as a platform for landing insects (Beerling and Perrins 1993, Titze 2000: Figure

6.1 a and b). Both the androecium and the stigma are suspended downward from the roof of 

the lower sepal (Wilson 1995). The androecium consists o f  five stamens with the anthers and 

the upper parts o f  the filaments connate. The flowers are protandrous (Bell et al. 1984) and 

flowering takes place over two to three days (Titze 2000), with the male phase lasting slightly 

longer than the female phase (Schemske 1978). The stigma is completely covered by the 

androecium during the male phase, and only becomes visible and receptive when it swells and 

pushes the completely dehisced androecium off, inducing the beginning o f  the female phase 

(Wilson and Thomson 1991, Wilson and Thomson 1996). Insects passing through the lower 

sepal to obtain nectar in the posterior spur, contact the male and female parts with their dorsal 

body parts (Valentine 1978), and usually exit flowers with their dorsal parts covered in the 

characteristically white pollen o f  I. glandulifera (C.M. Nienhuis, personal observations). 

Despite being self-compatible (via geitonogamy), the alien relies on insect pollination as 

flowers are not capable o f  automatic self-pollination due to protandry (Valentine 1978).

6.3.2 Study sites and species

From June to September 2007 and 2008, data were collected at two locations in Co. Dublin, 

Ireland: a naturally established I. glandulifera population along the River Liffey (53°I2'43“N, 

6°24'07"W) and a population o f  approximately 60 potted 1. glandulifera plants at Trinity 

College Botanic Gardens, Dartry, Dublin 6 (53°l 8'48"N, 6”I5 ‘35"W). During the 

experimental period, I observed mostly B. pascuorum  and hardly any other insect species 

visiting the alien and therefore the experiment w'as conducted on B. pascuorum  e.xclusively.
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FEI

LSL

10 mm 10 mm

Figure 6.1 Frontal (a) and lateral (b) view of I. glandulifera flower: A. dorsal petal, B. upper petal of 
the lateral united petals, C. stigma, D. androecium, E. lower sepal, F. lower petal o f the lateral united 
petals, G. lateral sepal, H. spur and 1. peduncle (after Titze 2000). Morphological characteristics 
measured in /. glandulifera flowers: floral entrance height (FEH = height between the tip of 
androecium in male flowers/tip of stigma in female flowers to the lower petal of the lateral united 
petals), floral entrance width (FEW = width between the two upper petals o f the lateral united petals), 
lower sepal length (LSL) and spur length (SL).

6.3.3 B reeding system  o f / ,  glandulifera

To determ ine w hether I. glandulifera is pollen limited and to test the potential for self- 

pollination and self-fertilisation (autogam y) in the absence o f  bum blebees, I selected a total o f 

60 flow er buds, each from different plants, and random ly assigned 20 flow ers to each o f  three 

treatm ents: open pollination (OP: control), supplem ental hand pollination (SHP) and pollinator 

exclusion (PE: bagged) between July and Septem ber 2007 and 2008. The experim ent was 

carried out on the naturally established I. glandulifera  population in 2007 and on the potted 

plants at Trinity College Botanic G ardens in 2008 (because the River Liffey plants were 

destroyed by flooding in 2008). For the open pollination treatm ent, flow ers were left to be 

visited by insects. For the supplem ental hand pollination treatm ent, pollen from a different 

plant (out-cross) was added to receptive stigm as by rem oving w hole anthers and applying 

pollen directly to stigmas o f  test flowers. Flow ers were covered with bridal veil to exclude 

pollinators for the bagged treatm ent. Once m atured, fruits w ere collected and the num ber o f 

seeds per fruit (seed set) w as counted.
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6.3.4 Effectiveness o f bumblebee pollination (single visit experiments)

Pollen deposition and removal -  In June and August 2008, I randomly selected 40 open 

flowers that were at the end o f  the male phase, each from a different plant. These flowers were 

emasculated (emasculation is known to have no effect on insect floral preference or on nectar 

levels in Impatiens flowers: Bell et al. 1984) by removing completely dehisced androecia, to 

expose stigmas, thus ensuring I had virgin female flowers, which were then exposed to 

bumblebee visitation immediately. During the same period, an additional 40 flowers in bud, 

each from a different plant, were randomly chosen and bagged with bridal veil (for 

approximately four to five days, until flowers had completely opened) to exclude insects. 

After anthesis and when androecia were clearly visible and flowers were in the male phase but 

no pollen had been removed, flowers were uncovered to allow bumblebee visitation. When 

each o f  the 80 flowers had been visited once by B. pascuorum  individuals, all stigmas (N = 

40) and androecia (N = 40) were collected and stored in separate Eppendorf tubes containing 

1.5 ml ethanol. In addition, 15 undehisced androecia were collected and stored as above. 

Immediately after each flower had been visited, four morphological characteristics were 

measured per flower (Figure 6.1 a and b) using digital callipers (150 mm ± 0.3 mm accuracy, 

Moore & Wright, Sheffield, UK). In addition, bumblebee behaviour (nectar and/or pollen 

collection) and the body parts which contacted the floral reproductive parts (stigma or 

androecium) were recorded.

In the laboratory, stigmas were positioned on a slide, dyed (with 0.5% safranin in 50% 

alcohol) and gently squashed with a cover slip to facilitate pollen grain counting. The number 

o f  intra- and interspecific pollen grains deposited on each stigma were counted under a light 

microscope (x20), using a reference pollen collection o f  known pollen types (C.M. Nienhuis) 

and other accessible resources (Hodges 1964, Sawyer and Pickard 1981, Moore et al. 1999). 

Next, 1 quantified the number o f  pollen grains in undehisced flowers and remaining in 

androecia following a single bee visit (after Traynor 1981). Androecia were cut open in the 

Eppendorf tubes and vigorously shaken for five minutes to ensure that pollen grains were 

suspended in the solution (1.5 ml). For each androecium, the number o f  pollen grains was 

counted in three 0.5 |il samples, drawn from the 1.5 ml solution, by means o f  a Fuchs- 

Rosenthal haemocytometer (0.0625 mm‘, 0.200 mm depth). I calculated the total number of 

pollen grains in the 1.5 ml solution by multiplying the mean number o f  pollen grains in the
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three 0.5 (0.1 samples by 3000. The number o f pollen grains removed from an androecium by a 

single bumblebee visit was estimated by subtracting the number o f remaining pollen grains 

from the mean total number o f  pollen grains in virgin androecia.

Seed production -  In August 2008, a total o f 30 flowers were selected at random, emasculated 

(as above) and each flower was permitted to be visited once by a B. pascuorum  individual. 

Each individual bee was only observed once to prevent pseudoreplication. After flowers had 

been visited, they were bagged with bridal veil to prevent further visitation. Once fruits had 

matured (approximately three weeks later) they were collected and the number o f seeds per 

fruit (seed set) was counted.

M orphological characteristics o f  bumblebees -  The individual bumblebees visiting the 

corresponding I. glandulifera flowers (see above) were caught and frozen in labelled vials. 

Subsequently, I measured eleven morphological characteristics for each o f the collected 

bumblebees (Figure 6.2 a and b). For all morphological characteristics 1 took two 

measurements and calculated the mean. In addition, morphological characteristics were 

measured (as above) for three additional bumblebee species {B. hortorum, B. pratorum  and B. 

terrestris: N = 40 for each species) that sometimes visit 1. glandulifera in Ireland (Chapter 4), 

in order to establish morphological variations among the potential pollinator species.

i L

HW TW A W

AL

PLGL

10 mm10 mm

Figure 6.2 Lateral (a) and dorsal (b) view of B. pascuorum individual: A. glossa, B. preinentum, C.
head, D. thorax, E. abdomen and F. wing. Morphological characteristics measured in B. pascuorum 
individuals: glossa length (GL), prementum length (PL), head length (HL), head height (HH), head 
width (HW), thorax length (TL), thorax height (TH), thorax width (TW), abdomen length (AL), 
abdomen height (AH) and abdomen width (AW) (after Suzuki et al. 2002).
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6.3.5 Statistical analysis

Breeding system o f \ .  glandulifera -  Seed set was compared among the three treatments (OP, 

SHP and PE) and between years (2007 and 2008) using a log-linear generalised linear model 

(Poisson distribution and log-link function) because my data consisted o f  small integer counts 

(N = 20, for each treatment), and lacked normality and constant variance (Crawley 1993). 

‘Treatments’, ‘years’ and the interaction ‘treatment x year’, were used as fixed orthogonal 

factors within the model. Pearson chi-square statistics were employed to assess the goodness 

o f  fit o f  the model. Post-hoc comparisons between treatments were performed using 

Sequential Bonferroni tests (Crawley 1993).

Seed production  -  To analyse whether seed set varied between flowers subjected to the single 

visit experiment (N = 30) and flowers that had been openly pollinated by insects (N = 20), 1 

compared the two using a non-parametric Fligner-Policello test (Hollander and Wolfe 1999).

M orphological match betyveen B. pascuorum and  I. glandulifera flowers -  Due to 

heterogeneity o f  variances (determined using a Levene’s test), 1 tested whether B. pascuorum  

proboscis length (PBL = PL (prementum length) + GL (glossa length)) differed from I. 

glandulifera  spur length by means o f  a non-parametric Mood’s Median test. The coefficient o f 

variation (CV) for each morphological characteristic o f  all flowers visited and B. pascuorum  

individuals collected, was calculated to establish variability. To investigate which 

morphological characteristics o f  I. glandulifera flowers and B. pascuorum  individuals 

influenced pollination effectiveness (pollen deposition and removal), 1 used multiple linear 

regression analysis (MLRA). The number o f  pollen grains deposited on stigmas and removed 

from androecia were selected as dependent variables and analysed in two separate models. 

Due to lack o f  normality the former was logio x transformed. Because the height and width of 

one floral (entrance) and three bumblebee (head, thorax and abdomen) morphological 

characteristics were found to be correlated (/■ > 0.700), 1 used their interaction terms (height * 

width) to reduce multi-collinearity and consequently the number o f  independent variables in 

models: floral entrance height * floral entrance width (FEH * FEW), head height * head width 

(HH * HW), abdomen height * abdomen width (AH * AW), thorax height * thorax width (TH 

* TW). For each model, 1 used eight independent variables: lower sepal length (LSL), spur 

length (SL), proboscis length (PBL), total bumblebee length (TBL = HL (head length) + TL
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(thorax length) + AL (abdomen length)) and the four interaction terms (as above). All 

independent variables conformed to normality. For both models, I inspected the residuals, 

examined the variables for multi-collinearity, and used Cook’s distance (D,) to determine 

outliers (Quinn and Keough 2002).

Morphological variations between bumblebee species -  1 investigated whether morphological 

characteristics varied between B. pascuorum  and B. hortorum, B. pratorum  and B. terrestris 

respectively, using one-factor ANOVAs and Dunnett’s post-hoc  tests. To test for 

heterogeneity o f variances I employed Levene’s test and where necessary data were logio x 

transformed (HH, TH and AH). Non-parametric M ood’s Median test was used when 

transformations were unable to reduce heterogeneity o f  variances (PBL).

All analyses were performed using MINITAB 13 (Minitab 2000) and SPSS 15 (SPSS 2006). 

6.4 Results

6.4.1 Breeding system of I. glandulifera

Fruits from bagged I. glandulifera flowers contained negligible numbers o f  seeds (mean ± S.E. 

= 0.05 ± 0 .1 0  and 0.10 ± 0.10 for 2007 and 2008, respectively) and post-hoc  tests confirmed 

that seed set o f pollinated flowers (OP and SHP treatment) was significantly larger than seed 

set o f bagged (PE) flowers in both 2007 and 2008 (Table 6.1, Figure 6.3). However, 1. 

glandulifera did not produce more seeds when supplementaily hand pollinated compared to 

the open pollination treatment, suggesting a lack o f  pollen limitation. In addition, this was 

consistent over the two years (seed set was not affected by years, nor by treatments x years, 

Table 6.1).
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Table 6.1 Generalised linear model analysis (Poisson errors and log link) for the impacts of treatment 
(OP = open pollination, SHP = supplemental hand pollination and PE = pollinator exclusion) and year 
(2007 and 2008) on I. glandulifera seed set. Post-hoc comparisons were performed between treatments 
using Sequential Bonferroni tests.

Source of variation

Seed set

df WaldX- P

Treatment 2 71.31 <0.001

OP vs PE <0.001

SHP vs PE <0.001

OP vs SHP >0.05

Year 1 0.74 >0.05

Treatment x Year 2 1.05 >0.05
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Figure 6.3 Mean number o f seeds produced in /. glandulifera fruits (N = 20) after three treatments: 
open pollination (OP), supplemental hand pollination (SHP) and pollinator exclusion (PE) in 2007 
(open bars) and 2008 (dotted bars).
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6.4.2 Effectiveness o f bumblebee pollination

Pollen deposition and rem oval -  Bumblebees visited I. glandulifera  flowers primarily for 

nectar and no individuals were observed actively collecting pollen. However, bumblebees did 

deposit and remove pollen on entering and exiting flowers, as the androecium or stigma was 

always contacted (100%) by the dorsal parts o f  either the head, thorax or abdomen. After a 

single bumblebee visit, a mean (± S.E.) o f  110.1 ± 19.3 pollen grains were deposited on I. 

glandulifera  stigmas, although there was a large range in the number o f  grains deposited 

(range: eight to 418 pollen grains). Heterospecific pollen was observed in minute quantities (1 

to 18 heterospecific pollen grains) on only 4/40 stigmas collected. Around 1.3 million pollen  

grains remained in visited flowers from a total o f  2.5 million pollen grains in /. glandulifera  

flowers in bud, i.e. on average 48.4% o f  pollen grains were removed from I. glandulifera  

androecia after a single visit (Table 6.2).

Table 6.2 Mean (± S.E.) number o f pollen grains in 1. glandulifera flowers in bud (A), removed from 
androecia (B) and remaining in androecia (C) after a single bumblebee visit.

A B C

No. pollen grains 

Range

2 496 933.3 ± 9 8  974.6 

179 200.0 to 2 988 000.0

1 207 308.3 ± 9 2  146.8 

203 933.0 to 2 302 933.0

1 289 625.0 ±92  146.8 

194 000.0 to 2 293 000.0

S eed  production  - 1 .  glandulifera  fruits collected from the single visit experiment contained a 

mean (± S.E.) seed set o f  7.1 ± 0.7, which did not differ significantly from the mean seed set o f  

the open pollination treatment in 2008 (mean (± S.E.) seed set = 8.15 ± 0.51, f/2o,3o= 1.191,/; 

= 0.117).

M orphological match between  B. pascuorum and  1. glandulifera flo w ers -  B. pascuorum  

probosces were significantly longer than I. glandulifera  spurs (X^\ = 13.23, p  < 0.001). Total 

bumblebee length (TBL) was larger than any floral characteristics, o f  which only two 

characteristics (FEW and LSL) were bigger than bumblebee body characteristics (Figure 6.4 a 

and b). Overall, morphological characteristics showed low variability, with bumblebees being 

less variable than floral characteristics (Appendix 6.1).
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Figure 6.4 a and b Mean morphological characteristics o f B. pascuonim individuals depositing pollen 
on stigmas (a) and removing pollen from androecia (b), and o f female (a) and male (b) phase /. 
glanduUfera flowers. Head height (HH), head width (HW), thorax height (TH), thorax width (TW), 
abdomen height (AH), abdomen width (AW), proboscis length (PBL = prementum length + glossa 
length), total bumblebee length (TBL), floral entrance height (FEH), floral entrance width (FEW), spur 
length (SL) and lower sepal length (LSL).

1 1 9



Chapter 6

Regression models explained 5.5% and 27.5% o f  the variances in pollen deposition and 

removal, respectively. None o f  the eight morphological characteristics affected pollen 

deposition on stigmas (Fg 3 9 = 0.230, p  = 0.983, r^=  0.055). However, both lower sepal length 

(LSL) and thorax height * thorax width (TH * TW) influenced pollen removal negatively 

(LSL: b (± S.E.) = -110 308 ± 41 821, / = - 2 M , p  =  0.013, TH x TW: b (± S.E.) = -199 106 ± 

87 729, t =  -2.27, p  =  0.030), indicating that with decreasing length o f  the lower sepal and 

decreasing height and width o f  the thorax more pollen was removed from androecia. N one o f  

the other characteristics had an effect on pollen removal (Fg ,39 = 1.470, p  = 0.207, r  = 0.275).

M orphological variations between bumblebee species -  In general, morphological 

characteristics varied between B. pascuorum  and B. hortorum, B. pratorum  and B. terrestris  

(Figure 6.5, Appendix 6.2). In particular, B. hortorum  and B. terrestris were bigger than B. 

pascuorum  in most cases (except HH, TH and AW  in 5. hortorum  and TBL in B. terrestris, 

which were not significantly different to B. pascuorum, and HW in B. hortorum  and PBL in B. 

terrestris, which were smaller than B. pascuorum: Figure 6.5, Appendix 6.2). Conversely, B. 

pratorum  was smaller than B. pascuorum  in all variables measured (Figure 6.5, Appendix 6.2).
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Morphological characteristics

Figure 6.5 Mean morphological characteristics (for abbreviations refer to Figure 6.4) o f four 
bumblebee species {B. hortorum (open bars), B. pratorum (dotted bars), B. terrestris (grey bars) and B. 
pascuorum (hatched bars)) visiting /. glandulifera.
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6.5 Discussion

Native bumblebees are highly effective pollinators o f  invasive alien I. glandulifera in Ireland, 

despite depositing small amounts o f  pollen per visit. This is a result of  bumblebee foraging 

behaviour, the morphological match between bumblebees and alien flowers and the pollination 

mechanism o f  I. glandulifera.

Im paliem  glandulifera, although self-compatible (Valentine 1978), relies on native bumblebee 

pollination in Ireland, and is not capable o f  self-pollination nor self-fertilisation. Overall, 1. 

glandulifera produced approximately seven seeds per fruit, which corresponds to previous 

studies (Konies and Glavac 1979, Titze 2000). Supplemental hand pollination o f  flowers did 

not improve seed set, suggesting that maximum pollination is achieved by bumblebee 

visitation and that I. glandulifera is not pollen limited in its invasive range. This is in contrast 

with other invasive alien plant species with out-crossing breeding systems (e.g. Cytisus 

scoparius (North America), Genista monspessulana (North America), Lonicera japonica  

(North America) and L. arboreus (Tasmania)) which seem to undergo pollen limitation due to 

low numbers or a complete lack o f  suitable pollinators (Parker 1997, Larson et al. 2002, 

Parker and Haubensak 2002, Stout et al. 2002, but see Stout 2007b). This contradiction may 

be explained by differences in floral rewards and morphological specificity. C. scoparius, G. 

monspessulana and L. arboreus are nectarless whilst I. glandulifera has abundant nectar 

production, and L. japonica  has specialised flowers from which most generalist foragers 

cannot access nectar. As a highly rewarding plant, whose nectar is relatively easily accessed 

by generalist bumblebees, I. glandulifera  does not suffer from pollen limitation. The same is 

true o f  other alien invasive plants that share these characteristics (e.g. Rhododendron 

ponticum: Stout 2007b).

6.5.1 Pollen deposition and removal

Boinhus pascuorum  has the potential to transfer large quantities o f  I. glandulifera pollen, as 

nectar-feeding individuals always contacted reproductive parts passively. Nevertheless, 

despite almost half o f  the pollen grains being removed from I. glandulifera androecia (48.4%) 

after a single B. pascuorum  visit, relatively low pollen quantities were found on stigmas. This 

suggests that B. pascuorum  is a "high removal-low deposition’* pollinator o f  the alien (cf. 

Young et al. 2007). However, several factors may be causing the observed discrepancy

121



Chapter 6

between pollen deposition and removal. Firstly, 1. glandulifera androecia contain huge pollen 

quantities (up to about 2 500 000 pollen grains) compared to the number that the relatively 

small stigmas can take up (up to 1 200 pollen grains: Titze 2000). Secondly, pollen removal 

varied considerably and may have been overestimated by collecting androecia at different 

developmental stages that released varying amounts o f  pollen (this was not tested, but 1 

attempted to collect androecia at similar stages), or by androecia releasing additional pollen 

due to wind movement and/or handling flowers. Thirdly, bumblebee foraging behaviour could 

also have caused variation in pollen removal. For example, bumblebees may have removed 

extra pollen by contacting androecia with their abdomen while foraging protractedly on nectar 

accumulated in the spur after bagging. It was unfeasible however, to extract the accumulated 

nectar before exposing flowers to bumblebee visitation, as androecia would have been 

disturbed. Fourthly, reduced pollen deposition may be further explained by individual 

bumblebees grooming pollen while flying between flowers (Thomson 1986), as the amount of 

pollen groomed off  bodies can be proportional to the amount removed from anthers (Harder 

and Thomson 1989). Indeed, pollen sacs collectcd from bumblebees foraging on the alien 

contained small amounts o f  I. glandulifera pollen (Chapter 2).

6.5.2 Seed production

Despite relatively low pollen deposition, 1 suggest that I. glandulifera  has a highly effective 

pollination mechanism as maximum seed set was obtained after a single bumblebee visit. This 

confirms findings o f  studies conducted on /. glandulifera and other Impatiens species (/. 

capensis and I. pallida) elsewhere, where one bumblebee (e.g. B. terrestris and B. vagans) 

visit was sufficient to transfer the majority o f  pollen and fertilise all ovules (Bell et al. 1984, 

Wilson 1995, Titze 2000). This effectiveness is not surprising given that I. glandulifera 

requires only small pollen quantities to fertilise ovules and obtain maximum seed set (a 

maximum of  12 seeds per flower). In comparison, other alien plant species relying on insect 

pollination, such as F. magellanica and R. ponticum, produce far more seeds per flower (about 

220 and 190 seeds per fiower for F. magellanica and R. ponticum, respectively; C.M. 

Nienhuis, unpublished data. Stout et al. 2006), and they may therefore require more visits to 

attain full seed set. Hence, despite low pollen deposition, seed set in I. glandulifera  seems to 

be secured by an over saturation in pollen production, high bumblebee effectiveness o f  pollen 

dispersal and removal, and an elevated pollen to ovule ratio (1:144 000; Titze 2000).
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6.5.3 Morphological match between bumblebees and I. glandulifera flowers

Regression analysis revealed that little o f  the variance in both pollen deposition and removal is 

accounted for by bumblebee and flower morphological characteristics. However, firstly, more 

pollen was removed from male phase flowers with decreasing lower sepal length. This may be 

caused by androecia being in closer contact with the posterior abdomen o f  nectar feeding 

bumblebees when sepal length is shorter, as androecia are suspended directly above the 

entrance to the sepal. Secondly, pollen removal increased with decreasing thorax height and 

width. This implies that the size o f  the thorax is important for bumblebees contacting 

androecia, and that smaller individuals are likely to remove more pollen. Hence smaller 

species, such as B. pralorum, may in fact remove more pollen. This may occur as smaller bees 

move around more in the entrance to the flower, thereby dislodging more pollen from the 

androecia. In addition, the fairly short spur o f  I. glandulifera  enables B. pascuorum  and other 

bumblebee species with shorter probosces (e.g. B. pratorum  and B. terrestris) to access nectar 

in the spur easily.

Overall, bumblebee body parts were larger than I. glandulifera floral parts, and nectar feeding 

B. pascuorum  individuals were forced to contact reproductive parts o f  1. glandulifera flowers 

due to the relatively snug fit between the bee and flower (Wilson and Thomson 1996). 

Although other bumblebee species {B. hortorum, B. pratorum  and B. terrestris) were not 

measured in direct relation to their ability to remove and deposit pollen, it is likely that their 

overall similarity to B. pascuorum  in their morphological characteristics, enables them to 

effectively pollinate I. glandulifera flowers (Titze 2000). Bumblebees are relatively large bees, 

suited to the floral size and structure o f  I. glandulifera (Sowig 1989), and it is unsurprising 

that several species are capable o f  pollinating it in its invasive range as it is pollinated by 

multiple species o f  bumblebee in its native habitats (Saini and Ghattor 2007). The 

morphological match between bumblebees in general and I. glandulifera flowers may 

therefore explain why pollen deposition and removal are unlikely to be influenced by small 

individual variation o f  bumblebee or flower morphology. This morphological match does not 

necessarily occur in other alien plants, for example, the large flowers o f  R. ponticum  are much 

bigger than most visitors' body size. Thus, some visiting insects can access nectar without 

contacting reproductive parts, resulting in only one third o f  insect visitors contacting stigmas 

(Stout 2007a).
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Pollination effectiveness is further influenced by insect visitation frequency to flowers (Suzuki 

et al. 2002). Due to the high visitation rates by B. pascuorum  (Chapter 4) this species can be 

considered vital in contributing towards the pollination success o f  I. glandulifera. Ideally, I 

would have investigated the effectiveness o f  other less frequent bumblebee visitors (e.g. B. 

hortorum  and B. terrestris), but their visitation was so rare when 1 conducted this study that it 

was not feasible. Furthermore, it remains unclear whether smaller visitors that are known to 

visit and carry I. glandulifera  pollen (e.g. Apis mellifera and Vespula vulgaris: Lopezaraiza- 

Mikel 2006), are effective pollinators. Due to their low visitation frequency in Ireland 

(Chapter 4) however, they are unlikely to be o f  great importance.

6.5.4 Conclusions

My study is the first to examine the mechanisms influencing the effectiveness o f  bumblebee 

pollination o f  the alien I. glandulifera in Ireland. Despite depositing low quantities o f  pollen 

on stigmas (“high removal-low deposition” pollinator), B. pascuorum  can be regarded as a 

highly effective pollinator o f  I. glandulifera due to transporting and removing large quantities 

o f  pollen, inducing maximum seed set after a single visit and its high visitation frequency. 

Other bumblebee species (e.g. B. hortorum) are also likely to be effective pollinators o f  the 

alien because o f  the morphological match between bumblebees and /. glandulifera  flowers. 

The effective pollination mechanism o f  I. glandulifera and a lack in pollinator limitation in its 

invaded range, in combination with a high seed production (Beerling and Perrins 1993), 

extensive period o f  seed release (Willis and Hulme 2004) and a broad tolerance towards 

varying climates, light conditions and soil types (Chittka and Schiirkens 2001), are likely to be 

contributing towards the spread and successful invasion o f  the alien in riparian ecosystems 

across Europe.
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General Discussion
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In this thesis I aimed to investigate the interactions between native bees and the alien plants 

they visit. In particular, I examined the resource use o f  native bumblebees in habitats invaded 

by several alien plant species. I compared the floral rewards (nectar and pollen), both 

quantitatively and qualitatively, o f  a suite of alien and native co-flowering plant species. I then 

used Impatiens glandulifera  as a model species to investigate the impacts o f  its presence and 

removal on native insects and the effects on bumblebee foraging behaviour and the subsequent 

implications for native plant pollination. Lastly, I explored how effectively native bumblebees 

pollinate I. glandulifera and their potential role in its spread. In this final chapter I summarise 

and synthesise the results obtained from these investigations, compare my findings to previous 

research and outline some directions for future studies.

7.1 Interactions between native bees and alien plants

7.1.1 Alien plants as resources for native bees

Although alien plant resources, in terms o f  both nectar and pollen, were readily collected by 

native bees (Chapter 2, 4 and 5), they rarely dominated the resource use of native bumblebees, 

which relied heavily on native floral rewards, even in invaded habitats (Chapter 2). This may 

be a result o f  none o f  the alien plant species being quantitatively or qualitatively superior in 

terms of their nectar and pollen compared to native species (Chapter 3). In general, increases 

in bumblebee usage o f  a particular alien or native species coincided with high floral 

abundance and/or elevated nectar and sugar production (Chapter 2). This suggests that 

bumblebees did not express a specific preference towards certain plant species but rather 

appeared to exploit floral resources according to their availability, abundance and rewards. 

Certainly, alien nectar and pollen resources were usually more frequently collected during 

their peak floral abundance and towards the end o f  the foraging season (except for Bombus 

pratoniw  that continually foraged on alien Symphytum  x uplandiciun), especially when the 

availability o f  native resources were scarcer.

My studies were conducted in semi-natural and suburban habitats that were highly degraded 

and disturbed. Such habitats are often heavily invaded (Thompson 2008), and in such 

environments native insects are known to rely greatly on alien plants (Shapiro 2002), which 

may supplement native plant resources (Chapter 2). 1 examined bumblebees, which are able to
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obtain alien floral rewards relatively easily, and it is uncertain whether the same applies to 

other native bees. For example, bumblebees sonicated the anthers o f  alien S. x uplandicutn in 

order to collect pollen. Most other bees cannot sonicate flowers (King 1993) and therefore 

may be unable to access pollen in the alien. In addition, I observed that it was mostly 

bumblebees foraging for nectar on alien I. glandulifem , implying that other insects with 

shorter probosces than bumblebees (including most solitary bees) may not be able to access 

nectar in the long spur (cf. Chapter 6). In Britain, Lopezaraiza-Mikel (2006), recorded a 

greater diversity o f  insects (e.g. bee genera) visiting I. glandulifem  throughout its flowering 

period. This difference in visitor communities may be due to a generally reduced insect 

diversity in Ireland compared to Britain, but also to observations being conducted twice a 

month only, although my study was conducted from April to September and over two 

consecutive years (Chapter 2). However, 1 did observe Diptera and Lepidoptera visiting the 

alien Buddleja davidii, which is known to be an important resource for British insects (Owen 

and Whiteway 1980). Native insects were probably able to collect floral rewards from the 

alien study plants relatively easily, because most o f  the aliens are insect pollinated in their 

native range (except for Fuchsia mageHanica that has ornithophilous flowers: refer to 

Appendix 1.1) and thus have to produce rewarding floral resources to attract potential 

pollinators. However, it remains uncertain whether alien floral rewards change quantitatively 

and qualitatively during the process o f  establishment and invasion (Goodell 2008). Alien 

plants producing high quantity and quality rewards may be at a competitive advantage over 

native plants and thus, there may be an increased selection pressure for alien plants producing 

more rewarding resources. This could result in alien plant species producing rewards that are 

quantitatively and qualitatively higher in their invaded than in their native range. Furthermore, 

quantity and quality o f  nectar and pollen are likely to differ post-invasion due to variable 

abiotic factors (e.g. climate, geology, nutrients and soil). Various soil conditions, for instance, 

affect the amino acid concentrations in the nectar o f  Agroslemnia githago (Gardener and 

Gillman 2001b). Hence, future studies could investigate whether and how the quantity and 

quality of alien resources might differ pre- and post-invasion.

Evidently, alien plants can provide valuable resources that may supplement native resources, 

as long as the alien plants remain at low abundances (Chapter 2). Native plants however, may 

be reduced or even completely absent at high alien abundances (Parker et al. 1999), which
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might be problematic for insects that are unable to manipulate floral mechanisms to access 

resources (cf. Chapter 6). Furthermore, perennial shrubs such as B. davidii, F. magellanica 

and Rhododendron ponticum  provide more reliable resources to native bees as resource 

availability in annual species like I. glandulifera is more likely to fluctuate among years. For 

example, many populations o f  1. glandulifera were extirpated along the River Liffey, Co. 

Dublin in July 2007 due to localised flooding, and they did not reoccur in some localities the 

following summer (C.M. Nienhuis, personal observations). Moreover, sites where I. 

glandulifera flowers were removed to simulate control measures in 2006 (Chapter 4), were 

less heavily invaded in 2007 (C.M. Nienhuis, personal observations). On the other hand, alien 

plants such as /. glandulifera and S. x uplandicum with prolonged flowering periods may be 

more valuable than species like B. davidii and R. ponticum  that flower over a short time period 

only (c f  Chapter 2 and 3).

I did not observe bumblebee resource use in non-invaded sites (Chapter 2), firstly, because 

non-invaded sites with a similar native flora and abiotic conditions as invaded sites were 

sometimes impossible to locate due to the suburban surroundings (cf. Chapter 4). Secondly, 

removing alien plants to simulate non-invaded sites (c f  Lopezaraiza-Mikel et al. 2007) was 

unfeasible as it would have reduced overall floral abundance and may have biased results. 

Based on my findings however, the presence o f  alien generalist plants may alter bumblebee 

resource use because bumblebees are generalist and opportunistic foragers that maximise their 

foraging efficiency by flying long distances to exploit rewarding floral patches (refer to 

Chapter I, section 1.2.3 and 1.2.5). In Ireland, bumblebees are probably more opportunistic in 

their foraging choices because they are faced with more unpredictable weather conditions 

compared to continental Europe. They are thus likely to opportunistically feed on rewarding 

alien floral patches located at great distances from their nest. Indeed, pollen loads indicated 

that bumblebees foraged on alien (and native) plant species that were located well beyond my 

study sites (Chapter 2).

7.1.2 Alien plant impact on native bees and plants

Despite producing large amounts o f  floral rewards (Chapter 2, 3 and 4), the alien study species 

did generally not affect native bees greatly. Alien floral rewards did not dominate bumblebee 

resource use (Chapter 2) and the presence and removal o f  I. glandulifera did not affect
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standardised insect or bumblebee abundance negatively (Chapter 4). In contrast, high local /. 

glandulifera  density caused an increase in bumblebee visitation to native Lythrum salicaria 

and Stachys palustris; translating into reduced reproductive success o f  L. salicaria (Chapter 

5).

Alien plants may not have affected native bees greatly because o f  several factors. Overall, 

alien study plants were not as abundant and dense within study sites (Chapter 4) and/or in the 

area surrounding sites (despite some sites being heavily invaded; Chapter 2 and 5), compared 

to previous studies (e.g. Lopezaraiza-Mikel et al. 2007). In general, alien plants, especially 

those growing in dense aggregations, have the potential to influence the composition and 

population size o f  native pollinators (Tepedino et al. 2008), because the activity and density of 

bee populations are closely linked to the availability and abundance o f  floral resources (Potts 

et al. 2003, Steffan-Dewenter and Schiele 2008). Nevertheless, the locally abundant patches of 

alien plants in my study sites may not have affected native bees drastically as they could easily 

forage on the diverse native co-flowering flora within study sites and the surrounding area (c f  

Chapter 2 and 4) due to the long foraging ranges they exhibit (on average 500 to I 000 m: 

Goulson and Stout 2001, Knight et al. 2005, Osborne et al. 2008). These large flight distances 

and the difficulty in locating nests (Fussell and Corbet 1992a) enhance the complexity of 

quantifying the direct impacts of alien plants on social bee abundance and populations. 

Furthermore, the impacts on solitary bees are not easily assessed either as they usually occur at 

low abundances, are notoriously difficult to identify on the wing and are active for brief time 

periods (Westrich 1989b). However, a study previously conducted in Ireland found fewer 

solitary bees in sites that had been invaded by R. ponticum  compared to non-invaded sites 

(Dietzsch 2009).

My studies investigated the effects o f  alien plants on native bees throughout the entire 

foraging season (April to September) over two consecutive years (Chapter 2) as well as during 

the peak flowering period of I. glandulifera and its native co-flowering plant species (e.g. L. 

salicaria), which coincided with peak foraging time o f  native bumblebee workers (June to 

August: Chapter 4 and 5). This approach allowed me to examine how native bees are affected 

by alien plant species both in the long- and short-term. Nevertheless, it remains uncertain how 

reproductives (males and new queens), especially o f  late emerging species (e.g. B. pascuorum:

129



Chapter 7

August to October), are affected by my alien study plants. They may benefit from their 

presence as many native plants have ceased flowering when they emerge. On the other hand, 

nest searching queens are less likely to profit from late flowering alien plant species like B. 

davidii and /. glandulifera  (cf. Chapter 4) but may benefit from species such as R. ponticum, 

which flowers early in the season (May to July: Dietzsch 2009).

Most researchers investigating the impacts o f alien plants face the problem o f  locating 

adequate sites that are non-invaded (control sites) and/or invaded but still contain an 

abundance o f native plant species and exhibit similar abiotic and biotic conditions. 

Additionally, sites should be separated by appropriate distances (at least 800 m: Chapter 2 and 

4) because o f the long flight distances o f  social bees (see above). Many studies however, 

either utilised no control sites (e.g. no non-invaded sites: Lopezaraiza-Mikel et al. 2007) or 

utilised invaded patches and sites that were in close proximity to non-invaded sites (e.g. 

separated by less than 300 m: Moragues and Traveset 2005, Bartomeus et al. 2008b). 

Although I did use non-invaded control sites (Chapter 4), and sites were separated by at least 

800 m (Chapter 2 and 4), sufficient replicate sites were rather difficult to locate (five sites: 

Chapter 2, and three replicate sites per treatment: Chapter 4) without increasing variation 

among study sites (c f  Chapter 4, Bjerknes et al. 2007). Manipulating alien floral availability 

to ascertain the effects on pollinator populations may be an option to overcome these 

problems. However, studies cannot simulate invasions by introducing plants on a large scale 

into non-invaded sites due to ethical considerations o f  unnecessarily spreading alien plants. A 

realistic solution to this predicament may be the use o f potted plants or plants in water buckets 

that can be removed before plants set seed or as soon as the experiment has terminated (c f  

Chittka and Schiirkens 2001, Dietzsch 2009). Such an approach however, would probably be 

limited to small scale invasions due to logistical limitations (e.g. number o f  potted plants) and 

costs.

I consider the use o f I. glandulifera  as a model species in this thesis (Chapter 4, 5 and 6) very 

appropriate as the alien has been utilised in previous studies in Britain (e.g. Prowse and 

Goodridge 2000, Lopezaraiza-Mikel et al. 2007), continental Europe (e.g. Sowig 1989, 

Chittka and Schurkens 2001) and North America (e.g. Tabak and von Wettberg 2008) but has 

not been studied in Ireland. Furthermore, I. glandulifera was ideal to examine more closely
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because firstly, it is non-native and severely invasive in continental Europe (Beerling and 

Perrins 1993) and is still spreading in Ireland (Reynolds 2002). Secondly, it is likely to attract 

and thus affect native bees, in particular bumblebees because it is pollinated by bumblebees in 

its native range (Saini and Ghattor 2007) and produces rewarding nectar and pollen resources 

(Showier 1989, Stary and Tkalcu 1998). Thirdly, I. glandulifera was also widely distributed 

and was associated with a diverse native co-flowering flora, and other species were either not 

as widespread (e.g. B. davidii) or occurred in habitats with a reduced diversity o f  native 

species (e.g. F. magellanica). Lastly, the alien was also very easily manipulated in the field 

because o f  its large flowers (floral removal: Chapter 4).

7.1.3 Implications for native plant pollination

I observed alien /. glandulifera  to impact the reproductive success o f  at least one native plant 

species, namely L. salicaria, when growing at high local densities (Chapter 5). This most 

probably occurred because the main visitors (long-tongued bumblebees: B. hortorum  and B. 

pascuorum) o f  L. salicaria overlapped with those o f  the alien.

Furthermore, L. salicaria is self-incompatible and its reproductive success may be more prone 

to disruption from alien plants than self-compatible species like Digitalis purpurea, where 

fruit and seed set remained unaffected by alien R. ponticum  (Dietzsch 2009). My study was 

conducted over a short time period and in one site only, because o f  difficulties in finding 

appropriate replicate sites (refer to 7.1.2), and it remains unclear how the reproduction o f  other 

native species or L. salicaria at other sites may be affected. Previous studies found the impacts 

on the native co-flowering flora to vary depending on the native plant species investigated, the 

time o f  year and the extent to which pollinators overlapped between native and alien plants 

(e.g. Bartomeus et al. 2008b, Dietzsch 2009). The strength o f  my study however, is that 1 

investigated the possible impacts on female reproductive success (seed set) o f native plants at 

three stages: visitation rates to native plants, alien and conspecific pollen deposition and seed 

set. In comparison, most studies to date have investigated alien impacts on native seed set 

through flower visitation (refer to Chapter I, section 1.3.4), and only few have incorporated 

alien pollen transfer and deposition (but see Larson et al. 2006, Bartomeus et al. 2008a. 

Jakobsson et al. 2008). Flower visitation can vary greatly and does not always adequately 

reflect what is happening at the level o f  reproduction. I also examined the effects on
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reproductive success at varying alien densities and at a small spatial scale, and only few 

studies to date have taken density into account (e.g. Grabas and Laverty 1999, Munoz and 

Cavieres 2008, Dietzsch 2009). Future studies investigating impacts o f  alien plants on native 

plant pollination and reproductive success should therefore take alien plant density at a variety 

o f  spatial scales into account and should incorporate visitation rates, pollen transfer and 

deposition and seed set into the experimental design.

7.2 Implications for control and management o f alien plants

My alien removal experiment (Chapter 4) has important implications for control and 

management practices o f  invasive alien species such as I. glandulifem . In general, insect 

abundance, particularly bumblebee abundance, and diversity were not affected by alien plant 

removal, suggesting that localised small-scale removal o f  I. glandulifera may be a viable 

method to prevent seed production and further invasion without harming native insect 

populations. The eradication treatment (removal o f  flowers) would probably be too labour and 

cost intensive to apply on a large scale. However, using removal treatments such as frequent 

cutting, hoeing and removing stems by hand at ground level from early in the season onwards 

(Dawson and Holland 1999) would be a feasible management strategy in locally invaded 

habitats. Other studies have shown that native communities recover rapidly after localised I. 

glandulifera removal (Hejda and Pysek 2006, Hulme and Bremner 2006). If control treatments 

are applied over multiple years at a local scale, rather than at a large scale, local insect 

populations will probably be less affected as the existing native plant community can 

recolonise previously invaded areas. Future studies should also investigate the impacts of 

removal at a regional scale in heavily invaded sites. Although the above mentioned control 

mechanisms are costly and time consuming, they may be safer than introducing the natural 

enemies o f  alien plants (biological control: Knight 2001). Nevertheless, the beetle Cleopus 

japoniciis for instance, is being considered for release to control B. davidii in New Zealand 

(McNeill et al. 2005).

Clearly, the effectiveness o f  control measures depends on the reproductive biology o f  the 

invasive species, its life history (annual versus perennial) and its mechanism o f  spread. In the 

case o f  I. glandulifera, the above described methods would be pragmatic, especially because it
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is an annual herb relying on the seeds produced in the previous season as its seed bank is 

relatively short lived (Grime et al. 1988). In contrast, eradication o f  the highly invasive 

perennial shrub R. ponticum  is more challenging due to its massive seed production (> one 

million per bush) and ability to regenerate from roots, with containment often being the only 

option o f  eradication (Rotherham 2001). Hence, preventing alien plant species from 

establishing in the first place (Hulme 2006) and initiating control strategies as soon as possible 

(Wadsworth et al. 2000) would be the most desirable strategies both in terms o f  the 

environment and related costs. In the light o f  current globalisation where anthropogenic 

transport and travel is ever increasing, this may be unrealistic. However, countries whose flora 

and fauna contain a high percentage o f  rare endemic species and that are isolated from 

continents (e.g. New Zealand) are currently trying to reduce the import o f  alien species 

through stringent legislation (ERMA 2009).

7.3 Do native bees facilitate the spread of alien plants?

My study on the effectiveness o f  native bees as pollinators o f  alien I. glandulifera (Chapter 6) 

clearly showed that the alien requires native bumblebee pollination to reproduce successfully. 

Indeed, pollination by bees and other insects is regarded as an important factor in aiding the 

spread o f  alien plants (Richardson et al. 2000a , Morales and Aizen 2006). This applies in 

particular to alien plant species that depend on (self-incompatible, e.g. Lonicera japonica: 

Larson et al. 2002) or benefit from (self-compatible but not capable o f  spontaneous self- 

pollination, e.g. R. ponticum: Stout 2007b) entomophilous or biotic pollination to reproduce 

successfully. Furthermore, the spread o f  plant species that usually rely on vegetative 

reproduction but profit from insect pollination to set seed, may also be facilitated by 

pollinators (e.g. Fallopia japonica: Beerling et al. 1994, Forman and Kesseli 2003). Although 

a lack o f  suitable pollinators may pose a major limitation to the establishment and spread of 

alien plants relying on biotic pollen vectors (Parker 1997), a recent study in the United States 

showed that their invasive range was larger than that o f  abiotically (wind) pollinated species 

(Van Kleunen and Johnson 2007). Furthermore, a recent review by Goodell (2008) found that 

the reproduction o f  the majority o f  alien plant species in the United States benefited from 

pollinators and that 96% of  insect pollinated species attracted bees. In Ireland however, plant 

species were more likely to become invasive if they were not pollinated by animals but rather

133



Chapter 7

relied on abiotic modes o f  pollination (Milbau et al. 2009). Nevertheless, enhanced female 

reproductive success (seed set) via pollination may further increase the seed bank thereby 

giving alien plants a competitive advantage over native species. Indeed, high seed production 

has been recorded in a number of alien plants and may be more important for annual species 

such as I. glandulifera (up to 2 500 seeds per plant: Konies and Glavac 1979) compared to 

long-lived perennial species like B. davidii (several million seeds per plant: Ebeling et al. 

2008).

Pollination may also cause alien plants to hybridise with native congeners or with alien plants 

that have already established, possibly resulting in the spread o f  aggressive hybrid taxa 

(Abbott 1992, Vila et al. 2000). For example, the alien species F. japonica  and F. 

sachalim nsis are known to frequently hybridise, resulting in F. x bohemica (Beerling et al. 

1994, Schnitzler and Muller 1998), which has also been recorded in Ireland (first described in 

1983: Reynolds 2002). However, other factors such as the ability to tolerate environmental 

stress (phenotypic plasticity: Sakai et al. 2001, Chun et al. 2007) and invading habitats that are 

species poor and have been disturbed and fragmented by anthropogenic activities (Maskell et 

al. 2006a, Lambdon et al. 2008) are probably more likely to aid the spread o f  alien species.

7.4 Future studies

7.4.1 Impacts o f alien resources on development and growth o f native bees and their 

offspring

Despite bumblebee workers collecting alien plant rewards (Chapter 2), it remains unclear how 

successfully resources are being utilised by native colonies and how their development and 

survival is affected. Even though it is commonly assumed that the pollen collected by 

bumblebee workers is utilised by colonies (Kleijn and Raemakers 2008), the only reliable 

methods to investigate the resource use o f  a colony and its offspring (larvae) are to examine 

(a) pollen loads o f  foragers re-entering the nest and (b) larval meconia (Brian 1951, Free 1970, 

Yalden 1982). Larval meconia are discharged by larvae before pupation around the base o f  the 

larval cocoon and are fairly easily collected (Brian 1951). 1 did attempt to investigate resource 

use by B. terrestris colonies in invaded and non-invaded sites by deploying colonies that were
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commercially reared (by Biobest, Belgium) from bumblebee queens caught in Eastern Ireland 

(Co. Wicklow). Unfortunately, the adverse weather conditions in June and July in 2007 (low 

temperatures and heavy rain over prolonged periods) caused colonies to arrest development 

(no larval production) and be flooded in some study sites. Future studies could investigate the 

impacts of alien plants on the resource use o f  bumblebee colonies and colony development (cf. 

Goulson et al. 2002a) in invaded and non-invaded habitats by using colonies as described 

above. Studies should also concentrate on whether solitary bees are utilising alien resources 

and how growth rates and survival o f  individual females and their offspring are affected. 

Because naturally established nests o f  solitary bees are inconspicuous (Potts and Willmer 

1997) and populations of most species are rather small (Steffan-Dewenter and Schiele 2004), 

the use o f  artificial trap nests that are easily manipulated may be an option (e.g. Williams and 

Tepedino 2003).

The effects o f  alien compared to native floral resources on the growth rates o f  individual bees 

could also be examined in the laboratory. For example, a recent study showed that the toxicity 

(grayanotoxins) o f  R. ponticiim  nectar and pollen had no (or sub-lethal) effects on the survival 

o f  B. lucorum  workers (Dietzsch 2009). In addition, studies could also investigate how alien 

floral rewards, in particular pollen (main protein source for brood), affect the development, 

growth and survival rates of bee larvae (c f  Plowright and Pendrel 1977, Sutcliffe and 

Plowright 1990).

7.4.2 The role o f climate change in interactions between native bees and alien plants

Climate change is a global phenomenon caused by anthropogenic activities (e.g. greenhouse 

gas emission (GHG) through release of fossil carbon) and is regarded as one o f  the major 

disrupters of ecosystems today (Parmesan 2006). Future climate change, which has been 

forecasted as global GHG increasing by 25 to 90% for the period o f  2000-2030 (IPCC 2007). 

is likely to cause global warming. This in turn may affect the distribution, as well as 

phenological and migrational patterns o f  plants and animals (e.g. Visser and Holleman 2001). 

For example, global spring events are advancing by 2.3 days per decade and species ranges are 

shifting closer to the poles (Parmesan and Yohe 2003). In Britain the average first flowering 

date o f  plant species has advanced by 4.5 days whilst some species (e.g. B. davidii) are 

continuing in flower much later compared to the 1950s (Fitter and Fitter 2002). Bumblebee
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flight times have also advanced by about two weeks in the spring (Sparks and Collinson 

2007), and climatic specialisation is thought to be driving certain bumblebee species (e.g. B. 

distinguendus) to the Northern limits o f  their British range (Williams 2005, but see Fitzpatrick 

et al. 2007a for situation in Ireland). In general, increases in ambient temperatures may result 

in pollinators exhibiting longer flight seasons (earlier and later) and multiple generations per 

year (univoltine versus multivoltine). Warming-induced shifts in phenological and 

distributional patterns o f  flowering plants and pollinators may result in reduced floral 

resources being available to pollinators (17-15% reduction: Memmott et al. 2007) and in 

temporal mismatches among mutualistic partners (Hegland et al. 2009), which is likely to 

severely affect plant-pollinator interactions. Phenological shifts may cause pollinators to shift 

to novel host plants (e.g. alien plant species) due to novel overlapping phenologies (Memmott 

et al. 2007).

If climatic conditions become more favourable for the growth and survival o f  alien plant 

species, they may be able to expand their ranges pole-wards into previously non-invadable 

areas (Theoharides and Dukes 2007). For instance, the current distribution o f  F. japonica and 

I. glandulifera seems to be limited by temperature, and climatic warming may cause a 

northward expansion (Beerling 1993, Willis and Hulme 2002). Global warming may further 

accelerate the spread o f  successful aliens because highly mobile and opportunistic species, 

traits often associated with alien species, are likely to exhibit higher migration rates (refer to 

Chapter 1, section 1.3.1: Kriticos et al. 2003, Truscott et al. 2006). Alien plants occurring at 

high densities may also benefit from mass flowering, which can be positively influenced by 

high temperatures (Schauber et al. 2002). It is unclear how pollinators will react to increases in 

the number and abundance o f  alien plant species and simultaneous changes and mismatches in 

phenological patterns of native plant species. However, pollinators are likely to interact even 

more frequently with alien plant species, which may subsequently affect native plant 

pollination. Future research should address these uncertainties by employing long-term 

monitoring programmes, including field and laboratory experiments and advanced modelling 

approaches to predict future responses o f  pollinators, and alien and native plants and their 

interactions to climate change.
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7.5 Final conclusions

My findings showed that alien plants did not greatly affect native bees, in particular generalist 

bumblebees. Therefore, alien plants, especially those growing at low abundances and 

interspersed with the native flora, may actually provide important resources for native insect 

communities, particularly in disturbed, fragmented and suburban landscapes. At high 

abundances however, alien plants are likely to reduce or displace native plants that also 

provide important resources to native bees. We are only beginning to unravel the interactions 

between native insects and alien plants and much remains to be learnt about the impacts o f  

alien plant species on populations and communities o f  native bees, in particular solitary and 

rare bees, and the consequent effects on native plants. Although preventing establishment o f  

alien plants in the first place would be the most desirable option, this is not always possible 

and thus, every effort should be taken to observe populations o f  already established alien 

plants and manage and contain the spread o f  invasive species that are affecting native 

communities negatively. Land managers should prioritise management efforts (e.g. 

containment or removal) on alien plant species that are invasive and have a severe impact on 

the native flora and fauna. On the other hand, alien plant species that simply coexist with 

native plants should not be removed but rather regularly monitored in order to control any 

potential spreading, as their floral resources may be beneficial for native insects.
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A ppendix 1.1 Six alien plant species {B. davidii, F. japonica, F. magellanica, I. glandulifera, R. 
ponticum  and S. x uplandicum) utilised as study species. Webb et al. al. (1996), Preston et al. (2002), 
Reynolds (2002) and Milbau and Stout (2006) were used as main sources o f  information. Other 
references consulted are listed separately for each species

Species (Authority) Buddleja davidii Franchet 

{B. variabilis) (Plate 1.1)

Common name(s) Butterfly bush, Buddleia

Family Buddlejaceae

Native distribution China: Hupeh and Szechwan districts

Causes and time of Introduced as ornamental shrub into cultivation and first

introduction in Ireland recorded as spreading in 19.S7

Status in Ireland Established, widespread and invasive

Habitat On dry, disturbed sites in lowland: waste grounds, 

railways, quarries, in urban habitats on buildings.

Flowering time in Ireland June to September

Floral structure Large deciduous perennial shrub up to four m high; 

panicles o f lilac flowers; leaves 10-20 cm, toothed, 

pointed; flowers regular, hermaphrodite; corolla long- 

tubed, lilac, orange in centre; stamens four, hidden in tube; 

ovary superior; style single; fruit as capsule with many 

small seeds.

Reproductive biology Hermaphrodite; insect pollinated; self-compatible: 

spontaneous autogamy restricted (C. Kelly and C.M. 

Nienhuis, unpublished data)

Pollinators in native range Lepidoptera

Pollinators in invaded range Bomhus spp., Lepidoptera (Nymphalidae, Satyridae, 

Pieridae), Syrphidae

Additional references Owen and Whiteway 1980, Clay and Drinkall 2001
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Species (Authority) Fallopia japonica (Houtt.) Ronse Decraene 

{Reynoutria japonica. Polygonum cuspidatum)

Common name(s) Japanese Knotweed

Family Polygonaceae

Native distribution East Asia: China, Korea, Japan

Causes and time of Introduced for ornamental reasons and first recorded as

introduction in Ireland planted near Dublin in 1902

Status in Ireland Well established, widespread and invasive; prohibited by 

Wildlife Order (Northern Ireland), 1985

Habitat Dense thickets on urban waste ground, roadsides; along 

canals, river banks and streams.

Flowering time in Ireland August to October

Floral structure Herbaceous, rhizomatous, perennial geophyte up to two m 

high; leaves 8-10 cm long, oval, truncate base, narrowing 

to point; flowers in long panicles; sepals five, free, white; 

styles three.

Reproductive biology Gynodioecious; reproduces mainly vegetatively; seed 

production is low

Pollinators in native range Apidae, Diptera

Pollinators in invaded range Diptera (Fanniidae, Syrphidae), Apidae (A. mellifera)

References Beerling et al. 1994, Hollingsworth and Bailey 2000
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Species (Autiiority) Fuchsia magellanica Lam. 

{F. gracilis) (Plate 1.2)

Common name(s) Fuchsia

Family Onagraceae

Native distribution South America: Argentina, Chile

Causes and time of Introduced as ornamental and for cultivation in hedges in

introduction in Ireland mid 1800s

Status in Ireland Widespread and common in hedges in West; occasional in 

East; occasionally spreading naturally

Habitat As planted hedge or in gardens o f abandoned cottages; 

naturalised in hedgerows, scrub, by streams, on walls

Flowering time in Ireland May to October; occasionally throughout year

Floral structure Deciduous, perennial shrub with hairless, opposite, oval, 

stalked, toothed leaves; flowers axillary, drooping; calyx 

four-lobed, crimson; petals four, deep purple, shorter than 

calyx-lobes; stamens eight, long; fruit as dark brown, 

fleshy berry.

Reproductive biology Hermaphrodite; insect pollinated; self-compatible: 

spontaneous autogamy restricted

Pollinators in native range Trochilidae, Bomhus spp. occasionally

Pollinators in invaded range A. mellifera, Bombus spp.

References Valentine 1978, Traveset et al. 1998
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Rhododendron ponticum  L.

(Plate 1.4)

Common name(s) Rhododendron

Family Ericaceae

Native distribution Caucasus, Iberia, Lebanon, Turkey

Causes and time of Introduced as ornamental plant and game shelter by early

introduction in Ireland 1800s

Status in Ireland Naturalised, widespread and invasive

Habitat As dense thickets on drier lowland, upland bogs and rocky, 

heathy slopes; native and demesne woodlands

Flowering time in Ireland May to July

Floral structure Densely branched, perennial, evergreen shrub up to three m 

high; leaves alternate, hairless, shiny, oblong, 10-25 cm long; 

flowers as short, terminal racemes; calyx with five small, 

rounded lobes; corolla violet-purple, widely bell-shaped, with 

tube shorter than five lobes; ovary superior; fruit as capsule.

Reproductive biology Hermaphrodite; insect pollinated; self-compatible: 

spontaneous autogamy restricted

Pollinators in native range Bombus spp., Bombyliidae

Pollinators in invaded range Andrenidae, Bombus spp., Syrphidae

References Stout et al. 2006, Stout 2007b
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Symphytum \  uplandicum  Nyman 

{S. asperum  x S. officinale) (Plate 1.5)

Common name(s) Russian Comfrey

Family Boraginaceae

Native distribution Caucasus

Causes and time o f 

introduction in Ireland

Hybrid introduced as forage plant in late 1800s

Status in Ireland Naturalised, frequent, persisting rather than spreading

Habitat On rough and waste ground, railway banks, grassy roadsides, 

hedge banks and woodland margins

Flowering time in Ireland May to August

Floral structure Perennial herb up to 1.5 m tall; stems branched, slightly 

bristly; leaves stalk-less, broadly oval, shortly decurrent, 15- 

25 cm long; calyx divided; corolla pink, blue or purple and 

nutlets finely granulated.

Reproductive biology Self-incompatible

Pollinators in native range Bomhus spp.

Pollinators in invaded range Bomhus spp. (e.g. B. hortorum  and B. lucorum)

References G adella 1984, Parnell 1985, N aidaand  Vishnyakova 1997
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Appendix 2.1 Locations of sites containing alien plant species {B. davidii, F. japonica, I. glandulifera 
and 5. x uplandicum) selected for monthly transect walks along the River Liffey, Co. Dublin, Ireland in 
2006 and 2007.

Site Location Alien plant species present

1 53021’40”N, 6"21’56”W I. glandulifera

2 53"21’46”N, 6"22’54”W I. glandulifera

3 53°21’44”N, 6°24’06”W F. japonica, I. glandulifera, S. x uplandicum

4 53°22’23”N, 6°26’13”W B. davidii

5 53°21’34”N, 6“28’02”W B. davidii, I. glandulifera
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Appendix 2.2 Plant species used as a forage resource by bumblebees along the River Liffey, Co. 
Dublin. Ireland in 2006 and 2007. Floral units were quantified according to Dicks et al. (2002) and 
Lopezaraiza-Mikel et al. (2007). X = plant species visited by bumblebees during transect walks. P = 
taxon found in pollen loads o f bumblebees. * Plant species for which secretion rates and sugar 
concentration were not measured. ' Plant species not present in study sites.__________ _______________

Plant species (Family) Abbreviat Bombus spp. Floral unit
-ions B. luc 

at 
2006 '

orum
yo

2007

B. pasc 

2006

uorum

2007

B. pra  

2006

torum

2007
Anthriscus sylvestris*  
(Apiaceae)

A. syl. P X umbel

Arctium  minus 
(Asteraceae)

A. min. X X capitulum

Beilis perennis*  
(Asteraceae)

B. per. P p capitulum

Benda  spp.* ' 
(Betulaceae)

Bet. spp. P inflorescence

Brassica rapa 
(Brassicaceae)

B. rap. X / P X / P X / P X / P P flower

Biiddleja davidii 
(Buddlejaceae)

B. dav. X X / P X inflorescence

Calystegia sepium  
(Convolvulaceae)

C. sep. X P flower

Cannabis sativa* ' 
(Cannabaceae)

Can. sat. P p P flower

C ardam inepratensis*  ' 
(Brassicaceae)

C. pra. P flower

Centranthiis ruber* ' 
(Valerianaceae)

C. rub. p P umbel

Cenlaiirea nigra 
(Asteraceae)

C. nig. X X X capitulum

C hamerion
angustifolium
(Onagraceae)

C. ang. X X X / P X / P P flower

Cirsium arrense*  
(Asteraceae)

C. arv. X X / P X X capitulum

Cirsium vulgare 
(Asteraceae)

C. vui. X X capitulum

Crataegus monogyna* 
(Rosaceae)

C. mon. X / P P p flower
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Crepis vesicaria* 
(Asteraceae)

C. ves. X X /P X X X capitulum

Dipsacus fuUonum  
(Dipsacaceae)

D. ful. X X capitulum

Epilobium hirstitum 
(Onagraceae)

E. hir. X X flower

Eiipatoriiim
cannabinum*
(Asteraceae)

E. can. X X X flower raceme

Filipendula ulmaria* 
(Rosaceae)

F. ulm. X /P X X p p inflorescence

Gladiolus sp.* ‘ 
(Iridaceae)

Gla. sp. p flower

Heracleum
sphondylium
(Apiaceae)

H. sph. X /P X X umbel

/mpaliens glandulifera 
(Balsaminaceae)

1. gla. X /P X X /P X /P flower

Lotus corniculatus 
(Fabaceae)

L. cor. X X X /P X flower

Malva sylveslris 
(Malvaceae)

M. syl. X X flower

Medicago spp.* ' 
(Fabaceae)

Med. spp. p p flower

Mentha aquatica 
(Lamiaceae)

M. aqu. X X X inflorescence

Origanum vulgare 
(Lamiaceae)

O. vul. X X X inflorescence

Papaver rhoeas* 
(Papaveraceae)

P. rho. X p p p p flower

Petasites hvbridus* 
(Asteraceae)

P. hyb. X inflorescence

Plantago spp.* ' 
(Plantaginaceae)

Pan. spp. p inflorescence

Ranunculus repens* 
(Ranunculaceae)

R. rep. X X flower

Rosa spp.* ' 
(Rosaceae)

Rosa spp. p p p p p flower
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Rubus fm ticosus  
(Rosaceae)

R. fru. X / P X / P X / P X / P X / P X flower

Scrophularia aquatica 
(Scrophulariaceae)

S. aqu. X X / P X / P X flower

Senecio jacobea*  
(Asteraceae)

S.jac. X X X capitulum

SUene dioica* ' 
(Caryophyllaceae)

S. dio. P flower

Stachys pahistris 
(Lamiaceae)

S. pal. X flower

Stachys sylvatica 
(Lamiaceae)

S. syl. X p X X / P X flower

Succisa pratensis* ' 
(Dipsacaceae)

S. pra. P capitulum

Symphytum officinale* 
(Boraginaceae)

S. off. p p P P p flower

Symphytum  x
uplandicum
(Boraginaceae)

S. upl. X X / P X / P X / P X / P X / P flower

Taraxacum agg* 
(Asteraceae)

Tar. X / P capitulum

Tilia spp.* ' 
(Tiliaceae)

Tilia spp. p p inflorescence

Trifolium pralense 
(Fabaceae)

T. pra. p X X / P X inflorescence

Trifolium re pens 
(Fabaceae)

T. rep. X /P X X / P X / P P inflorescence

Urtica dioica* 
(Urticaceae)

U. dio. p p inflorescence

1 'icia saliva 
(Fabaceae)

V. sat. X flower

1 'icia sepium  
(Fabaceae)

V, sep. X X X / P X / P X flow'er

Total plant species 
visited for nectar / 
pollen 26/13 14/12 28/20 18/21 11/10 4/4
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Appendix 2.3 Total floral abundance (number o f floral units per 100 m" pooled across all sites) o f 
plant species visited by bumblebees along the River Liffey, Co. Dublin, Ireland in 2006 (grey line) and 
2007 (dotted black line).
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Appendix 2.4 a and b Mean (a) secretion rate o f  nectar (|,il/24ii) (open bars) and sugar (mg/h) (grey bars) and (b) sugar concentration (%) per floral 
unit o f  plant species visited by bumblebees along the River Liffey, Co. Dublin, Ireland in 2006. Numbers in brackets = sample size. For abbreviations 
refer to Appendix 2.2.
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Appendix 3.1 Locations of sites where nectar and pollen samples were collected from alien {B. 
davidii, F. magellanica, I. glandulifera, R. ponticum  and 5. x uplandicum) and native {D. purpurea, E. 
hirsutum, R. fruticosus agg and V. sepium) plant species.

Site location

Alien plant species

B. davidii 53°20’51”N, 6°20’26”W

F. magellanica 53°22’49'^N, 6°04’42”W

I. glandulifera 5 3 ° 2 r i3 ”N, 6°20’59”W

R. ponticum 53°22’46"N, 6°04’47”W

S. X uplandicum 53°21’44”N, 6°24’04”W

Native plant species

D. purpurea 53°20’38^’N, 6°15’07”W

E. hirsutum 53°21’45”N, 6°22’52”W

R. fruticosus agg 53°22’05”N, 6°26’i r ’W

V. sepium 53°21’35”N, 6°22’22”W

177



Appendices

Appendix 3.2 Mean (± S.E.) number of open flowers per inflorescence for alien (5. davidii, F. 
magellanica, I. glandulifera, R. ponticum  and S. x uplandicum) and native (D. purpurea, E. hirsutum, 
R. fruticosus agg and V. sepium) plant species. N = 15.

No. of flowers/inflorescence

Alien plant species

B. davidii 214.0 ±23.0

F. magellanica 6.3 ± 0.4

I. glandulifera 3.3 ±0 .2

R. ponticum 13.1 ±0 .7

S. X uplandicum 2.2 ±0.1

Native plant species

D. purpurea 13.3 ±0 .8

E. hirsutum 2.1 ±0.3

R. fi'uticosus agg 4.7 ± 0 .4

V. sepium 2.3 ±0.3
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Appendix 3.3 Estimated number of alien (S. davidii, F. magellanica, I. glandulifera, R. ponticum  and 
5. X uplandicum) and native {D. purpurea, E. hirsutum, R. f'u ticosus  agg and V. sepium) flowers used 
to obtain approximately 1 ml o f nectar (N) and 50 mg of pollen (P).

Number of flowers

Alien plant species N P

B. davidii 2500 3700

F. magellanica 40 410

I. glandulifera 190 80

R. ponticum 310 -

S. X uplandicum 300 -

Native plant species

D. purpurea 80 110

E. hirsutum 850 550

R. fruticosus agg 410 -

V. sepium 600 600
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Appendix 3.4 a, b and c Comparisons o f  nectar secretion rates per flower (|il/24h) (a), sugar secretion rates per flower (mg/h) (b) and nectar sugar 
concentrations (%) (c) among each o f  five alien {B. davidii, F. magellanica, I. glandulifera, R. ponticum  and S. x uplandiciim) and four native (D. 
purpurea, E. hirsutum, R. fruticosus agg and V. sepiiim) plant species using non-parametric one-tailed Fligner-Policello {U) tests, ns = non-significant 
results, *p < 0.05, **p < 0.01.

(a)

Native plants

Alien plants 

B. davidii F. magellanica /. glandulifera R. ponticum S. X uplandicum

vs. D. purpurea t^i6,i8 =  -2 .000  ns f/i6 ,i7~  1.248 ns i  \ — -1 .677  ns f/i6 ,i6=  -2 .000  ns ^16,10 =  -2 .014  ns

vs. E. hirsutum ^̂ 25,18=  -2 .507  ns f^25.i7 ~  1.697 ns ^ 2 5 ,3 1  =  3.101 ** [725,16= 1.598 ns [725,10 =  0.971 ns

vs. R. fruticosus  agg t / 38,i8 =  -3 .09 ! ns — 1.277 ns ^738.31 =  2.291 * [738,16= 0 .534  ns [738,10 =  0 .215  ns

vs. V. sepium >̂̂50,18=  -3 .627  ns t^5o,i7 ~  1.679 ns [750,31 =  2 .168  * [750,16= 1.083 ns [7 5 0 ,1 0 =  0 .586  ns

b)

Alien plants

Native plants B. davidii F. magellanica I. glandulifera R. ponticum S. X uplandicum

vs. D. purpurea (^i6,i8~ -2 .000  ns ^ 16,17~  1.238 ns U \6,3) = 1-562 ns [/i6 ,i6=  -1 .896  ns [ 7 i 6 , i o =  -2 .000  ns

vs. E. hirsutum t / 25,i8 =  -2 .246  ns ^ 25,17 ~  1.697 ns [725,31 =  3.100  ** [725,16= 1 -600 ns [725,10= 1.000 ns

vs. R. fru ticosus  agg t^38,i8 ~  -3 .113  ns ^ 3̂8,17 ~  1 • 189 ns [738,31 =  2.452 * [738,16= 1.156 ns ^^38,10=  0 .498  ns

vs. V. sepium ^ 5o.\s — -3 .549  ns f^50,i7 ~  1.089 ns [750,31 =  2 .178  * ^^50.16 =  1.103 ns ^^50,10=  0 .637  ns



( C )

Native plants B. Ja v iJ ii K  m agellanica

Alien plants 

I. g landulifera R. ponticum S. X uplandicum

vs. D. purpurea 0 'i6,i 8= 1.694 ns -0.553 ns t/i6,3i =  3.875 * * C/i6,i6= 1-999 ns U\b , \o— 1 -201 ns

vs. E. hirsutum t / 25, i8 =  1 -649 ns C/25,17 ~  1.311 ns C/25,31 =  3.100 * * C/25,i6 = 1.600 ns C/25,10 =  0.984 ns

vs. R. fruticosus  agg (^38j 8 ~  "0.566 ns C/38, i7 =  -3.466 ns f / 38,31 =  2.510 * C/38,i6 =  1 -271 ns C/38,10 “  0.643 ns

vs. V. sepium ^^50.18 ~  "4.208 ns C/5o,i7 ~  -3.543 ns C/50,31 ~  1 -674 ns C/50,16 =  0.962 ns C/50,10 ~  0.311 ns
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Appendix 3.5 Concentrations of essential and total amino acids, and proportions o f essential amino 
acids in nectar (N) and pollen (P) compared among alien {B. davidii, F. magellanica, I. glandulifera, R. 
ponticum  and S. x uplandicum) and native {D. purpurea, E. hirsutum, R. fruticosus agg and V. sepiwn) 
plant species using parametric tests (ANOVA F) and Tukey’s post-hoc tests, ns = non-significant 
results, *p <  0.05, *p < 0.01.

Essential amino acids 

N P

Total amino acids 

N P

Proportion o f  essential 

amino acids 

N P

Post-hoc

com parisons

F*.,7= 91.84 F*., 
**

7=55.48
* *

F8.,7= 53.09 fs .,7 = 29.84 /^M7=4.92
*

^8.17= 166.28 
* *

B. davidii vs. 

D. purpurea * ns * * ns ♦

E. hirsutum - * - * ns *

R. fru ticosus  agg * ns * * ns *

V. sepium ns ns ns * ns ns

F. m agellanica  vs. 

D. purpurea ns * ns * ns *

E. hirsutum - * - ns ns ♦

R. fru itcosus  agg * * * ns ns

V. sepium ns * ns * ns *

1. glandulifera  vs. 

D. purpurea * ns ns ns ns ns

E. hirsutum - * - * ns *

R. fru itcosus  agg ns ns ns * ns *

V. sepium * ns * ns ns *

R. ponticum  vs. 

D. purpurea * ns * ns ns *

E. hirsutum - ns - ns ns ns

R. fru itcosus  agg * ns * ns ns *

V. sepium * * * * ns ♦

S. X uplandicum  vs. 

D. purpurea * ns ns ns ns *

E. hirsutum -
* - * ns ns

R. fruitcosus agg ns ns * * * *

( sepium * ns ns ns ns *
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Appendix 4.1 Site locations and experimental treatments (alien I. glandulifera absent (A), present (P), 
and removed (R)) applied to nine sites along the River Liffey, Co. Dublin, Ireland in 2006.

Site Location Treatment

1 53°21’46”N, 6°22’41”W A

2 53°21’52'’N, 6°26’20”W A

3 53°22’01”N, 6°29’24”W A

4 53°12’43”N, 6°23’00”W P

5 53°21’43”N, 6°24’09”W P

6 53°21’45^’N, 6°28’37”W P

7 5 3°2ri2"N , 6°21’01”W R

8 53°20’43’'N, 6°20’17̂ ’W R

9 53°2r27”N, 6°27’I2”W R
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Appendix 5.1 a to h Relationship between B. hortorum (a to d) and B. pascuorum  (e to h) visitation 
rates (number of bumblebees per inflorescence and flower per hour, and number of visits per 
inflorescence and flower per hour) to native {L. salicaria and 5. pahistris) plants and alien (7. 
glandulifera) plant density. Infl = inflorescence, flow = flower.
(a) (e)

25 50 75
Number of alien inflorescences Number of alien inflorescences

(b)

0.06
c

Number of alien flowers

(0

i  _  0.3

0 70 140 2 t) 280 350
Number of alien flowers

Number of alien inflorescences Number of alien inflorescences

(d)

c 04
o

0 70 140 210 280 350
Numb®’ of alien flowers

(ii)

i  4
to

0 70 140 210 280 350
Number of alien flowers
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Appendix 6.1 Coefficient of variation (CV = standard deviation / mean) for each morphological 
characteristic o f I. glandulifera flowers in the female and male phase and of B. pascuorum  individuals 
visiting female and male flowers. Proboscis length (PBL = PL (prementum length) + GL (glossa 
length)) and total bumblebee length (TBL = HL (head length) + thorax length (TL) + abdomen length 
(AL)). N = 40.

Morphological characteristics Female flowers Male flowers

Bumblebee CV (%) CV (%)

Head height (HH) 6.10 5.00

Head width (HW) 4.20 4.40

Thorax height (TH) 5.70 6.00

Thorax width (TW) 6.70 7.80

Abdomen height (AH) 6.10 6.30

Abdomen width (AW) 6.00 5.70

Proboscis length (PBL) 4.90 4.90

Total bumblebee length (TBL) 7.00 7.10

Flower

Floral entrance height (FEH) 14.50 15.50

Floral entrance width (FEW) 8.80 9.60

Spur length (SL) 15.80 12.50

Lower sepal length (LSL) 22.80 13.80

185



Appendix 6.2 M orphological characteristics (for abbreviations refer to Appendix 6.1) compared among B. pascu on m  and three bumblebee species 
(B. hortorum, B. pralonim  and B. terrestris) using parametric tests (ANOVA F a n d  Dunnett’s post-hoc test) and non-parametric tests (M ood’s Median 
X^). ns = non-significant results, *p < 0.05, * * p <  0.001. Arrows indicate when measurements are bigger ( | )  or smaller (J.) than B. pascuortim.

HH HW TH TW AH AW PBL TBL

Post-hoc ^ 3, ,99 =26.21 /^3199 ~ 43.98 199 = 35.08 /^3,199= 24.13 -̂ 3,199 ~ 23.78 /^3 199 “  28.1 6 140 -^3,199“  26.84

comparisons ** ++ * + + + **

B. hortorum ns n ns *T ns - T ♦ T
B. pratontm n n n n n n - i n
B. terrestris n * T * T n "  T -i ns


