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ABSTRACT 

1. The studies described here primarily aim to evaluate the potential for 
ecological restoration to reinstate ecological structure and function to 
previously degraded communities. In particular, I investigated the extent to 
which key interactions between species have been re-established at restored 
sites. 

2. The interactions between the plants and pollinators, and between pollinators 
and their parasites of dry, lowland heathland communities were the main 
focus of these studies. A food web approach was used to analyse the 
structural and functional characteristics of plant-pollinator and plant- 
pollinator-parasite interaction networks, comparing restored and reference 
heathland communities. 

3. With regard to plant-pollinator networks, both the plant and visitor 
communities were successfully reinstated to restored sites, although the 
complexity of their interaction networks were reduced relative to reference 
communities. Despite this, the core pollinator guild was successfully re- 
established. However when investigating the restoration of the natural 
enemies of a key pollinator guild, the bumblebees, the establishment of the 
dipteran parasitoid family Conopidae, remained incomplete. Such higher 
trophic level specialists can therefore act as potential indicators of restoration 
success. 

4. Further investigation into the patterns and prevalence of the otherwise hidden 
community of bumblebee natural enemies was undertaken, providing the first 
comprehensive, quantitative assessment of bumblebee parasitism in the UK. 
Parasitism was found to be relatively common, with prevalence dependent on 
factors including host caste, species, and worker size. No conclusive evidence 
was found for the impact of parasitism on floral species preference or pollen 
collection by bumblebee hosts. 

5. A final investigation assessed the potential for positive interactions between 
non-native, invasive plant species. With increasing evidence illustrating 
detrimental synergistic effects of interacting invasive species, the impact of 
two, co-occurring invasive plant species was studied. However no evidence 
for facilitation was found when assessing pollinator visitation rates, pollen 
deposition, pollen limitation, or fruit and seed set. 
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CHAPTER ONE 

Introduction 

Published in part in: Memmott, J., R. Gibson, Caravalheiro, L. G., Henson, K., Heleno, 

R. H., Mikel, M. L., and Pearce, S. (In press) The Conservation of Ecological Interactions. 

In: Insect Conservation Biology. Stewart, A. J. A., New, T. R., and Lewis. O. T. (Eds). The 

Royal Entomological Society, London, U. K., pp. 226 - 244. 
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1.1 Introduction 

Restoration ecology 

"The conservation mind set is one of loss on a relativeb, short time 
horizon, whereas the restoration mind set is one of long-term recoi -erv " 

(Young, 2000) 

Global biodiversity is in severe decline and rates of species extinction today exceed 

those recorded during mass extinction events in the fossil record (Ricciardi & 

Rasmussen 1999; Reid 1997). Currently between 5-20% of global species of fish, 

birds and mammals are threatened with extinction (Pimm et al. 1995), whilst the 

International Union for the Conservation of Nature (IUCN) predict a global loss of 

20,000 flowering plant species over the next few decades. Anthropogenic habitat 

destruction and fragmentation are considered the primary cause of this loss of 

biodiversity (Ewers & Didham 2006), yet the area of natural habitat lost annually 

continues at a rate of 0.5%, whilst over 60% of ecosystems remain degraded or are 

used unsustainably (MEA 2005). Indeed land-use change has been predicted to exert 

the greatest impacts upon global biodiversity by the year 2100 (Sala et al. 2000). 

With biodiversity continuing to decline at exponential rates (Raven 2002), 

and forecasts for global decline in basic ecosystem services (MEA 2005) in spite of 

numerous conservation strategies and policies identifying and designating protection 

to critical species and ecosystems, the need for ecological restoration is increasingly 

recognised (Young 2000; Young et al. 2005; Palmer et al. 2006). By restoring 

degraded habitats, ecological restoration has the potential to increase habitat 

availability and landscape connectivity through the provision of buffer zones and 

dispersal and recruitment corridors that connect habitat fragments (Hobbs 1992; 

Bennett et al. 1994; Anderson 1995; Murcia 1995; van Dorp et al. 1997). By doing 

so, biodiversity can thus be reinstated to degraded areas where previous conservation 

management of its remaining species may no longer be adequate or practical 

(Dobson et al. 1997). 

The field of restoration ecology has therefore significantly advanced over the 

last decade. Drawing from ecological theory, restoration ecology focuses on the 
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amelioration of anthropogenic damage and the reinstatement of self-sustaining 

ecosystems through the processes of ecological restoration (Cairns & Heckman 

1996). It thereby provides a suite of tools that effectively speed up the restoration 

process necessary for its long-term recovery (Dobson et al. 1997). 

However deciding upon the goals or `end-points' of ecological restoration, or 
determining the specific attributes that define restoration success, are highly 

problematic (Simberloff 1990; Ehrenfeld 2000; Ruiz-Jaen & Aide 2005). The U. S. 

National Research Council (NRC) defined ecological restoration as "returning an 

ecosystem to a close approximation of its condition prior to disturbance [whilst] 

ensuring that ecosystem structure and function are recreated or repaired, and that 

natural dynamic ecosystem processes are operating effectively" (NRC 1992). Yet 

quantitative comparative data, or reference sites equal to the "condition prior to 

disturbance" are typically limited (Cairns & Heckman 1996; White & Walker 1997), 

whilst economic and social constraints frequently dictate the longevity of the 

restoration programme (Handel 1997; Higgs 1997). Consequently, many restoration 

projects fall short of reinstating adequately functioning systems that are self- 

regulating and self-sustaining (Pedroli & Harms 2001; Baron et al. 2002; Suding et 

al. 2004). In this chapter I introduce the key problems and current directions in 

ecological restoration, and discuss the importance of restoring ecological interactions 

to degraded systems. The main aims and structure of this thesis are outlined 

thereafter, whilst for each of the four data chapters that follow I introduce their 

specific subject areas in turn. 

Determining the goals of restoration 

"Restoration is a game with a moving target whose trajectory cannot be 

accurately predicted, and the target in am' event cannot quite be seen or 
characterised " 

(Simberloff 1990) 

Determining what to restore, or the resolution to restore to, in the face of ongoing, 

inherent variation of natural systems over both space and time, presents considerable 

challenges to restoration ecologists and is a subject of much debate (Aronson 

LeFloch 1996, Hobbs & Norton 1996, Palmer et al. 1997; Michener 1997; Parker 
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1997; White & Walker 1997). Indeed the end point of past restoration projects has 

encompassed both extremes, from restoring a single, target species, to restoring 

whole landscapes. With regard to the former however, simply the presence of the 

target species at the restored system is inadequate to guarantee its persistence. This is 

due to the considerable changes in species composition that occur over short periods 

of time as a consequence of natural variation (Herrera 1988; Petanidou & Vokou 

1993; Fishbein & Venable 1996; Minckley et al. 1999; Heywood & Iriondo 2003). 

Other studies have instead implemented surrogate measures to restore, whereby the 

presence of a particular group of species (e. g. indicator species, or focal taxa), 

provides an indication of the presence of essential attributes in the restored system 

that are required by the remaining biota (Lambeck 1997). Such surrogate measures 
have also been suggested in evaluating restoration programmes (Lambeck 1997; 

Andelman & Fagan 2000; Heywood & Iriondo 2003), although the usefulness of 

these surrogates as indicators of regional biodiversity has been debated (Andelman & 

Fagan 2000; Lindenmayer et al. 2002). 

More recently, ecological restoration has shifted towards restoring whole 

communities (Ehrenfeld 2000; Menninger & Palmer 2006). Yet determining 

fundamental boundaries that differentiate communities from ecosystems have further 

complicated restoration goals (Simberloff 1990; Morin 1999), whilst the organisation 

of communities and ecosystems themselves remain unclear (Paine 1988; Peters 

1988). For example, communities have been considered as collections of 

independent populations exhibiting collective properties (i. e. properties equivalent to 

the sum of the individual components), though the more accepted view suggests 

communities to be intricately and obligatorily linked populations such that they 

exhibit emergent properties rather collective ones (Simberloff 1990; Brown 1995; 

Levin 1998). This latter definition of interacting communities however has particular 

implications for restoration, as their emergent properties, by definition, cannot be 

predicted solely by the sum of their components, their effects typically greater than 

collective properties (Cardinale & Palmer 2002; Cardinale et al. 2002). Thus the 

restoration of the community components alone cannot guarantee the restoration of a 

fully interacting community itself. 

Not knowing what level to restore to is further complicated by the fact that 

this 'fuzzy target' is also a 'moving target'(Simberloff 1990). That is to say that the 

ecological community that is to be restored is one that is constantly changing as a 
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consequence of a number of abiotic and biotic factors, naturally or anthropogenically 
induced, working at both temporal and spatial scales (Southwood 1977; White & 

Walker 1997; Menninger & Palmer 2006). Consider the pollinators of the 

community for example. Their populations will fluctuate over the course of the 

flowering period (Gross & Werner 1983; Herrera 1988), whilst their distribution will 
be dictated to some extent according to the phenology of flowering in the community 
(Gross & Werner 1983; Ashman & Stanton 1991). Pollinator communities will vary 

within (Herrera 1988; Cane & Payne 1993), and between seasons (Pettersson 1991; 

Fishbein & Venable 1996), or change completely in composition over the lifetime of 

the longer-lived plant species (Petanidou & Vokou 1993; Roubik 2001). 

In terms of spatial variation, pollinator communities will vary locally 

according to plant population size and patch distribution (Thomson 1981; Westphal 

et al. 2003), and regionally according to the fragmentation of the matrix (Rathcke & 

Jules 1993). Furthermore, complications may arise at the landscape context, with 

different pollinators perceiving the landscape (Steffan-Dewenter 2002; Tscharntke 

Brandl 2004) and their surrounding matrix (Jules & Shahani 2003) at different spatial 

scales. These pollinators will in turn be potential hosts to a wide range of parasites 

and parasitoids. With hosts varying their phenology spatially and temporally, their 

parasites and parasitoids in turn will require flexibility in their own behaviour and 

physiology in locating their hosts, timing their oviposition, adjusting the length of 

host-bound development and timing their emergence to coincide with locating 

potential mates (Godfray 1994; Schmid-Hempel 1998). Thus variation in both time 

and space are crucial factors affecting the strength and diversity of interactions 

within all communities. 

Reference information is critical in defining realistic restoration goals. Firstly, 

reference sites provide baseline data against which the restoration programme can be 

compared when a) assessing its restoration potential, b) determining what to restore, 

and c) evaluating the trajectory of the restoration over time (White & Walker 1997). 

Secondly, it is crucial to understand the inherent natural variation over both spatial 

and temporal scales of the reference target community, before determining the 

degree of variation that is acceptable in the restored community (Pickett 1976: 

Aronson & LeFloch 1996; Palmer et al. 1997, White & Walker 1997). Indeed the 

resilience of a system can be seen as a function of its temporal and spatial variation 

(Tilman et al. 1996), with many degraded systems lacking the natural variation 
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needed to buffer their communities from future perturbations, leaving them 

unsustainable (Pedroli & Harms 2001; Baron et al. 2002). 
Replicating reference and restoration sites in both time and space are 

therefore important in determining the goals in restoration and in evaluating its 

success. More often than not however restoration projects lack adequate replication 
(Simberloff 1990; Osenburg et al. 2006). This may be due to the application of non- 

uniform treatments, or more commonly because suitable reference sites for highly 

threatened systems no longer exist (Cairns & Heckman 1996; Michener 1997). Yet 

although restoration sites have the potential to be used as large-scale experiments for 

the development and testing of basic ecological theory e. g. concepts such as 

community structure and function (Bradshaw 1987; Palmer et al. 2006), only more 

recently are researchers undertaking more rigorous scientific approaches in assessing 

ecological restoration (Osenburg et al. 2006). 

Evaluating restoration success 

"For many who have tried to restore viable self-sustaining populations to 
the wild, there has come a great sense of humility and wonder at the 
complexity of systems that have a deceiving appearance of simplicity" 

(Maschinski 2006) 

Ecological restoration, as defined by the U. S. National Research Council earlier in 

this chapter, requires both ecosystem structure and function to be returned such that 

ecosystem processes can operate effectively. Yet many restoration programmes in 

the past have focused more on reinstating the superficial structure rather than the 

function of that system (Simberloff 1990; Handel 1997; Palmer et al. 1997; Forup et 

al. in press). For example, past authors have used vegetative structure (Walters 2000; 

Wilkins et al. 2003), seed bank characteristics (Mitchell et al. 1999; Pywell et al. 

2002; Walker et al. 2004), or species diversity (Reay & Norton 1999; Passell 2000: 

McCoy & Mushinsky 2002) as their indicators of restoration success. Aside from 

confirming that their respective restoration projects are progressing in an upward 

direction along the restoration trajectory, little can be inferred about the 

reinstatement of function to that community from this type of data. Recall that 

community properties are not simply the sum of their individual components. Thus 
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although restoration may have successfully resulted in the return of species diversity, 

to the restored community, it is no guarantee that the processes those species are 
involved in have been re-established (Zedler 1993; Zedler & Callaway 1999). 

Consequently many restoration projects result in only partial restoration or 
`rehabilitation' of communities and systems, relying instead upon the resilience of 
the system itself to reinstate function on its own accord. By reinstating this basic 

community structure, e. g. the vegetative structure of the target habitat type, it \vas 

assumed that the organisms associated with such habitats would be expected to arrive 

and establish themselves over time (Anderson 1995; Handel 1997; Palmer et al. 
1997; Ormerod 2003). Referred to as the `Field of Dreams hypothesis' (Palmer et al. 
1997), this remains poorly tested, but relies on a variety of factors including the 

ability of species to disperse, recruit, and reinstate their interactions with other 

species, thereby contributing to the overall `functional redundancy' of that 

community. This `functional redundancy' refers to the ability of different species to 

play functionally similar roles (Walker 1992; Lawton & Brown 1993), an essential 

attribute of functioning and self-regulating ecosystems (Naeem 1998). Thus the 

functional role of a species that has yet to re-establish in the restored community, can 
be compensated for by those species that have been reinstated, thereby allowing the 

for the passive return of essential ecological processes over time, despite an initially 

less complex community (e. g. pollination (Corbet 2000; Kearns 2001); soil processes 

(Rhoades et al. 1998)). 

If functional redundancy is known to be high, then it is possible to set a 

minimal level for the restoration of species diversity that ensures the gradual 

establishment of ecosystem functioning (Palmer et al. 1997). Such `thresholds' have 

been tested theoretically (Lundberg & Ingvarsson 1998; Fonseca & Ganade 2001), 

although in reality data to support a suggested threshold level remains scarce 

(Lambeck 1997; Palmer et al. 1997), whilst potential surrogate species may actually 

behave differently (Montalvo et al. 1997). More generally, the factors involved in 

determining the extent of a community's functional redundancy remain poorly 

studied with regard to their role in restoration (Pywell et al. 2003: Walker et al. 

2004; Memmott et al. 2006). Restored habitats that fail to reinstate function together 

with the basic structure of the community have therefore been referred to as the 

`living dead' (Handel 1997), whereby the inadequate restoration of the ecological 

processes of that community results in that community failing to be self-sustaining. 
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For example, restoring a community's basic vegetative habitat without their required 

pollinators would limit it to a single generation, or result in inbreeding depression as 

a consequence of self-fertilisation or vegetative propagation (Dejong et al. 1993: 

Barrett 2003). 

More recently, the evaluation of restoration success has taken a more 
integrative approach by including a range of attributes as measures of restoration 

success. In particular, the Society for Ecological Restoration International (SER) in 

their 2004 primer (SER 2004), highlighted nine attributes of fully restored 

ecosystems. These included parameters of community structure that are easily 

comparable to their reference communities: species composition, diversity, 

distributional abundance, the presence of essential functional groups of species, the 

low abundance of ruderal and non-native species, and the ability of the physical 

environment to sustain the nesting and reproduction requirements of the species 

present. Parameters indicating the return of function to restored sites included: the 

absence of signs of dysfunction, the integration and interaction of the restored 

ecosystem with the landscape, a resilience to natural disturbances, and evidence of 

self-sustainability and persistence through natural variation or environmental change. 

Yet these latter attributes of community function are considerably harder and more 

costly to measure, and have thus been frequently ignored in the evaluation of the 

success of restoration projects (Ruiz-Jaen & Aide 2005). More recently however, 

research is beginning to focus on the restoration of function (Falk et al. 2006), 

evaluating ecological processes and interactions such as soil processes (e. g. Rhoades 

et al. 1998), parasitism (e. g. Huspeni & Lafferty 2004), and pollination (e. g. Forup & 

Memmott 2005b; Forup et al. in press). 

Restoring ecological interactions and networks 

"It is interesting to contemplate an entangled bank, clothed tit'ith many 
plants of many kinds, with birds singing on the bushes, with various 
insects crawling through the damp earth, and to reflect that these 
elaborately constructed forms, so different from each other, and 
dependent on each other in so complex a manner, have all been produced 
by laws acting around us. " 

(Darwin 1859) 
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In his concluding paragraph of The Origin of Species (1859), Darwin intuitiv elyy 

noted that species do not and cannot exist in isolation, but rather within an 
"entangled bank" of interactions. Indeed species interact with each other in a variety 

of ways, including competitive, trophic, and mutualistic interactions. Such 

interactions structure ecological communities (Hairston et al. 1960; Paine 1969; 

Stachowicz 2001; Chase et al. 2002; Cardinale et al. 2002; Bruno et al. 2003), and 

essentially drive important ecological processes in the ecosystem (Memmott et al. in 

press). For example, insects that act as decomposers together with the soil biota 

promote nutrient turnover and decomposition; pollinators transfer pollen between 

plants upon foraging for floral resources; frugivores transfer and disperse seeds; 

predators, parasitoids and parasites provide biological control. In doing so, species 
interactions thereby provide essential ecosystem processes and services that are 

necessary for the self-regulation and persistence of the community (Handel 1997; 

Palmer et al. 1997; Vander Zanden et al. 2006). 

Yet the capacity for ecosystems to provide such services is rapidly being 

eroded, if not surpassed, as a consequence of continual anthropogenic pressures 

altering their structure and function (Vitousek et al. 1997a; Palmer et al. 2004). 

Restoring ecological interactions to degraded systems can facilitate the return of 

functional processes, and indeed restoration ecologists now recognise species 

interactions as key attributes of successfully restored systems (Menninger & Palmer 

2006). Below I outline the important economic value of ecological interactions, 

introduce those species interactions that will be considered in this thesis, and briefly 

introduce the usefulness of a network approach as a tool in evaluating restoration 

success, with regard to the reinstatement of ecological interactions to restored 

systems. 

The value of ecological interactions 

Ecological interactions have been considered the currency of ecosystem 

services (Memmott et al. in press). Such services are essentially `gratis', representing 

`natural capital' that are of direct benefit to mankind (Hawken & Lovins 1999), and 

include services such as erosion control, nutrient recycling, pollination, seed 

dispersal, and pest control (Daily 1997; Norberg 1999). 
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Recently, the true economic value of ecosystem services has been realised, 
following costly attempts to replace them or mitigate the impacts that arise following 

their loss (reviewed in Pimentel et al. 1997; Balmford et al. 2002). Indeed Costanza 

et al. (1997) valued the global natural capital at a conservative average of USS33 

trillion -a value almost twice the global Gross National Product (GNP). More 

recently in 2006, four ecosystem services provided by insects alone (pollination, pest 

control, dung burial and recreation) were estimated at a total value per annum of over 
USD$57 billion (Losey & Vaughan 2006). Restoring ecosystems to reinstate their 

capacity for the provision of services is therefore valuable and economically viable 
(e. g. van Wilgen et al. 1996; Higgins et al. 1997; PCAST 1998; Heal 2000). 

Plant-pollinator interactions 

"silent springs and fruitless falls go hand in hand" 

(Carson 2002) 

Pollination is an essential ecosystem service responsible for the production of up to 

30% of food incorporated into our diet (McGregor 1976 cited in Losey & Vaughan 

2006), and therefore of high monetary value, globally estimated at US$12 billion 

(Costanza et al. 1997). Furthermore, up to 90% of all flowering plants are dependant 

upon animals for cross-pollination (Buchman & Nabhan 1996), 67% of which are 

pollinated by insects alone (Kearns & Inouye 1997). Yet it has been estimated that 

over the next 300 years, up to half a million insect species may become extinct 

(Miller 1993; Mawdsley & Stork 1995), whilst in 1999, the Sao Paulo Declaration on 

Pollinators highlighted the serious declines in the number of native pollinator species 

throughout America and Europe (Dias et al. 1999). This disruption to pollinator 

systems, globally widespread, has thus been coined "the pollinator crisis" (Buchman 

& Nabhan 1996). 

Such a "crisis" has been initiated and worsened by continual anthropogenic 

pressures impacting upon the pollinators themselves (Rathcke & Jules 1993; Kearns 

c't al. 1998; Spira 2001; Tscharntke & Brandl 2004). Habitat fragmentation can 

impact upon pollinator diversity (Aizen & Feinsinger 1994), pollinator abundance 

(Donaldson et al. 2002; Lennartsson 2002), and foraging distances (Powell & Powell 
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1987; Gathmann & Tscharntke 2002), whilst patch isolation and edge effects can 
impact upon seed set (Jennersten 1988; Steffan-Dewenter & Tscharntke 1999). and 

pollinator behaviour (Montgomery et al. 2003). Other pressures such as fire (Potts et 

al. 2001), pesticide use (Johansen 1977; Richards 1993), grazing (Kearns et al. 
1998), and the introduction of non-native species (Kearns & Inouye 1997; Steffan- 

Dewenter & Tscharntke 2000), have all contributed to the pollinator crisis. 

Despite the global impacts of declining pollinators on pollination services 
(Kearns & Inouye 1997; Allen-Wardell et al. 1998), plant-pollinator interactions 

have still received relatively little attention in restoration ecology (Neal 1998; 

Memmott 1999). Yet the restoration of degraded terrestrial systems more often than 

not involves restoring degraded and isolated plant populations. Pollinators can 

maintain self-sustaining populations through facilitating seed set, allowing gene flow 

between plants necessary in maintaining its genetic diversity (Kearns et al. 1998; 

Spira 2001). The reinstatement of plant-pollinator interactions to degraded systems is 

therefore crucial in ensuring the survival of the floral community beyond a single 

generation, and essential if ecological restoration is to succeed in re-establishing a 

self-sustaining community of plants and pollinators (Forup et al. in press). 

Host-parasite interactions 

"So, Nat'ralists observe, a Flea Hath smaller Fleas that on him prey, And 
these have smaller Fleas to bit 'em, And so proceed ad infinitum " 

(Swift 1733) 

Research increasingly sees parasites as important regulators in the ecology and 

evolution of their individual hosts, host populations, and even entire communities 

(Schmid-Hempel 1998). For example, hosts are constantly adapting to their parasites 

and vice versa through behavioural, genotypic and phenotypic adaptive responses 

(Horwitz & Wilcox 2005). Also, the capacity of the host to harbour natural enemies 

(Flatt & Scheuring 2004), and the role for both parties of genetic variation in 

mediating parasite transmission (Morand et al. 1996; Kraus & Page 1998; Schmid- 

Hempel 2000), and in determining parasite virulence (Lenski & May 1994: Nowak & 

May 1994; Ebert & Hamilton 1996), further stabilise and regulate host populations. 

Parasite,, therefore play an important role in structuring host communities (Dobson & 
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Hudson 1986; Price et al. 1986; Minchella & Scott 1991), whilst also mediating a 

range of competitive and predatory interactions (Price et al. 1986; Prenter et al. 
2004). Furthermore, parasites have been shown to influence the overall biodi\ crsity 

and functioning of communities (Mouritsen & Poulin 2002; Montoya et al. 2003). 

Such a diversity of roles is not surprising given the ubiquity of parasites in nature, 

with almost 100% of species parasitized (Esch & Fernandez 1993), and the richness 

of parasitic species exceeding that of free-living species (Price 1980). Furthermore, 

the very nature of parasites excludes them from existing in isolation due to their 
dependence on their host for survival (Smyth 1994). Indeed in the previous quote by 

Swift (1733), the recognition that hosts are parasitized by parasites that are 

themselves potential hosts to further parasites and so on, illustrates an early 

recognition of the potential complexity of host-parasite interactions within the 

broader network of ecosystems. 

Parasite-host interactions in communities are shaped by both the environment 

of the host itself and the host's natural environment. Parasites are therefore generally 

more susceptible to extinction than the hosts themselves, being subject to 

perturbations that impact on both environments rather than one alone (Didham et al. 
1998; Holt et al. 1999). Consequently, not only can parasites provide information on 

their hosts (such as host diversity, abundance, and trophic position, and therefore 

food web structure), but their persistence over time can act as an indication of 

repeated, ecological and seasonal patterns of both their host and their environment 

(Marcogliese & Cone 1997; Marcogliese 2003; Marcogliese 2005). Thus the value of 

using parasites as effective bioindicators of environmental degradation is 

increasingly being realised (Cone et al. 1993; Marcogliese 2003; Valtonen et al. 

2003; Marcogliese 2005). 

Yet despite this parasites are frequently excluded from food web studies 

(Huxham & Raffaelli 1995; Marcogliese & Cone 1997; Marcogliese 2003; Dobson et 

al. 2006). Their obscurity, effectively being "hidden players" of communities (i. e. 

the cryptic invertebrates, microbes and disease (Thompson et al. 2001)), may have 

limited past research, such that their omission in community ecology today is a 

consequence of historical biases. However it is now known that their exclusion from 

food webs can alter fundamental properties of network structure and function 

(Schoener 1989; Freeland & Boulton 1992; Huxham & Raffaelli 1995; Huxham et 

al. 1996; Lafferty et al. 2006). Incorporating such hidden players into community 
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studies is now a key direction in research, and indeed restoration ecologists are also 
beginning to acknowledge the importance of their restoration (Nienninger & Palmer 

2006). 

Alien (non-native) species interactions 

The last 200 years has seen an exponential rise in the frequency of both intentional 

and accidental introductions of non-native species, primarily due to the increase in 

human mobility and commerce (Lovei 1997; Mack et al. 2000; Levine & D'Antonio 

2003; Pauchard & Shea 2006). The arrival and subsequent establishment of alien 

species into new habitats, usually far beyond the native range of their distribution 

(Hodkinson & Thompson 1997; Mack et al. 2000; Richardson et al. 2000), is a 

global phenomenon: Vitousek et al. (1997b) found that up to 3 5.8% and 82.8% of all 

naturalised vascular plant species on continental areas and islands respectively were 

established alien species. This ability of alien species to overcome geographical, 

abiotic and biotic, reproductive, and dispersal barriers of their new environment 

qualifies them as successful invaders (Vermeij 1996; Richardson et al. 2000), and 

their proliferation and persistence outside their natural range has huge implications 

for native biodiversity (Drake 1989; Vitousek et al. 1997a; Chapin et al. 2000). 

Alien invasive species negatively impact upon communities and ecosystem 

processes, primarily by altering and competing for resources otherwise available to 

native species (Vitousek et al. 1987; Von Holle et al. 2006), by affecting disturbance 

regimes and the physical structure of the ecosystem (Bertness 1984; D'Antonio & 

Vitousek 1992), and by acting as predators and parasites of native species 

(Anagnostakis 1987; Taraschewski 2006). Furthermore, alien invasive species can 

contribute to the loss of ecosystem services by interfering with native mutualisms 

(Traveset & Richardson 2006) and altering native interaction webs (D'Antonio & 

Vitousek 1992; Memmott & Waser 2002; Morales & Aizen 2002; O'Dowd et al. 

2003; Traveset & Richardson 2006). Ultimately therefore, alien invasive species 

accelerate native species extinctions (Wilcove et al. 1998; Sax & Gaines 2003), 

homogenise the global biota (Lovei 1997; Sax & Gaines 2003), and thereby threaten 

global biodivversity (Wilson 1992; Wilcove et al. 1998). 
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Restoration ecologists are therefore faced with restoring degraded 

communities against a backdrop of an exotic-dominated world (D'Antonio & 

Chambers 2006), such that the restoration of habitats and ecosystems increasingly' 

involve managing for alien invasive species. Firstly, restoration programmes 

typically involve the removal of alien invasive species. This may involve the removal 

of species that contributed to the degradation of the system in the first instance, or 
indeed the removal of species that colonise and invade the habitat during the 

restoration process itself (Anderson 1995; D'Antonio & Chambers 2006). Secondly, 

restored habitats are themselves highly susceptible to invasions, as their communities 
lack the ability to exclude alien invaders. This may be due to the availability of 

unoccupied niches during the early stages of restoration, where, for example, the 

presence of open space and unused nutrients during the pioneer stages of the restored 

native vegetation may facilitate the colonisation of alien plant species (Anderson 

1995). Alternatively, the simplification of species interactions in degraded or 

partially restored communities may reduce their resistance to invasions. Indeed the 

complex array of interactions between native species can mediate species extinctions 

(Memmott et al. 2006) and the impacts of alien invasions (Prenter et al. 2004), whilst 

providing inherent resilience to the community itself (Sole & Montoya 2001; Dunne 

et al. 2002; Ives & Cardinale 2004; Memmott et al. 2004). 

To manage for invasive exotics in restored systems, restoration ecologists are 

therefore faced with implementing effective removal programmes (i. e. a top-down 

control approach, whereby the invasive species is reduced or removed), as well as 

preventative measures (i. e. a bottom-up control approach, whereby the properties that 

contribute to resistence against invasions are restored) (McEvoy & Coombs 1999; 

D'Antonio & Chambers 2006). Understanding the degree to which an alien invasive 

species can impact upon the establishment of species already present, or upon future 

successional or colonisation events of both alien and native species at restored sites, 

is critical if ecologists are to fully understand the mechanisms that drive species 

invasions. Only then can the processes that need to be overcome for restoration to be 

successful, be identified effectively (Zavaleta et al. 2001; Levine et al. 2003; 

D'Antonio & Chambers 2006). 
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Interaction networks 

Early studies of interaction networks were in the form of food webs, documenting 

predator-prey or host-parasite relationships and thereby linking species from a 

number of different trophic levels into a community (e. g. Hairston et al. 1960; Paine 

1966; Menge & Sutherland 1976). Food web theory provides an important analytical 
tool for the study of the structure or topology of food webs, and the important 

characteristics they might infer. For example, the strength, number and distribution 

of species interactions of a food web can be analysed (Paine 1980; Jordano 1987: 

Pimm et al. 1991; Paine 1992; McCann et al. 1998), providing measures such as 

connectance (the proportion of the total number of possible interactions between 

species that actually occur (Martinez 1991)) and linkage density (the number of links 

per species (Pimm et al. 1991)). Such measures provide an indication of the 

complexity of the community or ecosystem studied (Pimm & Lawton 1980; Yodzis 

1980; Jordano 1987; Martinez 1992; Raffaelli & Hall 1992; Brualdi & Sanderson 

1999; Bascompte et al. 2003; Kondoh 2003; Krause et al. 2003). 

More recently, the use of food web theory in analysing the characteristics of a 

more diverse suite of interaction networks is being realised. Aside from analysing 

negative interaction networks such as predation and competition, food web theory is 

now being incorporated into interaction networks that instead involve mutualistic 

associations such as plant-pollinator networks (Jordano 1987; Fonseca & Ganade 

1996; Memmott 1999; Dicks et al. 2002; Forup & Memmott 2005b; Bascompte & 

Jordano 2006). Furthermore, the study of interaction networks rather than specific 

interactions in isolation, has furthered our understanding of network properties such 

as those that provide stability to networks (Sole & Montoya 2001; Dicks et al. 2002; 

Dunne et al. 2002; Melian & Bascompte 2004). Such properties have been found to 

govern a network's resilience to both primary and secondary species extinctions 

(Dunne et al. 2002; Ives & Cardinale 2004; Memmott et al. 2004; Sole & Montoya 

2006). 

Consequently the use of interaction networks as an important analytical and 

predictive tool in the conservation of ecological interactions is increasingly 

recognised (Memmott et al. 2006; Memmott et al. in press), particularly as they are 

continually threatened by the loss of component species and the addition on non- 

nativ-e species (Kearns et al 1998). Interaction networks have thus been used to study 
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and predict the impacts of pollinator extinctions (Memmott et al. 2004), apparent 

competition (Morris et al. 2004), and habitat modification (Tv lianakis et al. 2007). 

Yet with regard to the field of restoration ecology, the contribution of interaction 

networks and food web theory to the planning and evaluation of ecological 

restoration is only just becoming apparent (Vander Zanden et al. 2006; Forup et al. 
In Press). In particular, the application of an interaction-driven approach has the 

potential to identify key subsets of ecological interactions that are important in 

determining the outcomes of restoration (Zavaleta et al. 2001; Roemer et al. 2002), 

whilst also providing a useful tool for evaluating the restoration of community 
function. 

Aims of this study 

The work presented in this thesis primarily aims to determine the potential for the 

restoration of key ecological interactions following ecological restoration 

programmes. In doing so, I focus particularly on the plant and pollinator interactions 

and the host and parasite interactions of communities undergoing restorative 

management to evaluate restoration success. A food web approach was used to 

analyse both the structural and functional characteristics of these interaction 

networks for the comparison of restored communities against baseline, reference 

communities. Finally I investigated the potential for positive interactions between 

non-native, invasive species, with regard to understanding how to manage such 

interactions effectively within restoration programmes. 
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1.2 Thesis structure 

Chapter two focuses on the plant and insect communities of restored heathlands located 

in south Dorset, UK, following eleven and fourteen years of restorative management. 
Here I evaluate the return of both the structural and functional parameters of the 

pollination network, using the reinstatement of the plant-pollinator interactions as a 

surrogate measure of returning community function. A network approach was used to 

compare network topology between four pairs of restored and ancient heaths over two 

years. 

In Chapter three, I use the same system as in the previous chapter, expanding my 

approach to include an assessment of the host - parasite interactions in the community. 
Here the bumblebee flower visitors and their natural enemy community were the focus 

of this study, using interaction networks to compare six pairs of restored and ancient 
heathland communities. Here I determine whether all levels of the tri-trophic community 

were reinstated to restored heathlands. 

In Chapter four, I examine the prevalence and patterns of parasitism in 

bumblebees of the heathland communities studied in Chapter three, to both update the 

relatively depauperate knowledge of bumblebee parasitism in the UK, and to provide 
baseline data on the extent of parasitism for bumblebee host species on British, dry 

lowland heathland. 

In Chapter five, I assess the interactions that occur between two alien invasive 

plant species Linaria vulgaris and Cirsium arvense, in the alpine wildflower 

meadows of the Rocky Mountains of Colorado, USA. I ask what potential there is for 

facilitative interactions to occur between these two alien invasive species to 

determine which processes need to be overcome in order to manage their invasive 

spread. 

Finally in Chapter six, I bring together the main findings of the thesis. I 

consider their application in the wider context, discuss the importance of 

incorporating the study of ecological interactions into restoration ecology, and 

outline potential directions for future research. 
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CHAPTER TWO 

The restoration of plant-visitor interactions in dry lowland 

heathland 

In: Forup, M. L., Henson, K. S. E., and Memmott, J. (In Press) The restoration of 

ecological interactions: plant-pollinator networks on ancient and restored heathlands. 

Journal of Applied Ecology. 
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CHAPTER TWO 

The restoration of plant-visitor interactions in dry lowland 

heathland 

Summary: Ecological restoration has the potential to replace essential 

ecosystem services, yet many restoration projects tend to focus solell, on 

reinstating structure, expecting function to return to the communiti' on its own 

accord. However this is neither guaranteed nor adequately assessed, such that 

many restoration projects fail to reinstate functioning or self-sustaining 

communities. 

This chapter assesses the return of both structural (species abun dune '. 

diversity and composition) and functional parameters (the reinstatement of 

species interactions) of plant pollinator communities to restored heathlands, 

following eleven and fourteen years of restoration. A network approach has used 

to evaluate their restoration success by mapping species interactions into 

interaction networks, allowing the four pairs of restored and ancient reference 

communities to be compared in both sampling fears. 

Both the flower and insect communities were found to be successfully 

reinstated at restored heathland following fourteen years of restorative 

management. However restored heaths were found to be functionally less 

complex than their paired reference sites with regard to the density and 

proportion of interactions realized between their species, whilst also 

experiencing a lag in floral resource availability. With regard to species 

composition, adjacent heathlands did not share any more species than with more 

distant heaths, suggesting that the requirement for restoration sites to be 

adjacent to ancient communities is unnecessary regarding the re-establishment of 

insect visitors. Furthermore, a large proportion of species tigere found to van 

markedly over both time and space, with most of this attributed to temporal 

variation. However a great majority of visitors to heaths, represented by only a 

small proportion of species, were consistent over both space and time, suggesting 

the successful reinstatement of core pollinator guilds to restored heathlands. 
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2.1 Introduction 

Heathlands are man-made habitats that arose during the Bronze Age 3000 - 4000 

years ago, and are representative of former traditional agricultural systems that 
dominated Western Europe up until the 18`h Century. However much heathland was 
converted to forestry or lost to urban expansion following the intensification of 
agriculture (Moore 1962; Walker et al. 2004). Consequently the UK has seen the loss 

of over 80% of the original extent of ancient heathland, with 40% of these losses 

having occurred since the 1950's (Symes & Day 2003). Today remnant fragments 

are further threatened by the continual encroachment of scrub and succession to pine 

at a rate of 1.7% per year (Rose et al. 2000), otherwise kept in check through 
intensive conservation management that have since replaced past traditional 

agricultural practices. 

Heathlands represent one of the few remaining semi-natural habitats in 

Europe, providing essential refugia for many rare and protected reptile and bird 

species (Bibby 1978; Webb & Haskins 1980; Spellerberg 1989; Liley & Clarke 

2003), as well as supporting many endangered invertebrate species (Kirby 1992). 

Consequently heathlands are high-priority habitats for biodiversity and wildlife 

conservation, and are protected under the EU Habitats Directive. Moreover, due to 

the National Lowland Heathland Biodiversity Action Plan, the UK Government has 

committed itself to the restoration of 6000 hectares of heathland by 2010, alongside 

the conservation management of the current 58,000 hectares that exist (Biodiversity 

Action Plan website). Much of this restoration began in the mid 1990's, 

predominantly on habitats close to existing heathland that were themselves heathland 

previously, but had since been converted to other land uses (e. g. agriculture or 

forestry). 

The restoration of heathland in the UK has been considered to be most 

successful on former conifer plantations (Pywell et al. 2002; Walker et al. 2004). 

However the success of heathland restoration has frequently been defined by the 

speed at which the heathland floral community re-establishes, with the persistence of 

the seed bank and heathland soils present in the restored area used as a predictor for 

the longer-term success of the restored heathland (Mitchell et al. 1999; Pyw el l et al. 

2002; Walker et al. 2004). This focus on restoring habitat structure, whist paving 
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minimal attention to the restoration of ecological function, is common in ecological 
restoration (Simberloff 1990; Handel 1997; Forup et al. in press). Yet community 
function is essential for the self-maintenance and self-regulation of communities, and 
is driven by the ecological processes and services arising from interactions that occur 
between species of that community (Loreau et al. 2001; Naeem 2002). Without such 
interactions, a community under restoration is unlikely to persist beyond the 

restoration programme (Falk et al. 2006). Instead, restoration programmes rely on 

passive rehabilitation to return function to the restored community over time 
(Anderson 1995; Ormerod 2003). However this is a slow process, dependent upon 
the re-establishment and re-assembly of interactions between species - processes 

which remain poorly understood in the context of restored systems (Simberloff 1990; 

Handel 1997; Pywell et al. 2002; Walker et al. 2004; Memmott et al. 2006). Thus the 

return of function to a restored habitat is far from guaranteed or adequately assessed 
in restoration (Zedler 1993; Neal 1998; Zedler & Callaway 1999). 

Furthermore, environmental stochasticity and variation over both time and 

space will tend to act more directly upon the structure of a community (i. e. species 
diversity, abundance and composition), than upon its function (e. g. processes and 

services such as pollination and pest control). Species abundance and composition 

for example are directly affected by environmental conditions and other biotic factors 

such as regional and local species pools and disturbance regimes (White & Walker 

1997; Potts et al. 2003; Price et al. 2005). However the impact of such factors on the 

ecological processes and services can be effectively buffered by a community due to 

its inherent functional redundancy. Such redundancy occurs in intact communities, as 

they are able to compensate for any missing or degraded species by replacing them 

with other, functionally similar species from their species pool (Walker 1992; Naeem 

1998). Consequently the evaluation of restoration success through measuring 

community structure alone can be misleading, particularly if the assessment of the 

restoration is limited temporally (i. e. assessing restoration at only one point in time), 

or spatially (i. e. assessing restored sites against too few or inappropriate reference 

sites). Both ecological structure and function should therefore be assessed 

simultaneously to determine the potential for community persistence and resilience 

to natural perturbations (Falk et al. 2006; Forup et al. in press: Niemmott et al. in 

press). 
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As the interactions between species are essentially the currency of ecosystem 

services, assessing their reinstatement to restored communities can provide an 
indication of the re-establishment of ecosystem processes and services. Indeed it is 

the reinstatement of these services that remains one of the most challenging areas in 

restoration ecology. Yet the use of interactions between species as potential 
indicators of restoration success or habitat quality is rarely adopted (Tscharntke et al. 
1998; Forup et al. In Press). This study evaluates the reinstatement of interactions 

between plants and their potential insect pollinators to communities undergoing 

ecological restoration. By taking a food web approach, these interactions can be 

mapped into interaction networks and analysed for entire communities (Jordano 

1987; Memmott 1999), thereby allowing a more holistic approach to the assessment 

of community restoration. For example, by comparing interaction networks between 

restored and reference communities, not only can aspects of community structure 

(such as species composition and abundance) be analysed, but the interactions 

themselves can inform restoration ecologists of the complexity of their restored 

communities relative to their reference sites. Such measures of complexity are 

particularly important as they can determine a community's resilience to 

environmental perturbations such as habitat loss and species extinctions (Sole & 

Montoya 2001; Dunne et al. 2002; Ives & Cardinale 2004). 

This study uses quantitative interaction networks to evaluate the restoration 

of the plant and pollinator community to heathlands in south Dorset, England. In this 

chapter I focus on the following four questions: 

1) Are the interaction networks of ancient heaths more complex than restored heaths`? 

2) Have the flower and insect visitor communities been reinstated in restored 

heathlands? 

3) Do the pollinators of restored heaths originate from their adjacent, ancient heaths? 

4) Did the pollinators of restored heaths become more similar in composition to 

ancient heaths over time? 
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2.2 Methods 

Using a paired design with both spatial and temporal replication, this study evaluates 
the restoration of pollinator communities to restored heathlands. The reinstatement of 

pollinator diversity, abundance and pollinator interactions to restored systems is 

crucial to ensure the return of pollination services, these being essential for the 

reproduction of the vast majority of flowering plants and the maintenance of genetic 
diversity in the seed bank (Neal 1998). Here, four pairs of ancient and restored 
heathland communities were compared for their plant and visiting insect 

communities in 2001 and 2004 following eleven and fourteen years of restorative 

management respectively. The abundance and diversity of insect visitors were taken 

as a measure of returning community structure, whilst the flower-visitor interactions 

were quantified to provide an indication of the return of ecological function. 

Study habitat 

Typical dry, lowland heath exist on impoverished soils that support a species-poor 

plant community, primarily dominated by ericaceous shrubs and dwarf gorses 

interspersed with lichens, bryophytes, and scrub, usually under sparse tree cover. In 

Dorset, 96% of the heathlands have been designated as Sites of Special Scientific 

Interest (SSSI's) under the Wildlife and Countryside Act 1981. Currently 20% of the 

total international area of dry lowland heathland is located in Britain (Auld et al. 

1992), of which 12% (6000 ha) is found in Dorset. By concentrating the sites within 

this region the influences of changing geology, soil type and climate on the 

composition of heathland communities were minimised. 

Site selection 

Four ancient (A 1-A4) and four restored (R1-R4) heathland fragments located in the 

Purbeck District in south Dorset, England, were paired according to geographic 

location, management intensity and management technique (e. g. grazing and 

burning) by M. L. Forup in 2001 (Table 2.1; Figure 2.1) (Forup 2003). Plots within a 
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pair were separated by distances ranging between 0.5 to 3.6 kilometres, with pairs 

separated by 2 to 12 kilometres. The variation in separation distances were as a 

consequence of the continual fragmentation of remnant heathland by urban 

expansion. Ancient heaths of these pairs acted as controls against which restored 

sites were compared. The ancient heathland sites chosen were remnant fragments of 

the original heathland extent that reached its maximum as a single, vast landscape 

over 300 years ago (Symes & Day 2003). Today these remaining fragments vary 

significantly in quality, size and locality, as a consequence of urban expansion and 

conversion to agriculture (Walker et al. 2004). Ancient sites were selected to be 

similar in fire history and management regime (i. e. grazing, rotational heath and 

gorse maintenance, and scrub control such as pine felling, rhododendron spraying, 

and bracken control), and all were more than 250 years old. 

Restored heathland sites were heaths that were once originally part of the 

single, continual heathland landscape, but underwent afforestation with pine 

(predominantly with Scots pine, Pinus sylvestris, and Maritime Pine, Pintrs pinaster) 

in the 1950's. Typically, managers choose to restore formally afforested heathland 

rather than former arable land (Walker et al. 2004), as their more suitable soils and 

existing relict seed banks promote the regeneration of the heath flora and the 

expansion and linkage of the ancient extant fragments (Symes & Day 2003). Their 

restoration back to heath began in the early 1990's in the UK, with an aim to increase 

linkage to existing remnant fragments and the overall heathland area (Anon 1995). 

Such programmes primarily involve tree felling, the removal / loosening of humus 

and topsoil, and scrub control (Auld et al. 1992). 

Sampling protocol for network construction 

Data collection was conducted during the summer of 2001 by M. L. Forup and in 

2004 by K. S. E. Henson on the four pairs of restored and ancient heathland sites. 

Sampling was conducted every 17 - 21 days between late April and the end of 

September in 2001 by M. L. Forup, and between early May and the end of September 

in 2004 by KS. E. Henson. This resulted in eight sampling sessions per site per year. 

Slightly different sampling methods were used in the two years, as the methods in 

2004 were changed to conform to methods used in other ongoing pollination 
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projects. In 2001, circular sampling plots each of 100m radius were established b% 

M. L. Forup. At the start of each sampling session, two 100m transects radiating out 
from the centre of the plot were randomly selected. In 2004, these plots were re- 

established as 100m x 100m square plots, their central point being the same as the 

central point of the circular plots previously established in 2001. For each of the 

square plots, one of the four 100m edges was established as the baseline. Ten 100m 

long transects spaced l Om apart along this baseline were divided into two blocks of 
five transects each. At the beginning of each sampling session, one transect from 

each block was randomly selected for sampling. Although plot sizes were larger in 

2001 (31,416m2 in 2001 vs. 10,000m2 in 2004), the actual area sampled for flora and 
fauna was the same for both years (2 x 100m transects x8 sampling sessions). 

1) Floral sampling: 

In 2001 and 2004, two 100m long transects were surveyed at each plot per sampling 

session for flowers. Six quadrat recordings were taken at 15m intervals along each 

transect, and the total number of flowers and number of floral species within the 

quadrat area were recorded. For the dominant plant species Erica tetrali_t, Erica 

cinerea, and Calluna vulgaris, floral abundance during peak bloom was estimated by 

multiplying the mean number of flowers per floral spike by the number of floral 

spikes present. Mean floral abundance and species richness were calculated per m2. 

2) Insect sampling: 

The two 100m transects sampled for flora at each plot per sampling session were also 

used to sample visiting insects in both 2001 and 2004. Sampling only took place 

under calm, warm and dry conditions, and were rotated through morning, early 

afternoon or late afternoon sessions over the season for both sampling years. This 

was done to avoid differences that may have emerged due to variation in insect 

activity over the course of a day. Each transect was walked twice and all insects 

found interacting with a flower 1m either side of the transect line were captured 

using a sweep net, or directly into a glass vial containing ethyl acetate (lethal 

relaxant). Queen bumblebees were not collected to minimise impact upon colony 

densities. The floral species foraged on by the insect sampled was recorded. The area 

sampled for insects was consistent for both sampling, Years at 2x 200m`2 per transect. 
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All insects were identified to species or morphotype by taxonomists at the National 

Museum of Wales, with exception to bumblebees in 2004 where identification was 
done by K. S. E. Henson using Prys-Jones & Corbet (1991) and Benton (2000). 

Workers of Bombus lucorum and B. terrestris were grouped as B. luc/zerr in both 

years due to the difficulties in separating these species, similar to Dicks et al. (2002). 

Data analyses 

Q1) Are the interaction networks of ancient heaths more complex than those of 

restored heathlands? 

The visitation data from both 2001 and 2004 were used in the construction of 

quantitative flower visitation networks for each of the heathlands sampled. These 

networks were drawn using a program written in MathematicaTM. Food web statistics 

calculated for the plant-visitor networks include: 1) the maximum number of links 

possible (calculated as i*p where `i' and `p' are the number of insects and plants 

respectively), 2) the number of realized links (the actual number of trophic 

interactions that occur between the species in the network), 3) linkage density (the 

mean number of links per species), and 4) connectance (the proportion of the total 

number of possible interactions between species that actually occur, calculated by 

dividing the number of maximum links possible by the number of realized links; 

resulting in a value bound between 0 and 1). 

Q2) Have the flower and insect visitor communities been reinstated in restored 

heathlands? 

The flower and visitor communities were compared between restored and ancient 

heathland of the pairs for both 2001 and 2004. Parameters compared for the floral 

community included floral abundance, species richness, the proportional distribution 

of the dominant floral species, species diversity (using the Shannon Weaver Index), 

and community evenness (where a value of 1 indicates the equal representation of 

each species in the community) (Magurran 2004). Parameters compared for the 

insect community included the abundance and species richness of all insect species. 
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of Hymenoptera, of Diptera, and of the remaining species. Species diversity and 

community evenness values were also calculated for the whole insect community. 
All analyses were carried out using Minitab version 14.13 (Minitab Inc. 

2004), and proportional data were arcsine-root transformed prior to anal`'sis. Paired 

T-tests and its non-parametric equivalent the Wilcoxon signed rank test were used to 

compare restored communities to their paired ancient communities for these 

community parameters. This was done within each of the two years these sites %\, ere 

sampled. Communities sampled from restored and ancient sites in 2001 were further 

compared to their respective communities sampled again in 2004 to determine the 

extent to which they had changed over time. 

Q3) Do the pollinators of restored heaths originate from their adjacent, ancient 

heaths? 

The percentage of insect species shared between any two sites sampled was used as a 

measure of similarity in species composition and calculated using the raw data on 

species richness collected for each site. This presence / absence measure was further 

complemented by re-calculating the percentage of species overlap after weighting for 

abundance. In this way the percentage of the total visitor abundance represented by 

shared species of any two sites was calculated. 

Q4) Did the pollinators of restored heaths become more similar in composition 

to ancient heaths over time? 

Species composition at restored and ancient heaths were compared between 2001 and 

2004 using Paired T-tests. Correspondence analysis, an ordination technique, was 

also used to graphically describe the variation in the species composition over time. 
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2.3 Results 

Ql) Are the interaction networks of ancient heaths more complex than those 

of restored heathlands? 

The plant and insect communities of restored and ancient heathland sites sampled 

were linked into complex visitation networks, with entomophilous insects linked to 

floral species through their foraging visits. Such plant-visitor interactions can be 

illustrated quantitatively through interaction networks that describe both the 

abundance and species richness of the two trophic levels involved. Figure 2.2 

provides an illustration of an interaction network for one of the four pairs of restored 

and ancient heathland sampled in 2004 (see Appendix A for remaining networks). 

Network statistics were calculated for each community for both 2001 and 

2004. In 2001 the interaction networks of ancient heathland sites had significantly 

greater numbers of realized links than did their paired restored sites, leading to 

significantly higher linkage density and connectance values (Table 2.2). By 2004, the 

number of realized links between restored and ancient heaths were no longer 

different, although both linkage density and connectance values were still 

significantly greater at the ancient sites of the pairs (Table 2.3). Also, ancient 

community networks significantly increased in their connectance between 2001 and 

2004 (Paired T-test, t= -6.79, p=0.007). The increase in connectance found for 

restored communities between 2001 and 2004 however were of marginal 

significance (Paired T-test, t= -3.19, p=0.050) (Table 2.4 and 2.5). 

Q2) Have the flower and insect visitor communities been reinstated in 

restored heathlands? 

The floral community: In both 2001 and 2004, the floral community of the 

heathlands sampled were low in species diversity, a typical characteristic of 

heathlands. Communities were dominated by two species of Ericaceae, Erica cinerea 

and Calluna vulgaris. Other core flowering species found in all plots included the 
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ericaceous species Erica tetralix, and three species of Fabaceae, Ulex europaeus, 
Ulex minor, and Ulex gallii. A further Red Data Book species confined solely to the 

Dorset heathlands, Erica cilliaris, was recorded in RI in 2004 only. No significant 
differences were found in the abundance of floral resources available to foraging 

insects between restored and ancient sites, in either 2001 or 2004 (Table 2.2 and 2.3). 

In 2001, ancient sites had significantly greater flowering proportions of Erics, 

spp. (Erica cinerea and Erica tetralix combined) and of E. cinerea than did the 

restored sites of the pairs, although this significance was lost by 2004 (Table 2.2). 

Restored sites however had significantly greater flowering proportions of C. vulgaris 

than did ancient sites in both 2001 and 2004 (Table 2.2 and 2.3). Between 2001 and 

2004, floral species richness decreased at restored sites (Table 2.4). This was mainly 

accounted for by the reduction in the number of ruderal, weedy species recorded at 

low abundance in restored sites in 2001, and was further reflected in the signi1 cant 

reduction in floral species diversity calculated for each sampling year (Table 2.4). 

The floral community at restored sites also significantly increased in evenness over 

time (Table 2.4). Ancient sites however showed no change in its floral community 

between 2001 and 2004 (Table 2.5). 

The insect community: In 2001, a total of 2723 insect visitors represented by 112 

identified species were sampled from the four pairs of restored and ancient dry 

lowland heathland sites over the season. 58.87% of visitors were sampled from the 

four ancient heathland sites, with 41.13% from the restored sites of the pairs. In 

2004, a total of 2836 insect visitors represented by 126 identified species were 

sampled. 51.26% of these visitors were sampled from the four ancient heathland 

sites, with 48.74% from the restored sites of the pairs (Appendix A). 

In 2001, ancient heaths had significantly greater species richness than 

restored heaths (Table 2.2), although no differences were found between ancient and 

restored sites by 2004 (Table 2.3). All other insect community parameters measured 

did not differ between restored and ancient communities for either year sampled. 

Similarly, measures of diversity and evenness of the insect community did not differ 

between pairs of restored and ancient sites in either 2001 or 2004 (Table 2.2 and 2.3). 

However between 2001 and 2004, restored communities significantly increased in 
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dipteran abundance (Table 2.4), whilst ancient communities increased in evenness 
(Table 2.5). All other parameters measured showed no change over time. 

Q3) Do the pollinators of restored heaths originate from their adjacent, 

ancient heaths? 

Whilst Figure 2.3 shows a correlation in insect species richness between paired 

restored and ancient heathland communities, there was little evidence to suggest the 

origin of species at restored sites from their adjacent, ancient heathland sites. In 

2001, paired restored and ancient sites shared only between 26.67% and 36.92% of 

their species, although the restored sites of pairs 2,3 and 4 shared more species with 

their respective ancient site than any other site (Table 2.6a). However the increased 

similarity within these three pairs was very slight. Furthermore, the greatest overlap 

in species composition was still only 37.04% of the total number of species (between 

sites A2 and A4). In 2004, paired sites shared a slightly greater proportion of species 

than in 2001, ranging between 30.30% and 41.86% of species shared, but only in 

pairs 1 and 4 did the restored site have the greatest overlap with its respective ancient 

site than with any other site (Table 2.6b). The greatest overlap in species composition 

however was still only 45.65% (between A2 and A3). 

When the proportions of species overlap were weighted in terms of their 

abundance, pairs of restored and ancient sites showed much greater overlaps in their 

species composition. In 2001, between 86.12% and 93.86% of visitors were from 

shared species, with pairs 1 and 4 showing the greatest overlap within each other 

than with other sites (Table 2.6a). Such high percentage abundances of overlap in 

both years can be attributed to the high proportion of honeybees that dominated the 

insect community, followed by various species of bumblebees, particularly B. 

lucorum and B. terrestris. In 2004, between 88.55% and 92.66% of visitors were 

from shared species, with restored sites in pairs 3 and 4 showing the greatest overlap 

within each other than with other sites (Table 2.6b). Again this could be attributed to 

the dominance of honeybees and bumblebees at the heathland sites. 
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Q4) Did the pollinators of restored heaths become more similar in 

composition to ancient heaths over time? 

The percentage of species overlap in the insect communities of restored and ancient 

sites increased significantly from 2001 to 2004 (Paired T-test, t= -4.3 5, p=0.001). 
However the mean proportion of species common to both restored and ancient sites 
in 2004 were still relatively low, at 32.11 + 1.25% (compared to 27.97 + 1.08% of 

species shared between restored and ancient sites in 2001). When the data were 

weighted in terms of species abundance, no differences were found in the proportion 

of overlap between restored and ancient communities over time (Paired T-test, t= 

0.09, p=0.93 1). 

However it was evident that the insect community composition varied 
dramatically over time. When comparing the percentage of species common to both 

years for any given site, the percentage of overlap ranged between only 21.21 % and 

39.02% (Table 2.7), with the remaining 61% to 79% of the insect community 

changing in composition at the same site between 2001 and 2004. Yet after 

weighting for abundance, a much greater overlap was seen, with the identity of 

between 75.48% and 92.15% of visitors being similar between 2001 and 2004. Thus 

a minority of insect visitor species were consistent between years, with the majority 

fluctuating over time. To illustrate this temporal variation in species assemblages 

between restored and ancient sites, the first two dimensions of a correspondence 

analysis are presented in Figure 2.4. Each point represents the species composition 

for a site sampled over a whole season for each year it was sampled. Immediately 

apparent is the separation of sites into clusters according to year along the first 

component axis (dominant over the 2nd axis), with no pattern emerging for site 

treatment (i. e. restored or ancient sites). Annual stochasticity is therefore an 

important factor determining species assemblages across the heathland. 
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2.4 Discussion 

This study found the floral and insect communities successfully reinstated at restored 
heathland, following fourteen years of restorative management. However measures 
of functional complexity of the plant-visitor networks remained reduced at restored 
sites compared to their paired ancient reference networks, whilst differences in floral 

composition were still present between restored and ancient sites. With regard to 

species composition, adjacent heathlands did not share any more species than with 

more distant heaths, suggesting that the requirement for restoration sites to be located 

adjacent to ancient communities is unnecessary, with regard to the re-establishment 

of insect visitors. Furthermore, a large proportion of species were found to vary 

markedly over both time and space, with most of this variation attributable to 

sampling year. However the great majority of visitors to heaths, represented by only 

a relatively small proportion of species, were consistent over both space and time, 

suggesting the successful reinstatement of the core pollinator guild to restored 
heathlands. 

The network approach 

Rather than determining measures of community structure alone such as species 

abundance and composition, this study also analyses the interactions between 

species, allowing a more informed approach to evaluating community restoration. By 

mapping species interactions into community networks, the networks for pairs of 

restored and reference heathlands could be compared, providing an indication for the 

reinstatement of pollinator interactions. Furthermore this study is unique to 

restoration ecology not only by taking a network approach in evaluating restoration 

success, but also by using a sampling protocol with replication in both time and 

space. Such replication is essential to enable true differentiation between natural 

variation and variation due to the restorative treatment itself (White & Walker 1997), 

yet replication is a rare approach in ecological restoration particularly at the 

community level. This is typically due to the economic limitations of most 

restoration programmes, combined with the complexity of communities and 
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limitations in obtaining adequate or appropriate reference sites (M ichener 1997; 

Palmer et al. 1997; White & Walker 1997; Ruiz-Jaen & Aide 
2005). 

Limitations 

This study was limited to four replicate pairs of ancient and restored heathland. 

Although this is one of few restoration studies that are replicated in both space and 
time, a greater number of spatial replicates would have been beneficial to determine 

the extent of variation of both reference and restored heathland communities. 
Knowing the degree of community variation at reference sites is important in the 

evaluation of restoration success, as acceptable levels of variation at restored sites 

can then be determined. In Chapter 3, I extend this paired design to six pairs of 

reference and restored sites. 

A further limitation of this study is its focus on the pollinator community. 

The insect community studied here consisted of `potential' pollinators. By this I refer 

to those visiting insects that exploit floral resources, and in doing so, pick up, transfer 

and deposit pollen upon their next visit. However insects vary in the quantity and 

quality of con-specific pollen they carry and transfer, thereby varying in the quality 

of their pollination service, if offering one at all (Tepedino 1981; Herrera 1987; 

Stanton et al. 1991; Wilson & Thomson 1991). Yet it remains necessary to first 

evaluate whether the species assemblage and their interactions have been 

successfully reinstated, before an attempt can be made to determine whether 

pollination itself can return to the restored community (Thompson & Pellmyr 1992; 

Williams et al. 2001). Moreover, visitor abundance and the frequency of their 

interactions have been found to be effective surrogate measures in determining their 

contribution to plant reproductive success (Morris 2003; Vazquez et al. 2005). In this 

study, the reinstatement of interactions between insect visitors and their floral 

resources are therefore used simply as an indication, rather than a determinant, of 

returning pollinator function to restored systems. 
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Ql) Are the interaction networks of ancient heaths more complex than 

restored heaths? 

Despite no significant differences in the size of the heathland community networks 
between sites or between sampling years, the density of interactions and the 

proportion of the total possible interactions actually realized between species, i. e. the 

connectance of the networks, were greater in ancient networks. Ancient heathlands 

presented well-established floral resources that varied less in their availability than at 

restored sites, thereby providing a more reliable resource required by their visiting 

pollinators over time. This greater variability in resources at restored sites may have 

reduced the potential for the full establishment of interactions between plants and 

their insect visitors, reflected by the lower connectance of their plant-visitor 

networks. 

Such network properties can determine the robustness of a community to both 

primary and secondary species extinctions (Dunne et al. 2002; Ives & Cardinale 

2004; Memmott et al. 2004; Sole & Montoya 2006). For example, a study by Dunne 

et al. (2002), analysing the connectance of 16 food webs and their tolerance to 

extinctions, found a significant positive relationship between connectance and 

robustness towards extinctions. However the connectance values of their webs 

analysed differed by ten-fold. In this study, the connectance values of the ancient 

community networks were no greater than 1.4 times that of restored community 

networks in both sampling years. Thus although differences still persisted between 

site types, the lag of restored sites behind ancient sites, with regards to their return of 

pollinator interactions and network complexity, may in reality be insufficient to 

substantially affect the resilience of restored communities to environmental 

perturbations. Furthermore, using the same modelling techniques of Dunne et al. 

(2002), Forup et al. (in press) found no significant differences in the robustness 

between ancient and restored networks when simulating species extinctions for the 

heathland networks described in this study (where `robustness' was quantified bý, 

determining the proportion of species that had to be removed before a loss of > 50% 

of species (considering both primary and secondary extinctions) could be initiated). 
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Q2) Have the flower and insect visitor communities been reinstated in 

restored heathlands? 

Despite differences in the interaction networks between ancient and restored sites, 

the majority of measures of community structure did not differ between restored and 

ancient heathlands, with both the floral and insect communities successfully 

reinstated. However differences in the proportional abundance of Erica spp. and C. 

vulgaris, the two dominant heathland plant species, remained between ancient and 

restored heathlands after eleven (2001) and fourteen (2004) years of restorative 

management. C. vulgaris was found to dominate restored sites, with 71 % of the total 

floral resources available accounted for by this species. This can be explained by the 

life-cycle phases of C. vulgaris. At twelve and thirteen years of age, C. vulgaris 

reaches the end of its `building' phase and the start of its `mature' phase, following 

its initial `pioneer' period which would have begun at the onset of restoration of 

these formerly afforested sites (Barclay-Estrup 1971). During the building and 

mature phases of C. vulgaris, net production of its shoots reach its maximum, 

resulting in C. vulgaris typically contributing to between 75% and 85% of total 

heathland coverage (Barclay-Estrup & Gimingham 1969; Barclay-Estrup 1970), as 

seen in the restored heathlands studied here. At twenty-nine or more years of age 

however, C. vulgaris begins its `degenerative' phase, where it contributes to only up 

to 35% of heathland cover (Barclay-Estrup 1971); a situation reflected at ancient 

sites where the proportion floral resources offered by C. vulgaris was only 42% in 

2001 and 37% by 2004, being dominated instead by Erica spp.. 

As a consequence of differences in proportional composition, ancient sites 

flowered much earlier than their respective restored sites, with Erica species 

beginning their flowering in early June and peaking between late July and early 

August. The flowering phenology of C. vulgaris instead lagged behind, beginning 

only in late July and peaking by mid to late August. However despite this lag in 

floral resources at restored heaths, only in 2001 were differences found in their insect 

communities, with greater numbers of visiting species sampled at ancient heaths. 

However this difference was no longer found by 2004. Thus differences in floral 

resource availability, still present following fourteen years of restorative 

management, appeared to have minimal impact upon the insect visitor communities. 
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Q3) Do the pollinators of restored heaths originate from their adjacent, 

ancient heaths? 

Usually restored heathlands in Dorset are situated close to ancient heathland 

fragments. Consequently I expected that the insect species re-establishing on restored 

sites would be predominantly from these adjacent ancient heathlands. Although 

restored sites of three of the four pairs (pairs 2,3, and 4) in 2001 had greater 

similarities in their species composition with their paired ancient site than with more 

distant ancient sites, the actual proportions of species shared between the pairs was 

consistently low at a maximum of 36.92%. Furthermore, in 2004 this was only the 

case for pairs 1 and 4, with only a maximum of 41.86% of species shared. Such a 

low proportion of species common between pairs of sites most likely reflects the 

spatiotemporal variability of insect populations found more generally in plant- 

pollinator systems (Herrera 1988; Fishbein & Venable 1996; Roubik 2001; Price et 

al. 2005), whereby the large proportion of rarer species occur in local species pools 

simply by chance events. 

However when weighting for the abundance of visiting species, over 86.12% 

in 2001 and over 88.15% in 2004 of visitors represented species shared between sites 

of the pairs. This highlight the dominance in abundance by a relatively small 

proportion of species, mostly accounted for by Apis mellifera and Bombus species 

(particularly Bombus lucorum and B. terrestris), followed by dipteran species from 

the family Syrphidae, consistent over both time (two years) and space (8 sites). 

Furthermore, these super-abundant core species are highly mobile, suggesting that 

heathland restoration schemes do not necessarily have to exist adjacent to reference 

sites for their insect communities to return. This situation supports the "core- 

satellite" hypothesis (Hanski 1982; Gotelli & Simberloff 1987), which predicts a 

bimodal distribution of regional species at local patches, whereby a local patch is 

expected to be dominated in abundance by a low number of "core" species occurring 

in high abundance within the local patch, followed by a larger number of "satellite" 

species that occur at much lower abundances. This distribution is typically due to the 

better colonisation abilities of "core" species relative to "satellite" species, leaving 

the latter more susceptible to extinction from both local and regional pools. In the 

context of restoration, identifying "core" over "satellite" species is critical in 
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promoting the reinstatement of ecological function, and indeed the presence of core 

species at restored sites suggest that the return of function, with regard to pollination, 
is likely close to full reinstatement. 

Q4) Did the pollinators of restored heaths become more similar in 

composition to ancient heaths over time? 

Between 2001 and 2004 restored sites significantly increased in the number of insect 

species shared with ancient sites. This increase over time may suggest that the 

reinstatement of insect communities to their full complement at restored sites, as 

determined by their reference ancient sites, may still be occurring following fourteen 

years of restorative management. However the extent to which the species pools at 

reference heaths can determine species composition at restored communities remains 

unknown. Indeed the species composition of pollinator visitors to heaths was highly 

variable between sites, with the majority of species fluctuated greatly over both time 

and space, the former attributing the greatest to this variation in insect community 

composition. 

Conclusions 

Ecological restoration can potentially speed the recovery of degraded ecosystems 

through the provision of favourable conditions for species re-establishment. However 

restoration also has the potential to encourage interactions to rebuild between 

species, thereby reinstating the essential ecological processes and services which 

infer function to a community (Dobson et al. 1997; Palmer et al. 1997; Neal 1998, 

Young 2000). By taking a network approach in evaluating restoration success, this 

study emphasizes the importance of recognizing the interactions between species, 

rather than the species themselves, as the key drivers that sustain and regulate 

ecological communities (Memmott et al. 2006; Zanden et al. 2006; Forup et al. in 

press). 
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2.5 Tables & Figures 

Table 2.1 Twelve heathland sites located in the Purbeck District, South Dorset. Four 
pairs of ancient (A 1-4) and restored (R1-4) sites and four additional ancient (A5-8) 
heathland sites are listed, together with their management authority. grid reference, 
area, metres above sea level. `Heath area' is the area of heathland coverage upon 
which the sampling plot was established. Areas in O refer to the area of the whole 
site and not of the heathland alone, as this had not yet established by the management 
body. All sites are extant fragments of the once extensive Dorset heathland matrix 
(6000ha). 

Study site Locality Management Body Grid reference 
Heath metres 

Area (ha) asl. 
SY/SZ BNG 

R1 Arne restored Grip Heath RSPB SY 97349 87747 8 7 
Pair 1 Al Arne old Grip Heath RSPB SY 97386 87595 30 5 

R2 Holton restored Holton Lee Holton Lee Charity / RSPB SY 95927 91775 15 0 
Pair 2 

A2 Gore old Great Ovens Herpertological Cons. Trust SY 92616 90141 25 19 

R3 Hyde restored Lower Hyde Forestry Commission SY 87868 90993 2 35 
Pair 3 

A3 Hyde old Lower Hyde Private landowner SY 88321 91053 18 25 

R4 Morden restored Morden Bog English Nature SY 90898 92235 8 15 
Pair 4 

A4 Morden old Morden Bog English Nature SY 91143 92235 16 15 
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Table 2.2 Comparing four restored heathland communities (R sites) to their paired 
ancient heathland communities (A sites) for community parameters measured in 
2001 using Paired T-tests. Significant p values (quoted at 95% confidence levels) 
are indicated by * (p <0.05) and ** (p <0.005). 

2001 Mean for A ± Standard Mean for R t Standard Test 
data Variable sites Error sites Error Paired Test Statistic p value sic 

Floral parameters 
Floral abundance 13124 10 2270.30 10891.90 608 00 Paired T-test 0 90 0 437 
Floral species richness 600 0 41 8 00 0 82 Paired T-test -2 19 0 116 
Proportion of Erica spp. 0.57 0.04 0.28 0.04 Paired T-test 19 6 0 008 
Proportion of Erica cinerea 0.48 0.04 0.26 0.03 Paired T-test . 

10.61 . 0.002 
Proportion of Calluna vulgaris 0.42 0 04 0.71 0 04 Paired T-test -6 48 0 007 
Floral evenness 0.56 0.04 0.41 0 03 Paired T-test 2 76 0 070 
Floral species diversity 0,95 1 0.06 0.75 0 07 Paired T-test 1 98 0 141 

Visitor parameters 
Insect abundance 400.75 25.72 280.00 41.31 Paired T-test 1 83 0 164 
Insect species richness 39.25 3.77 32.50 4 21 Paired T-test 4 36 0022 
Hymenopteran abundance 312.50 28.96 88.05 4403 Paired T-test 1 59 0 211 
Hymenopteran species richness 14.25 0.63 10.25 1.11 Paired T-test 2.53 0085 
Dipteran abundance 79.00 18.36 51.75 9.37 Paired T-test 164 0 200 
Dipteran species richness 21.00 3.89 18.25 2.29 Paired T-test 1.29 0 288 
Other species abundance L 9.25 3.35 

- 
10.25 3.94 Paired T-test -023 0 834 

Other species richness 1 4.00 041 4.00 1,41 Paired T-test 0 00 1 000 
Insect evenness- 0 56 

- 
0,06 0.54 x 0.08 Paired T-test 0 33 0 762 

I nsect species diversity 2.07 0.25 1.88 _ 0.33 Paired T-test 0 84 0 461 
Network statistics 

Maximum links possible 237.75 33.18 266 50 56.65 Paired T-test -0 90 1 0436 
Realized links 61.75 6.86 46 50 6.51 Paired T-test 9 23 0 003 
Linkage density 1.35 0.05 1,13 0.04 Paired T-test 4 55 0020 
Cnnectance 0.26 0.01 0.18 0 02 Paired T-test 5 06 0 015 

Table 2.3 Comparing four restored heathland communities (R sites) to their paired 
ancient heathland communities (A sites) for community parameters measured in 
2004 using Paired T-tests and its non-parametric equivalent, the Wilcoxon Signed- 
Rank test. Significant p values (quoted at 95% confidence levels) are indicated by 
(p <0.05) and ** (p <0.005). 

2004 
data Variable 

Mean for A 
sites 

Standard 
Error 

Mean for R 
sites 

Standard 
Error Paired Test 

Test 
Statistic p value Sig. 

Floral parameters 
Floral abundance 2097 11 142 26 2341 85 227 73 Paired T-test -0 90 0 435 

Floral species richness 4 50 0 50 5 50 0 65 Paired T-test -1 41 0 252 

Proportion of Enca spp_ 0.62 0.07 0.26 0 04 Wilcoxon signed rank+ 10.00 0.100 

Proportion of Enca cinerea 0.52 0.08 0.25 0.04 Wilcoxon signed rank , 
1000 0.100 

! Proportion of Calluna vulgaris 0.37 0.07 0.71 0 05 Paired T-test -3 74 0.033 

Floral evenness 0 60 0.08 0.46 0.03 Paired T-test 1 86 0 159 

Floral species diversity 0.89 0.11 0.70 0 07 Paired T-test 2 18 0.117 

Visitor parameters A 
Insect abundance 362.25 60.16 344.75 6605 Paired T-test 041 J 0 711 

Insect species richness 32.00 2.48 40.50 4.65 Paired T-test -2 59 0081 

Hymenopteran abundance 246.50 56.27 210.00 42.26 Paired T-test 0.71 0 531 

Hymenopteran species richness 1125 0.85 13.00 041 Paired T-test 021 0 846 

Dipteran abundance 113.00 25.80 132.75 27 86. 
___Paired 

T-test -0 70 0 534 

Dipteran species richness 17.50 2.33 25.25 4.11 Paired T-test -2 51 0 087 

Other species abundance 2.75 2.14 
- 

2.00 
-- 

0 71 Wilcoxon signed rank 4 00 0 855 

Other species richness 1.25 0.46 2 0 95 Paired T-test -1 41 0 252 

Insect evenness 0.66 0.05 0 68 0 04 Paired T-test -0 63 0 571 

Insect species diversity 2.29 0 20 24 95 0 13 Paired T-test -1 34 0 274 

Network statistics 
Maximum links possible 147 00 27 64 221 00 29 73 Paired T-test -3 02 0 057 

Realized links 51.00 5 92 56 50 6 93 Paired T-test -1 31 0 283 

Linkage density 1 39 O06 1.22 0 05 
- 

Pared T-test 
_4 

85____ 0017 
_ _ ýConnectance 

0 36 0.02 0 26 0 02 r T-test Paired 4 03 0 028 
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Table 2.4 Comparing the community parameters measured for four restored 
heathland communities sampled in 2001 and 2004 using Paired T-tests. Significant p 
values (quoted at 95% confidence levels) are indicated by * (p <0.05) and ** (p 
<0.005). 

Restored 
I 

Mean for t Standard Mean for t Standard Test 
Sites Variable 2001 Error 2004 Error Paired Test Statistic p value Sig. 

Floral parameters 
Floral species richness 8 00 0 82 5 50 " 85 Pa, rea T-test 3 87 
Proportion of Erica spp 0.28 0,04 0 26 0 04 Pared T-test 0 46 0 678 
Proportion of Erica cinerea 0.26 0.03 0.25 0.04 Paired T-test 0 42 0.704 
Proportion of Calluna vulgaris 0.71 0.04 0.71 0.05 Paired T-test -039 0 723 
Floral evenness 0.41 0.03 0.46 0.03 Paired T-test -462 0 019 

Visitor param 
Floral species diversity 
eters 
Insect abundance 

0.75 

280 00 

0.07 

41 31 

0.70 

344.75 

0.07 Paired T-test 7.55 0 005 

66 05 Paired T-test -1 73 ' 0.182 
Insect species richness 32.50 4.21 40.50 4.65 Paired T-test -1 17 0.325 
Hymenopteran abundance 218.00 44.03 210.00 42 26 Paired T-test 034 0.754 
Hymenopteran species richness 10.25 1.11 13.00 041 Paired T-test -3 67 0.035 
Dipteran abundance 51.75 9.37 132.75 27.86 Paired T-test -2.44 0 093 
Dipteran species richness 18.35 2.29 25 25 4.11 Paired T-test -1 31 0 281 
Other species abundance 10.25 3.94 2.00 0.71 Paired T-test 1 83 0.165 
Other species richness 4.00 1.41 2.25 0 95 Paired T-test 0.85 0457 
Insect evenness 0 54 0.08 0.68 0 04 Paired T-test -2 69 0 074 

Network stati 
Insect species diversity 1 88 

stics 
Maximum links possible 266 50 

0.33 

56.65 

2.50 

221.00 

_ 0 29 Paired T-test -2 10 0 127 

29 73 Paired T-test 0 80 0 482 
Realized links 46 50 6.51 56.50 6.93 Paired T-test -1.03 0 380 
Linkage density 1.13 0.04 1.22 005 Paired T-test -1.15 0.333 
Connectance 0.18 0.02 0.26 0.02 Paired T-test -3.19 0050 

Table 2.5 Comparing the community parameters measured for four ancient 
heathland communities sampled in 2001 and 2004 using Paired T-tests and its non- 
parametric equivalent, the Wilcoxon Signed-Rank test. Significant p values (quoted 

at 95% confidence levels) are indicated by * (p <0.05) and ** (p <0.005). 

Ancient 
Sites Variable 

Mean for Standard Mean for Standard Test 
2001 Error 2004 Error Paired Test Statistic p value Sig. 

Floral parameters 
Floral species richness 6 00 041 4 50 0 50 W Icoxon signed rank 

_ 
10 00 0 100 

Proportion of Erica spp. 0.57 0.04 0.62 0.07 Paired T-test -0 51 0 648 
Proportion of Erica cinerea 0.48 0.04 0.52 0.08 Paired T-test -0.48 0.661 
Proportion of Calluna vulgaris 0.42 0.04 0.37 0.07 Paired T-test 0.51 0 644 
Floral evenness 0.56 0.04 0.60 0.08 Paired T-test -0.60 0 592 
Floral species diversity 

Visitor parameters 
Insect abundance 

0.95 

400.75 

0 06 0.89 

25 72 i 362.25 

0.11 Paired T-test 0 61 0 586 

60.16 Paired T-test 0 60 0 591 

Insect species richness 39.25 3.77 3200 
. 

2.48 Paired T-test 1 66 0 195 

Hymenopteran abundance 312.50 28.96 246 50 56 27 Paired T-test 1 89 0 154 

Hymenopteran species richness 14.25 0.63 13 25 0.85 Paired T-test 0 93 0 423 

Dipteran abundance 79.00 18.36 113.00 25.80 Paired T-test -1.12 0.340 

Dipteran species richness 21.00 3.89 17.50 2.33 Paired T-test 0 89 0 438 

Other species abundance 9.25 3.35 2.75 2.14 Paired T-test 1.48 0 237 

Other species richness 4.00 0.41 1.25 0.48 Wilcoxon signed rank 10 00 0100 

Insect evenness 0 56 0 06 0 66 0.05 Paired T-test -450 0 021 

Insect species diversity 
Network statistics 

Maximum links possible 

2.07 

237.75 

025 2 29 0 20 Paired T-test -1.53 

33.18 147 00 27.64 ' Wilcoxon signed rank 1000 

0 223 
i 

1 000 
l Realized links 61.75 6.86 51.00 11.83 Wilcoxon signed rank 1000 1 000 

Linkage density 1.35 0.05 1.39 0 07 Paired T-test -065 0.562 

Connectance 0.26 0.01 0.36 0 02 Paired T-test -6 79 0 007 
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Table 2.6 Percentage similarity in insect species composition between four pairs (1- 
4) of ancient (A) and restored (R) sites sampled in a) 2001 and b) 2004. Unshaded 
values refer to species that are common to both sites as a percentage of the total 
number of species found at both sites. Shaded values refer to the total abundance of 
individuals that are from species common to both sites as a percentage of the total 
number of individuals found at both sites. 

a) 

b) 

I' Al A2 A3 A4 R1 R2 R3 R4 
Al of II 88.35 86.44 86.23 93.86 94.49 86.44 84.32 
A2 31.03 111' 88.47 93.45 85.84 89.43 87.76 90.39 
A3 20.59 34.33 1I I6 90.04 82.49 88.11 86.12 86.80 
A4 26.92 37.04 29.03 'III 87.03 93.03 88.31 93.59 
R1 26.67 30.00 24.56 30.95 III' 89.89 83.45 87.92 
R2 26.32 31.15 28.36 29.63 27.08 ''II 88.51 90.47 
R3 22.95 29.69 36.92 30.36 30.61 36.21 'III 85.79 
R4 17.74 27.27 24.59 30.43 27.50 24.53 27.78 ofis 

of, Al A2 A3 A4 R1 R2 R3 R4 
Al 'III 91.38 92.75 92.77 92.66 86.81 89.37 80.61 
A2 32.65 III' 90.31 91.99 86.99 90.14 84.33 87.75 
A3 43.59 45.65 II'S 92.27 91.89 92.17 90.17 85.60 
A4 38.64 44.00 37.21 ''II 91.98 90.72 87.98 88.55 
R1 32.61 28.57 36.96 33.33 I'll 88.15 86.35 85.66 
R2 26.79 34.43 37.74 32.20 21.88 JulMIA 92.41 88.20 
R3 31.11 32.08 41.86 34.69 24.53 38.18 II I' 82.42 
R4 19.70 28.57 32.79 30.30 26.47 35.21 27.27 II'' 

Table 2.7 Percentage similarity in insect species composition for a site between 2001 

and 2004 for four pairs (1-4) of ancient (A) and restored (R) sites. Unshaded values 
refer to species that are common to both sites as a percentage of the total number of 
species found at both sites. Shaded values refer to the total abundance of individuals 

that are from species common to both sites as a percentage of the total number of 
individuals found at both sites. 

Al A2 A3 A4 R1 R2 R3 R4 
% of species 27.08 32.79 30.51 34.69 39.02 22.39 23.73 21.21 

shared 
% abundance of 90.98 88.76 82.95 90.60 92.15 84.18 75.48 79.10 
shared species 
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Figure 2.1 Purbeck District, located in the Poole Basin, south Dorset. The distribution 
of the four pairs of restored and ancient heathland sites are shown ("). 
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Figure 2.2 Quantitative interaction networks representing interactions between the 
heathland plant community and their insect visitors for a) ancient and b) restored 
heathland at Arne (Pair 1), sampled in 2004. The bottom row of rectangular bars 

represents the flower species whilst the upper row represents the insect visitors. 
Each rectangular bar in the rows represents a single species, their relative abundance 
being proportional to bar width. The scale bar at the base of the figure represents 
100 floral units per m` of heathland and 100 individuals of visiting insects. The 

solid triangles that connect the two trophic levels represent the interactions linking 

the plant and insect species, the size of the triangle being proportional to the 
frequency of the interaction. Both webs are drawn to the same scale. 
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Figure 2.3 Plant and insect species richness on the restored and ancient heathlands in 
each of the four pairs in a) 2001 and b) 2004.0 = plants, 0= insects, stippled lines 
= restored sites, filled lines = ancient sites. 
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Figure 2.4 Correspondence analysis of insect species composition for four pairs of 
restored (R) and ancient (A) sites, sampled in 2001 and 2004. Site codes are labelled 
by the year sampled (1= 2001,4=2004), then by site type (R or A) and finally by pair 
number (1-4). 

45 



CHAPTER THREE 

Restoring parasites, parasitoids and pathogens: using the natural 
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In: Henson, K. S. E. & Memmott, J. Restoring an Ecological Network. In prep. 
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CHAPTER THREE 

Restoring the parasites, parasitoids and pathogens: using the 

natural enemies of bumblebees as indicators of restoration 

success 

Summary: Interactions between species provide the 'glue' of biodiversiti, by linking 

them into communities, such that species exist in complex networks of interactions 

rather than in isolation. Using a matched pairs design, the assessment of restoration 

success of dry lowland heathland communities was extended to three trophic lc'i'cls 

in 2005, incorporating `hidden' links commonly ignored in ecological networks. 

Here, quantitative interaction webs were used to assess the degree to tit'liich 

interactions between flowering plants, their bumblebee pollinators and a 

phylogenetically diverse array of bumblebee parasites, parasitoids and pathogens 

were reinstated at restored relative to ancient reference sites. 

Comparing webs from six pairs of ancient and restored heathlands confirmed 

both plant and bumblebee communities to be successfully restored, together with 

four species of external phoretic mites and three internal gut protozoans. However, 

the re-establishment of one of the parasitoids, the dipteran family Conopidae, 

remained incomplete, with larval abundance, prevalence, frequency of conopid 

superparasitism, host load, and host range all significantly reduced at restored sites. 

Furthermore these differences were substantial enough to impact upon web topology 

measures, leading to significant differences in realized linkage betit'eenn restored and 

ancient interaction networks. 

This study supports the call for incorporating parasites into ecological 

networks, and highlights their particular worth in assessing restoration success, as 

their reliance upon the diversitu' and persistence of lower trophic levels will leave 

their to be amongst the last to re-establish in all ecological restoration projects. 
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3.1 Introduction 

All species are linked into networks by direct and indirect interactions. which 

are collectively responsible for ecosystem processes and the provisioning of goods 

and services, such as pollination, seed dispersal, and pest control. With the value of 

ecological services provided by insects alone recently estimated at over 57 billion 

USD (Losey & Vaughan 2006), restoring a sustainable, functioning community is 

worthwhile from both ecological and economic perspectives (Balmford et al. 2002). 

However the implications of habitat modification for ecosystem function are 

seldom fully recognised (Raffaelli et al. 2002; van der Putten et al. 2004; Tylianakis 

et al. 2007), as species interactions can be significantly altered without considerable 

impacts upon standard measures of species diversity or richness (Tylianakis et al. 

2007). Changes in network topology (how species are linked together) for example, 

can affect the resilience of a community to both species loss (e. g. Memmott et al. 

2004; Quince et al. 2005) and environmental perturbation (e. g. Ives & Cardinale 

2004), whilst any re-arrangement of species interactions can impact upon 

compartments within the community network that may have initially been used to 

prioritise conservation efforts (Corbet 2000; Dicks et al. 2002). 

Moreover the inclusion of "hidden" trophic levels such as host-parasite 

interactions can substantially affect measures of network stability (Lafferty et al. 

2006), yet their incorporation into community studies continue to be ignored 

(Marcogliese & Cone 1997; Dobson et al. 2006). Indeed integrating research 

between trophic ecology and restoration ecology remains rare despite their potential 

to inform one another (Young et al. 2005). Furthermore by studying the trophic 

interactions within a community, large swathes of biodiversity often overlooked by 

conservation programmes can be revealed. Whilst the restoration of parasites may 

not be uppermost in the minds of conservation biologists, they remain key players in 

determining community structure and function (Dobson & Hudson 1986; Montoya et 

al. 2003) due to their ubiquitous nature, with almost 100% of all species are 

parasitized (Esch & Fernandez 1993). 

With habitat degradation the greatest threat to biodiversity (Ewe ers & Didham 

2006) and extinctions occurring at exponential rates (Raven 2002), theoretical 

models incorporating habitat destruction emphasise the likely build-up of an 

"extinction debt" of species, with payment due following further fragmentation and 
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isolation (Tilman et al. 1994). Restoration can delay this payment, and thus 

restoration ecology is considered a useful tool for investigating the mechanisms 

underlying the repair and recovery of degraded resources (Dobson et al. 1997; 

Palmer et al. 1997; Ormerod 2003). Such mechanisms include community assembly 

and the idea that species establishment can be sequentially dependent, such that 

species from higher trophic levels (e. g. herbivores, parasites) require both the 

presence and adequate abundance of lower-ranked trophic species (e. g. plants, hosts) 

to colonise successfully (Glasser 1982; Schoener 1989; Holt 1996). This dependence 

therefore leaves species from higher trophic levels differentially vulnerable to 

extinction, particularly in the case of small-bodied trophic specialists (e. g. parasites 

and parasitoids). Not only are these higher-ranked trophic specialists susceptible to 

impacts upon themselves, they are also affected by impacts to their lower-ranked 

trophic species (Didham et al. 1998; Holt et al. 1999). Furthermore, population size 

and densities of higher trophic level specialists are generally lower and more variable 

than species of lower trophic levels (Schoener & Spiller 1992; Kruess & Tscharntke 

1994,2000), and consequently their dispersal abilities are much reduced relative to 

those from lower levels (Kruess & Tscharntke 1994; Komonen et al. 2000). 

In this study I use a food web approach to provide both a blueprint for 

restoration and a measure of restoration success. Working with three trophic levels 

on replicated pairs of restored and ancient heathlands in southern England, I 

constructed quantitative networks describing the interactions between flowering 

plants, bumblebee pollinators, and the parasites, parasitoids and pathogens of the 

bumblebees. I used species abundance and diversity of all three trophic levels as a 

measure of returning community structure, and the re-establishment of plant- 

pollinator and pollinator-parasite interactions as an indication of the reinstatement of 

community function. Specifically I hypothesise that 1) restoration of the lower 

trophic levels will be more complete than the upper trophic levels of the community 

as a result of greater susceptibility of higher-ranked species to demographic and 

environmental stochasticity, and 2) that measures of network topology %\-ill be 

affected as a consequence of altered species interactions, as incomplete reinstatement 

of species at higher trophic levels will impact upon the number of interacti\ e links 

possible within the tri-trophic network. 
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3.2 Methods 

Study system 

Bumblebees (Hymenoptera: Apidae: Bombus spp. ) are annual, eusocial 
insects with overlapping generations, and form an economically important pollinator 
guild that is declining throughout Europe and North America (reviewed in Goulson 
2003). Bumblebees are key pollinators on heathlands (Forup et al. Submitted). 
Natural bumblebee populations support a phylogenetically diverse array of parasites 
and parasitoids (Alford 1975), some of which can be transmitted vertically within or 
horizontally between colonies (Schmid-Hempel & Schmid-Hempel 1993: Durrer & 
Schmid-Hempel 1994). 

The natural enemies sampled include five species of mites, the majority of 
which attach to the exoskeleton of their host, using them to transfer between bees at 
flowers or when in the colony (Schwarz & Huck 1997). Such phoretic mites are 
relatively benign, though can be an energetic burden to their host when at high 

densities. However the tracheal mite Locustacarus buchneri (Acarina: 

Podapolipidae) can cause lethargy and cessation of foraging in their hosts, as they 

attach and feed directly on their host within their tracheal system (Alford 1975). 

Pathogenic parasites include three species of gut protozoa, Crithidia bombi 

(Zoomastigophorea: Trypanosomatidae), Nosema bombi (Microsporidia: 

Nosematidae) and Apicystis bombi (Neogregarinida: Ophrocystidae). Impacts to their 
host include diarrhoea, reduction in foraging efficiency, ovary size and colony 

growth rate, alteration in timing of hibernation and emergence, and disintegration of 

the fat body (reviewed by Schmid-Hempel (1998). Intra-colony transmission occurs 

passively following the ingestion of infective spores that are shed in the faeces of an 
infected individual. This can be relatively quick in dense aggregations of hosts at the 

nest (Schrnid-Hempel & Schmid-Hempel 1993; Schmid-Hempel & Stauffer 1998). 

Infected queens that overwinter and found their own colonies subsequently facilitate 

transmission of protozoa through host generations (Liu et al. 1974, Shykoff & 

Schmid-Hempel 199 1 b). Inter-colony transmission via the shared use of floral 

resources contaminated previously by infected foragers has been documented for the 

relatively benign C. bombi (Durrer & Schmid-Hempel 1994). This may also be the 
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case for N. bombi, as healthy bumblebee colonies become quickly infected upon 
transfer to the field (Imhoof & Schmid-Hempel 1999). With spore \ iability 
deteriorating with time from desiccation and UV exposure (Canning 1982). the 
frequency of host visitation to contaminated floral resources may be a strong 
determinant for inter-colony transmission. 

Bumblebees also harbour both dipteran and hymenopteran parasitoids. The 

dipteran Conopidae patrol floral patches from June to August for foraging Bonnbus 

hosts. They attack and oviposit into the abdomen of their host whilst in mid-flight or 

when foraging. The parasitoid wasp Syntretus splendidus (Hymenoptera: 

Braconidae) similarly oviposits into a bumblebee host, though such activity occurs 

much earlier in the season relative to the Conopidae (Alford 1975). The larvae of 
both parasitoid species develop and consume their host from within prior to 

emergence (Alford 1975; Clements 1997). 

Site selection & protocol 

Data collection was conducted between June and September 2005 on twelve 

heathland fragments in south Dorset, England (Table 3.1). Using a matched pairs 

design, six `ancient' heathland sites were used as reference sites and paired to six 

`restored' sites (Refer to Chapter 2 for their definitions). Afforested heathland in 

south Dorset, such as the restored sites prior to their restoration, typically support 

minimal floral resources as a result of dense shading, and bumblebee visitation was 

seen to be scarce at best (Henson & Memmott, pers. obs. ). Previous work by Moore 

(1962) found the survival of heathland indicator species (including insects, reptiles 

and birds) to be poor in afforested heaths, with species limited only to plantation 

rides and edges and reduced relative to shading density. Consequently I did not 

include afforested heathland as a second site treatment effect after restoration, and 

assume the ecological restoration program itself to be responsible for the vast 

majority of any recolonisation by the heathland community thereafter. Ancient 

(control) and restored (treatment) sites were paired according to geographic location. 

management intensity and management technique (e. (-,. grazing and burning). Pine 

forest. dense gorse hedges, and / or road boundaries separated sites within each pair. 

Central within each heathland site, plots 100m x 100m in size were selected. 
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Plots within a pair were separated by distances ranging between 0.5 to 3.6 
kilometres, with pairs separated by 2 to 20 kilometres. The variation in separation 
distances were as a consequence of the continual fragmentation of remnant heathland 
by urban expansion. Where possible, these distances were maximized to reduce the 
likelihood of shared bumblebee colonies. Central within each site sampling plots 
100m x 100m in size were selected, and ten 100m long transects spaced lOrn along 
the baseline of each plot were divided into two blocks of five transects each, for 

sampling floral and bumblebee abundance as described below. Fieldwork was 
conducted approximately every eleven to sixteen days from June to September 2005. 

with a total of five sampling sessions quantifying flower, bumblebee, and bumblebee 

parasite, pathogen, and parasitoid abundance. 

Floral sampling 

Two 100m long transects (one from each block) were surveyed at each plot per 

sampling session for flowers using a 0.5m x 0.5m quadrat placed at 0,15,30,45,60 

and 75 metres along each transect. At each point, the average number of flowers per 

m2 for all species present was recorded. For the dominant plant species Erica tetralr_v, 
Erica cinerea, and Calluna vulgaris, floral abundance was estimated by multiplying 

the mean number of flowers per floral spike by the number of floral spikes present 

per m2. 

Bombus sampling 

Foraging bumblebees were sampled from both transects used in the floral surveys as 

well as from a third transect selected at random per sampling session. Both sites of ýi 

pair were sampled on the same day, and sampling only took place under calm, warm 

and dry conditions. Sampling was alternated through morning (08: 30-11: 30), early 

afternoon (11: 30-14: 30) or late afternoon (14: 30-17: 30) throughout the season. Each 

transect was walked twice and all bumblebees foraging from flowers within 1 metre 

either side of the transect line were collected. The flower species and transect the 

individual was found foraging upon was recorded. Queen bumblebees ww ere avoided 

to reduce impact upon colony densities. Bumblebees were caught using a s\\ cep net 
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or captured directly into a glass vial lined with a paper bag to minimise loss of 

external parasites and pollen. Vials were kept in a cool box and transferred to a 

commercial freezer at the end of the sampling day to kill the bumblebees and ensure 

preservation of their natural enemies. Samples were stored at -20 degrees Celsius 

prior to being dissected at the end of the sampling season. 

Parasite, pathogen and parasitoid sampling 

Individual bumblebees were identified to species before being surveyed for natural 

enemies. Mites attached to the external surface of the hosts were collected and 
identified using Alford (1975). Both forewings of each individual was mounted onto 

glass slides, and the length from the wing base (proximal end of the median plate) to 

the distal margin of the radial cell was used as a proximate measure of host size 
(Harder 1982). The abdomen of the bumblebee was separated from the thorax using 

forceps and placed in an excavated glass block containing water. The sternites of the 

abdomen were then gently separated under the dissecting microscope exposing the 

abdominal cavity. This cavity was thoroughly searched for eggs, larvae, and puparia 

of the Dipteran parasitoid in the family Conopidae. Identifying conopid larvae to 

species remains problematic, as limited keys are available. Moreover larvae cannot 

be reared out to adults for identification, as this would prevent the identification of 

other natural enemies. The abdominal cavity was also searched for the larvae of the 

parasitoid wasp, Syntretus splendidus. The abundance, location found in their host, 

and development stage of these parasitoids were recorded. 

Air sacs and tracheae were searched for the presence of the tracheal mite 

Locustacarus buchneri, and their abundance and development stage recorded. A 

section of the mid-gut, hind-gut, Malpighian tubules and fat body were examined for 

the presence and location of the three protozoan parasites, C. bombi, N. bombi, and 

A. bombi using a compound light microscope at x200 and x400 magnification. 

Particular attention was paid to searching the Malpighian tubules for N. bombi and 

the fat bodies for A. bombi. The identification of all parasite species was aided by use 

of reference collections, photographs, demonstrations of live material by Dr Mark 

Brown (Trinity College, Dublin) and Dr Christine Müller (University of Zurich) and 
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by use of the literature (e. g. Wallace 1966; Smith 1969; Liu et al. 1974; Alford 1975; 

Lipa & Triggiani 1988; Macfarlane et al. 1995; Mclvor & : Malone 1995). 

Data analyses 

Minitab version 14.13 (Minitab Inc. 2004) was used for the analyses. Paired t-tests 

and Wilcoxon signed rank tests were used to assess the effect of restoration treatment 

on floral, bumblebee and natural enemy parameters. All proportional data %\, ere 

arcsine-root transformed prior to analysis. Regression and correlation analyses were 

used to relate bumblebee and conopid larvae abundance to resource availability. 
Quantitative interaction webs were drawn using a program written in 

MathematicaTM. Food web statistics calculated for the tri-trophic network comprise: 

the mean number of bumblebee species per plant species and the mean number of 

parasite/parasitoid species per host, the number of realised links, 1, (the number of 

trophic interactions between species in the network), linkage density, L (calculated as 

lr/(p+h+pl), where `p' is the number of parasite species, `h' the number of host 

species, and `pl' the number of plant species present in the network), and 

connectance, C. Connectance is the number of realised links (1r) relative to the total 

number of links potentially possible (lmax), i. e C= lr/l,,, ax; its value bounded between 

0 and 1. In food webs, 'max is usually calculated as S2 where S is the total number of 

species present in the network. This `directed' connectance, Cd, incorporates feeding 

within species at a given trophic level (e. g. pollinators feeding on pollinators) that is 

not experienced in the network described here. More appropriately, in realistic 

connectance, Cr (the measure I use here), alternative measures of'max have been 

calculated, such as h*p in host-parasitoid webs (where `h' and `p' are the number of 

host and parasitoid species present respectively (Lewis et al. 2002), or i*p in insect- 

plant webs (where `i' and `p' are the number of insect and plant species present 

respectively (Jordano 1987). Cr was modified to incorporate three trophic 1c' els in 

this study, such that lmax=(h*p)+(h*pl). Modifying connectance to exclude illogical 

links is crucial in understanding this key metric (Lafferty et al. 2006), as connectance 

affects food web stability and community resilience to species loss (Dunne ct al. 

2002). Furthermore connectance is common currency when comparing food %\ chs. 

Connectance data were arcsine-root transformed prior to analysis. 
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3.3 Results 

QI) Is restoration of the lower trophic levels more complete than the upper 

trophic levels of the community? 

Restoration of the plant trophic level 

Species composition for all sites included the key ericaceous heathland flowering 

plants Erica cinerea, Erica tetralix and Calluna vulgaris, and the gorse species Ulex 

europaeus, Ulex gallii and Ulex minor (Fabaceae). Total floral abundance for the 

season was not different between ancient and restored heathland sites of a pair 
(Paired t test, t=0.06, p=0.953), offering on average 2606 ± 2115.43 (mean + SE) 

flowers/m2 in ancient and 2579.03 ± 307.99 flowers/m2 in restored sites, with peak 
bloom occurring in mid August. Differences can be seen however when considering 
individual species and their phenology (Figure 3.1). E. cinerea flowered earlier in the 

season and was significantly more abundant in ancient than restored sites of the pair 
(Paired t-test, t=4.96; p=0.004), whilst the opposite was true for C. vulgaris, 
flowering later in the season, and three times more abundantly in the restored than 

ancient site of a pair (Paired t-test, t= -2.84, p=0.036). All three Ulex species 

occurred at low abundance and when combined for analysis did not differ in 

abundance between ancient (88.45 ± 32.47 flowers/m2) and restored (72.09 ± 29.29 

flowers/rn2) sites of a pair (Paired t-test, t=0.57, p=0.590). 

Restoration of the pollinator trophic level 

A total of 1756 bumblebees were sampled over the season from all sites, comprising 

nine species. These included the BAP species Bombus humilis and the heath 

specialist, B. jonellus. Bombus lucorum and B. terrestris together comprised 67.08% 

± 11.68% of total host abundance in ancient and 71.17% ± 13.66% in restored sites, 

followed by B. lapidarius (13.34% ± 3.44 & 6.93% ± 2.41 respectivclyy ). B. 

pascuorum (8.61% ± 1.12 & 8.68% ± 2.12 respectively), B. jonellus (5.433% ± 2.03 & 

10.23% ± 4. Q2 respectively), B. pratorum (2.08% ± 1.98 & 0.89° o -- 0.39 
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respectively), & B. humilis (1.79% ± 0.63 & 3.14% ± 1.29 respectively). B. hortorum 

and the cuckoo bee, B. vestalis, made up less than 1% of foragers. Neither species 
richness or mean abundance differed between ancient and restored sites of a pair for 

the season (Table 3.2), with 54% of all foragers sampled from ancient heaths and 
46% sampled from restored heaths. The proportional abundance of each species 
sampled also did not differ significantly between ancient and restored sites (data not 
shown). Bumblebee abundance was not directly related to mean floral resources 
(Regression analysis (data from transects 1&2 only): r2 = 0%, F1,10 = 0, p=0.981; 

regression equation: Bombus abundance = 95.6 + 0.0004 mean floral abundance). 
Also, no differences were found in host quality between ancient and restored sites 

per caste per species, when using host size as a proximate measure of host quality 
(Wilcoxon signed rank test, males: W= 101.0, p=0.417; workers: W= 178.0, p= 
0.432). 

Restoration of the parasite, parasitoid and pathogen trophic level 

Overall there was no significant difference in levels of parasitism between ancient 

and restored sites. 49.02% ± 1.71 of bumblebee foragers in ancient, and 42.24% ± 

7.54 in restored sites carried one or more parasites either internally (parasites 

contained within the exoskeleton of the host including tracheal mites), or externally 

(attached on the exoskeleton) (Table 3.2). 

The mite species Parasitellus fucorum (Mesostigmata: Parasitidae), 

Hypoaspis spp. (Mesostigmata: Hypoaspidae), Scutacarus spp. (Prostigmata: 

Scutacaridae) and Kuzinia spp. (Astigmata: Acaridae), were all found attached to the 

exoskeleton of Bombus foragers. There were no significant differences between 

ancient and restored sites in mean total mite abundance, mite species richness, 

prevalence of mite parasitism, or average mite load per individual (Table 3.2). 

Externally parasitized hosts carried an average of 10.59 ± 2.75 mites in ancient sites 

and 8.6 ± 1.65 mites in restored sites. 

Overall, six internal species including the Conopid fly and Braconid wasp 

parasitoids, the tracheal mite L. buchneri, and the gut protozoans C. bombi, N. 

bombi, and A. bombi, were recorded in Bombus hosts sampled from ancient and 

restored heathlands. While mean internal parasite species richness did not differ 
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significantly between the site types of the pairs, parasite prevalence was significantly 

greater for hosts from ancient than restored heaths of the pair (Table 3.2). This 

difference was largely attributed to parasitism by conopid larvae (Figure 3.2). as 

removal of this group from the analysis resulted in the loss of this significance (Table 

3.2). Parasitism by more than one internal species was found in 3.18% - 0.73 and 

1.64% ± 0.58 of hosts in ancient and restored sites respectively (Table 3.2). 

Conopidae could not be identified to species from the larvae, although adults 

of the conopid Sicusferrugineus were observed patrolling both E. cinerea and C. 

vulgaris flowers during the field season as well as in previous years (Chapter 2). 

Conopid host range, that is the number of Bombus species parasitized, was 

significantly larger in ancient than restored heaths of a pair (mean of 4.83 ± 0.4() 

hosts in ancient sites and 3±0.58 hosts in restored; Wilcoxon signed rank test, NN' _ 

21, p=0.036). Ancient heaths also harboured greater mean abundances of conopid 

larvae than in restored heaths, whilst their hosts were subject to greater prevalences 

of attack, carried higher mean conopid loads, and suffered greater levels of 

superparasitism, i. e. parasitism by more than one conopid individual (Table 3.2). 

Total conopid larvae abundance was not related to floral abundance (Pearson 

product-moment correlation (data from transects I&2 only): r=0.148, d. f. = 10, p= 

0.6460), despite adult conopids relying on pollen and nectar for forage (Smith 1969). 

However, 51.6% of variation in conopid larvae abundance could be attributed to host 

availability (Regression analysis, r` = 51.6%, F1,1o = 10.65, p=0.009; regression 

equation conopid larvae abundance = -18.10 + 0.434 * Bombus abundance). 

Only three bumblebees harboured larvae of the braconid wasp S. splendides, 

and were sampled in the very first session in June. Prevalence of the tracheal mite L. 

buchneri, and the protozoan species C. bombi, N. bombi, and. A. bombi were 

generally low, and did not differ between ancient and restored heathlands (Table 

3.2). The proportion of hosts harbouring one or more protozoan species also did not 

differ significantly between site types of the pairs (Table 3.2). 
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Q2) How are the measures of network topology affected? 

The communities of the heathland flora, bumblebee pollinators and their parasites 

were linked together by a complex network of interactions (Figure 3.3, Appendix B). 

No differences were found in the mean number of bumblebee species per plant 

species in ancient and restored sites (Table 3.3). However, the mean number of 

parasites per bumblebee host was significantly greater in the ancient sites of the pairs 
(Table 3.3). Consequently, the total number of realised links between all three 

trophic levels, (4), was significantly greater in ancient than restored sites of the pairs 

(Table 3.3), despite no significant differences in the maximum number of unique 

links possible (lmax) between site types of the pairs (Table 3.3). However neither 

linkage density (L) nor measures of connectance (Cr or Cd) differed significantly 

between ancient and restored sites of the pairs (Table 3.3). 
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3.4 Discussion 

The floral community, host bumblebee community, and the majority of the natural 
enemy community were all found to be successfully reinstated at all six restoration 
heathland projects relative to their baseline reference communities sampled at 
ancient heathland sites. However the reestablishment of one of the parasitoids, the 
dipteran Conopidae, remained incomplete. These differences were substantial 
enough to impact upon web topology measures, leading to significant differences in 

the realized linkage of the tri-trophic interaction networks of the communities 
studied. Below I discuss the main findings of this study according to the two main 
hypotheses set out in the introduction of this chapter, investigating the restoration of 
the trophic levels themselves, and the impact of this restoration on network topology 

of the communities. 

QI) Is restoration of the lower trophic levels more complete than the upper 

trophic levels of the community? 

Ancient and restored heathland sites did not differ in their diversity and total 

abundance of floral resources, suggesting successful re-establishment of floral 

structure to the community. However differences in relative abundance and 

phenology of the dominating Erica spp. and Calluna vulgaris led to a scarcity of 

flowers early on in the season at restored relative to ancient sites, particularly till the 

end of July. Such differences in resource availability over the season may potentially 

affect visitation interactions from bumblebee foragers, as well as their natural 

enemies. In particular, phoretic mites and the gut protozoan C. bombi (and 

potentially N. bombi) are able to transfer between hosts at flowers, and adult 

parasitoid conopid flies rely on floral resources for forage whilst also patrolling 

flowers for visiting bumblebee hosts. Yet bumblebee abundance, species richness, 

and host quality did not to differ between site types, suggesting that bumblebees 

were not affected by this lag in flowering at restored heaths. The prevalence of 

overall bumblebee parasitism was also similar between restored and ancient sites, 

with up to half of Bombus foragers found parasitized by a maximum of four external 
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and six internal parasite species. Levels of parasitism by external phoretic mites and 
all three gut protozoan species were not different between restored and ancient 
heaths, indicating their full establishment in the restored community. 

However conopid larval abundance, prevalence, load and frequency of 
superparasitism were all much reduced at restored relative to ancient sites, 

suggesting the incomplete reinstatement of parasitoid-host interactions despite more 
than fifteen years of restorative management. Furthermore, the host range of the 

conopid flies were also consistently narrower at restored sites, despite the similarity 
in abundance and diversity of hosts available at both restored and ancient heath site, 

and evidence from other field data showing their distribution amongst host species to 
be relative to the proportional abundance of their hosts at a given site (Schmid- 

Hempel et al. 1990a). However the lag in floral resources at restored sites compared 

to ancient sites may have affected conopid establishment, with conopid food 

resources, that is their bumblebee hosts (larval food source) and flowers (adult food 

source), expected to be major determinants in long-term conopid success. The 

emergence of adult conopid flies in spring and early summer only just coincides with 

the beginning of flowering at ancient heathlands in mid June, whilst at restored sites, 

the availability of floral resources is further delayed until mid summer. Thus the 

establishment of adult Conopidae at heathlands may have been weaker at restored 

sites due to the delayed availability of floral resources themselves. However although 

adult abundance was not assessed here, larval abundance did not relate to floral 

abundance over the season, whilst host availability only accounted for just over half 

of the variation in larvae abundance. 

Other subtle ecological factors therefore must also contribute to the reduced 

establishment of conopid populations relative to other natural enemies of 

bumblebees. While conopid flies are highly mobile and effective at tracking host 

resources, they are limited to accessing foraging hosts at or near their floral resource. 

External phoretic mites and gut protozoans may appear to be less mobile as they 

cannot fly, but their high reproductive rate and ability for intra-colony transmission 

may facilitate their establishment in a restoration programme. Intra-colony 

transmission of gut protozoans as a result of contaminated nest material can be 

relatively quick in dense aggregations of hosts at the nest (Schmid-Hempel et erl. 

1990a; Schmid-Hempel & Schmid-Hempel 1993), whilst infected queens that 

overwinter and infect their own colonies subsequently facilitate transmission of 
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protozoans through host generations (Liu et al. 1974; Shykoff & Schmid-Hempel 

1991b). C. bombi also has the potential for inter-colony transfer via the shared use of 
flowers, although spore viability has been found to deteriorate with time from 

desiccation and UV exposure (Canning 1982; Schmid-Hempel et al. 1999). Thus the 
frequency of host visitation to contaminated floral resources is therefore a strong 
determinant for their inter-colony transmission. The potential for both mite and 

protozoan populations to rapidly build up within a nest may therefore buffer an% 

environmental stochasticity and facilitate their establishment and persistence 
following habitat restoration. 

My interpretation of host-parasite interactions is limited by the fact that the 

number of bumblebee colonies represented by the samples remains unknown. Thus it 

is possible that although bumblebee abundance did not differ between site types, the 

number of colonies sampled may have differed, affecting the analyses of host 

parasite loads, particularly for those natural enemies capable of intra-colony 

transmission. However research indicates that bumblebee populations foraging on a 

single patch are likely to represent a relatively high number of colonies (Chapman et 

al. 2003; Darvill et al. 2004), and that the likelihood of sampling sister pairs within 

or at adjacent sites is low. Knight et al. (2005) found a maximum of 5% of all pairs 

within a site to be sisters, whilst only 0.4% of pairs were found to be sisters at sites 

500m apart). Also unknown is the extent to which colonies were shared between 

heaths, i. e. workers of the same colony foraging from both site types of a pair. Dense 

pine forest or hedges separate sites, but Kreyer et al. (2004) suggest such barriers to 

be ineffective for foraging bumblebees. An effort was made to maximise distances 

between plots of the pairs to reduce this likelihood of colony sharing. However 

heathland restoration projects typically select areas adjacent to ancient heaths, such 

that plots within some pairs were separated by only 500m. Optimal foraging theor`' 

and past empirical studies suggest that bumblebees forage close to the nest (Heinrich 

1979; Bowers 1985). However this generality has been questioned (Dramstad 1996), 

and indeed recent use of molecular techniques have determined estimates of 

maximum foraging distances of Bombus species from their nest as follows: 758m for 

B. terrestris, 674m for B. pratorum, 450m for B. lapidarius, and 449m for B. 

pascuorum (Knight et al. 2005). Colony sharing for the three pairs separated by 

500m (Table 3.1) is therefore conceivable. 
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Q2) How are the measures of network topology affected? 

The use of quantitative interaction networks enabled a more holistic approach for 

assessing natural communities when compared to focussing on the presence or 

absence of component species alone. By studying a substantial section of these 

communities in the context of habitat restoration, these networks provided the 

opportunity to identify discrepancies between species interactions of ancient and 

restored communities in the field. I found that ancient sites supported a significantly 
higher number of parasite species per host species, and therefore a significantly 

greater number of unique interactions. These measures reflect incomplete 

establishment of the upper trophic levels at restored sites relative to ancient, as 

predicted. The effect on web topology depended upon which statistics were being 

used. Thus whilst both the mean number of parasite species per host species and 

realized linkage significantly differed between ancient and restored sites, measures of 

connectance did not. A previous study by Forup et al. (in press) did find differences 

in connectance between four of the six pairs of heathlands used in this study when 

investigating plant-pollinator interactions. Although not going beyond the second 

trophic level, their networks were more speciose, considering visiting Diptera, 

Coleoptera, Lepidoptera, and solitary Hymenoptera in addition to Bombes species. 

Their differences in connectance however did not cause a decrease in network 

robustness to perturbation (i. e. the removal of species), as predicted by recent theory 

(Dunne et al. 2002). 

The data from this study suggest that plant-pollinator and the majority of 

host-parasite interactions have been successfully reinstated following over fifteen 

years of ecological restoration management. Although levels of conopid parasitism 

and realised linkage in the networks of restored sites were reduced relative to ancient 

heathland communities, measures of community structure (component species) and 

the majority of measures of function (floral visitation and levels of parasitism by, 

most natural enemies) were not different. I can be sure that restoration was 

responsible for the return of the heathland vegetation structure, given the obvious 

structural differences between the restored heathland and the former pine forest. 

However it is possible, though very unlikely, that both the bumblebee community 

and their natural enemies could have persisted through both the afforestation and 

62 



C/? uplt'r_3 - Re. yioring/)[I1; is!! 1; 1v 
. 

restoration process, such that they are communities degraded through disturbance. 

rather than communities reinstated through restoration. However bumblebees 
foraging on the minimal floral resources present in patches of afforested heathland 

was rarely observed, and studies indicate preferences of nest-searching queens to be 
for open landscapes (Diekotter et al. 2006), or along field boundaries that offer 
tussock-type vegetation or banks (Keils & Goulson 2003). The likelihood of re- 
establishing colonies annually in or within foraging distance of afforested heaths 

therefore seems low. Furthermore the reestablishment of their natural enemies wi 11 
be lower due to their reduced dispersal ability and tolerance to environmental 

perturbations. 

Considering parasites, pathogens and parasitoids in evaluating restoration 

success 

Parasites are frequently ignored in community ecology (Huxham et al. 1995; 

Marcogliese & Cone 1997; Dobson et al. 2006), despite their role in structuring 

ecological communities (Dobson & Hudson 1986; Minchella & Scott 1991), 

influencing biodiversity and community functioning (Mouritsen & Poulin 2002; 

Montoya et al. 2003; Summers et al. 2003; Prenter et al. 2004; Mouillot et al. 2005). 

The occurrence of parasites within an interaction network can also provide us with 
information on their hosts such as their abundance, demography, and trophic 

position, and are indicative of persistent ecological and seasonal patterns that drive 

and maintain their parasite-host relationship (Marcogliese & Cone 1997; Marcogliese 

2003). Rapid generation times in relation to their host also enable them to adapt and 

respond quickly to perturbations (see reviews by Lafferty (1997) & Marcogliese 

(2005)). 

Many studies, though mainly of aquatic systems, suggest that parasites are 

good potential indicators of environmental degradation or stress, but only three 

investigate their potential for recovery after some degrading effect. Cone, 

Marcogliese & Watt (1993) found greater species richness and higher numbers of 

parasitic infections of eels in a limed portion of a watershed following up to six years 

of artificial buffering against acidity, compared to acidic and mixed portions. 
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Valtonen et al. (2003) found only a few species of fish parasites showing evidence of 
recovery, comparing communities in lakes sampled before and nine years after 
chemical loading from a pulp mill was reduced. To my knowledge, only Huspeni 
Lafferty's study (2004) specifically uses parasite communities to measure restoration 
success, comparing trematode communities of snails from control sites to sites 

sampled before and up to six years after ecological restoration of a salt marsh. My 

study extends their approach by incorporating quantitative interaction networks in 

the evaluation of restoration success of a phylogenetically diverse array of parasites 
in terrestrial communities. 

Conclusions 

Reinstating the interactions between species is as important as reinstating the species 

themselves if the aim is to promote an ecologically functioning and sustainable 

community. The higher trophic levels of a community network have the potential to 

act as robust indicators of the degree of restoration success, as their reliance upon the 

lower trophic levels leave them to be the last to establish as a community is restored. 

Food webs and other ecological networks have not been widely applied to the field 

of conservation biology, but given the practical and theoretical advances being made 

in food web construction, along with an ongoing need for habitat restoration, the use 

ecological networks as a conservation tool could be very timely. 
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3.5 Tables & Figures 

Table 3.1 The 12 heathland sites located in the Poole Basin, South Dorset, used in this 
study. These six pairs of ancient, reference and restored sites are listed below, toý`ýCther 
with their grid reference, area of heathland, distance between pairs, elevation (metres 
above sea level), and their management authority. All sites are fragments of the overall 
remaining heathland matrix in Dorset (8170 ha. ) (jncc. gov. uk). 

Site type Pair Study site Grid reference 
SY/SU/SZ BNG 

Study plot 
(total heath 
area) (Ha. ) 

Distance 
between pair 

(km) 

Elevation 
(m. asl. ) 

Ownership / 

Ancient 1 Arne, Grip Heath Y97386 87595 30 (310) 0.5 5 RSPB 

reference 2 Lower Hyde Heath Y88321 91053 18 (18) 0.5 25 Private Landowner 

heathland 3 Gore, Great Ovens Y92616 90141 25 (88) 3.6 19 Herpetological Cons. Tr. s! 
site (HCT) 

4 Morden bog Heath Y91143 92235 16(149) 0.5 15 English Nature 

5 Woolsbarrow Fort, Y89198 92550 8 (420) 2.2 53 Forestry Commission 
Wareham Forest 

6 Holt Heath, Summerlug U06854 4798 5 (406) 2.2 30 English Nature 
Hill 

Restored 1 Arne, Grip Heath Y97349 87747 8 (310) 0.5 7 RSPB 

heathland 2 Lower Hyde Heath Y87868 90993 2 (15) 0.5 35 Forestry Commission 

site HCT 

3 Holton Lee Heath Y95927 91775 15 (58) 3.6 0 Holton Lee Charity / RSPB 

4 Morden Bog Heath Y90898 92235 8 (149) 0.5 15 English Nature 

5 Wareham Forest Y91235 90127 3 (420) 2.2 6 Forestry Commission 

6 Whitesheet Plantation Z11541 99006 14(42) 2.2 14 Forestry Commission 
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Table 3.2 Parasite abundance, diversity, and prevalence variables from host bumblebees 
foraging in the 6 pairs of ancient reference and restored heathland sites. Mean values per 
variable were calculated across all 6 sites per site type, and are displayed together with 
their standard error of the mean. Significant p values (quoted at 95% confidence levels) 
are indicated by * (p <0.05) and ** (p <0.005). 

Ancient, 
Restored sites Test p value (95% 

reference sites Paired test Significance 
(n=6) statistic confidence) (n=6) 

Bumblebee Hosts 

Total abundance 951 00 805 00 

Mean abundance per site 158 50 ± 24 49 134.17 ± 12 52 Paired t-test 1 12 0 31 

mean species richness per site 6 33 ±0 49 7±0 26 Paired t-test -1 20 0 29 

1. Overall Parasitism 

parasitised (internally or externally) 49 02 ±1 71 42 24 ±7 54 Paired t-test 211 0 09 

internally AND externally parasitised 7 85 ± 0.76 4 41 ±0 83 Paired 1-test 2 35 0 07 

2. External mite Parasitism 

Mean total abundance (excluding pair 5) 407 60 ± 152.73 306.80 ± 80 73 Paired t-test 0 61 0 58 

Mean species richness per site 3.00 ± 0.37 3.33 ± 0.21 Paired t-test -1 00 0 36 

% parasitised externally 23.50 ± 2.79 25.00 ± 3.95 Paired t-test -0 28 0 79 

Mean mite load per host (excluding pair 5) 2 56 ±0 64 2 08 t0 45 Paired t-test 0 56 0 60 

Mean mite load per parasitised host (excluding pair 5) 10 59 ±2 75 8 60 t1 65 Paired 1-lest 0 60 0 58 

3. Internal Parasitism 

Mean species richness per site 4 67 ±0 49 3 80 t0 54 Paired t-test 1 54 0 19 

% parasitised internally 33.5 ± 364 21.57 ± 2.57 Paired t-test 6 45 0 00 

% parasitised excluding Conopidae 9.26 ± 0.96 6.59 ± 1.31 Paired t-test 1 66 0.16 

% parasitied by >1 internal species 3.18 ± 0.73 1.64 ± 0.58 Paired t-test 1.36 0.23 

a) Conopid parasitism 
% parasitised by Conopidae 27.4 ± 3.86 16.83 ± 2.96 Paired t-test 4 35 0 01 

Conopidae host range 4 83 ± 0.40 3±0.58 Wilcoxon 21 00 0 04 

Mean abundance of conopid larvae per site 61.33 ± 12.12 29.33 ± 6.92 Paired t-test 3 98 001 

Mean conopid load per host 0.38 ± 0.06 0 21 ± 0.03 Paired t-test 4 61 001 

Mean conopid load per parasitised host 1.40 ± 0.06 1.27 ± 0.03 Paired t-test 1.77 0.14 

hosts superparasitised by Conopidae 6.88 ± 1.80 3.10 ± 0.75 Paired t-test 4 07 001 

* parasitised hosts superparasitised by Conopidae 24.36 ± 3.37 18.18 ± 3.04 Paired t-test 1.51 0 19 

b) Tracheal mite parasitism 

Mean abundance of tracheal mites per site 72.7 ± 27.0 208 ± 129 Wilcoxon 6 00 0 79 

% parasitised by tracheal mites 0.84 ± 0.31 1.11 ± 0.63 Paired 1-test 0 02 0 98 

Mean tracheal mite load of hosts 0.47 ± 0.15 2.20 ± 1.65 Wilcoxon 6 00 0.79 

Mean tracheal mite load of parasitised hosts 80.10 ± 29.90 256 t 188 Wilcoxon 6 00 0 86 

c) Protozoan parasitism 
parasitised by protozoan(s) 8.23 ± 0.79 5.29 t 1.10 Paired t-test 2 08 0 09 

parasitised by Crithidia bombi 6.35 ± 0.82 4.19 t 1.03 Paired t-test 1.64 1 64 

" parasitised by Nosema bomb, 0.68 ± 0.23 0.45 t 0.34 Paired t-test 0 86 0 430 

parasitised by Apicystis bombi 1.20 ± 0.33 0.65 t 0.27 Paired t-test 1 25 0 27 
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Table 3.3 Network topology summary statistics from the ancient and restored networks. Mean 
values per variable were calculated across all 6 sites per site type, and are shown along with their 
standard error of the mean. Significant p values (quoted at 95% confidence levels) are indicated 
by * (p <0.05) and ** (p <0.005). 

Ancient, p value 
reference 

Restored sites Test 
(95% Sig. 

(n=6) statistic sites (n=6) confidence) 

Measures of generalisation 

Mean number of bee species per plant species 1.65 ± 0.17 1.86 ± 0.20 -0.61 0.568 

Mean number of parasite species per bee species 1.23 ± 0.08 0.99 ± 0.06 2.9 0.034 

Food web statistics 

Realized links (Ir) 39.16 ± 3.26 33.67 ± 3.56 2.91 0.034 

Maximum links (Imax) 73.86 ± 11.45 73.43 ± 6.52 0.04 0.966 

Linkage density 2.13 ± 0.06 1.86 ± 0.15 1.78 0.135 

Connectance Cr 0.52 t 0.03 0.44 ± 0.03 1.33 0.241 
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Figure 3.1 The mean floral abundance (per m) of Erica spp. (E. cinerea & E. 
tetralix), Calluna vulgaris, and the total floral abundance at ancient and restored sites 
over the sampling season. Sampling sessions took place in late June (S 1), mid July 
(S2), early August (S3), late August (S4), and mid September (S5). 
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Figure 3.3 Quantitative interaction webs representing three trophic levels for a) Holt ancient and b) 
Whitesheet restored heathland sites (Pair 6), chosen as being representative of the pairs. The bottom 
row of rectangular bars represents the flower species; the middle represents the bumblebee species; 
the top row represents the natural enemies of the bumblebees. Each rectangular bar of the row 
represents a single species, their relative abundance proportional to bar width. Bumblebee species 
labelled are: 1) B. humilis, 2) B. jonellus, 3) B. lapi(larius, 4) B. lucorrmr, 5) B. terrestris, 6) B. 
pascuorum and 7) B. pratorrm. The scale bar at the base of the figure represent: for flora, 100 floral 
units per m2 of heathland; for bees, 10 individuals; and for their natural enemies, 100 individuals 
(with exception of the protozoan parasites Crithidia. Nosema and Apicº'stis bombi, where bar width is 

proportional to the number of hosts infected, as abundance could not be recorded). The solid triangles 
that connect the trophic levels represent the interactions linking species; the size of the triangle being 

proportional to the frequency of the interaction. Both webs are drawn to the same scale and the 
conopid network is highlighted in black. Refer to Appendix B for the remaining five pairs of 
quantitative interaction webs. 
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CHAPTER FOUR 

The prevalence and patterns of parasitism in bumblebees of 

heathland communities in south Dorset, U. K. 

Summary: While it is well known that bumblebees are economically' ll)Iportant 

pollinators of agriculture, horticulture and f oriculture in temperate regioll. ti, it is 

less well appreciated that they are key to the survival of a phYlogenctically 

diverse array of pathogens, parasites and parasitoids. This chapter assesses the 

prevalence and patterns of attack by these natural enemies, with the aim of 

updating the existing knowledge and providing baseline data on the extent of 

parasitism for bumblebees in the UK. 

Twelve heathlands in south Dorset, England, were sampled for bumblebee 

foragers and their parasite communities. Nine bumblebee host species a'c're 

found to harbour ten species of natural enemies including ectoparasitic mites, 

tracheal mites, protozoa, and Dipteran and Hymenopteran parasitoids. A mean 

of 45.63% of foragers harboured one or more parasite species. Bumblebee 

workers were significantly more parasitized than males, whilst parasitism by 

Conopidae was greatest for B. lucorum and B. terrestris and lowest for the 

heathland specialist, B. jonellus. 

Host size differences between species were a significant confounding factor, 

with a significant positive relationship between bumblebee worker size and 

parasitism hi Conopidae. With regard to foraging, both parasitized and 

unparasitized bumblebees appeared to preferentiall r forage on Erica spp. than 

on Calluna vulgaris. Parasitism did not correlate with the likelihood of pollen 

carriage. Iil this chapter I discuss these results in relation to previous records for 

bumblebee parasitism, and consider the implications of host dc'c-line in the 

context of their natural enemies. 
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4.1 Introduction 

Current patterns in the distribution, abundance, and diversity of bumblebees in the 
United Kingdom are in stark contrast to earlier literature documenting Bombus 

subterraneus as "common" (Sladen 1912), and B. sylvarum "everywhere as usual" 
(Hallett 1928). The former is now one of three species declared extinct, the latter one 

of four current Biodiversity Action Plan (BAP) priority species for conservation, 

with a further three species to be considered for BAP inclusion (Edwards & Williams 

2004). These seven species are of particular concern, with evidence documenting 

dramatic reductions in their distributional range by up to 50% when comparing pre- 

and post- 1960 records (Williams 1982), and their decline still ongoing (Carvell 

2002; Edwards & Williams 2004). Indeed only six species of bumblebee remain 

relatively common in the UK, and similar reductions in abundance and geographical 

range have also been documented for bumblebee populations in Europe and North 

America (Williams 1982; Buchmann & Nabhan 1996; Goulson 2003). 

Significant losses of these species have implications for the communities in 

which they live. Their sociality, long flight season, and existence within multi- 

species assemblages make bumblebees exceptionally effective generalist pollinators, 

with species partitioning resources via variation in proboscis length (Ranta & 

Lundberg 1980), nesting requirements (Kells & Goulson 2003) and colony 

phenology (Pekkarinen 1984). Furthermore, their large size relative to other 

pollinators enhances their ability for buzz pollination (i. e. using resonant vibration to 

dislodge pollen that is firmly held by the anthers), whilst allowing thermoregulatory 

control necessary for periods of foraging in less ideal weather conditions (Corbet et 

al. 1993). Thus bumblebees are economically important pollinators in temperate 

regions (Williams 1995, Kearns et al. 1998), with a substantial percentage of 

agricultural, horticultural, and floricultural crops being dependent on, or enhanced 

by, bumblebee pollination (Corbet 1987; Corbet et al. 1991; Willmer et al. 1994). 

Moreover, wild plant populations and semi-natural ecosystems of conservation 

priority such as ancient grasslands and heathlands, are reliant upon bumblebees for 

cross-pollination (KNvak et al. 1991; Osborne et al. 1991; Steffan-Dewenter & 

Tscharntke 1999; Forup & Memmott 2005a). 
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Rather less discussed however is the community of parasites, pathogens, and 
parasitoids (hereafter referred to collectively as parasites), that are also reliant upon 
bumblebees (Alford 1975). Such a diversity of natural enemies is particularl\ 
favoured by the high density and low genotypic variation of their bumblebee hosts at 
the nest, the coexistence of multiple, ecologically similar host species over a season. 

and the assurance of transmission through host generations via hibernating queens 
(Schmid-Hempel 1998). Thus declines in bumblebee abundance render these natural 

enemy communities directly susceptible to extinction, as many are supported 

exclusively by Bombus species. These `hidden' parasite communities are an 
important component of biodiversity in their own right, whilst also playing key roles 
in healthy ecosystems by regulating populations and structuring communities, as 
discussed in Chapter 3. Parasites can also be useful indicators of ecosystem stability 
(Marcogliese & Cone 1997b), whilst their absence in certain circumstances may even 

reduce biodiversity and promote the spread of invasive species (Lafferty 2003). 

Factors implicated in the decline of bumblebee populations in the UK include 

the loss of suitable forage following the intensification of agriculture and associated 

habitat loss (Goulson et al. 2005; Carvell et al. 2006), and the increased 

susceptibility to environmental change in the species that live at the edges of their 

distributional range (Williams 1986,1988 & 2005). Other factors less well 

understood but potentially involved in bee declines, include the impact of pesticides 

(Williams 1986; Thompson 2001), interspecific competition (Forup & Memmott 

2005a), and the loss of suitable nesting and hibernation sites (Goulson 2003). The 

role of parasitism in the well documented declines of bumblebee abundance and 

diversity remains unknown however (Sihag 1995). Indeed of all their natural enemies 

only a small proportion are known to directly cause host fatality (e. g. hymenopteran 

and dipteran parasitoids); the majority exhibiting low, though variable, impacts on 

colony fitness and colony size (Shykoff & Schmid-Hempel 1991b; Schmid-l lempcl 

1998). Furthermore, evidence for the preferential selection of a specific bumblebee 

host species by their natural enemies remains inconclusive, making it difficult to 

correlate bumblebee decline with parasitism. However the dipteran parasitoid family, 

Conopidae, are an exception here, though evidence of their preference for specific 

species has been confounded by bumblebee size. For example, Otterstatter (2004), 
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Schmid-Hempel & Schmid-Hempel (1996), and Muller et al. (1996) all found larger 
bumblebees to be more prone to attack, supporting evidence of the greater 
developmental success of conopid larvae within larger bumblebee hosts (Schmid- 
Hempel & Schmid-Hempel 1996a; Otterstatter 2004). Conopid preference has also 
been confounded by bumblebee phenology, with the marked seasonal appearance of 
conopids found to account for differences amongst bumblebee species resulting in 
lower levels of parasitism among bumblebee species completing their lifecycles early 
(Schmid-Hempel et al. 1990). 

While there is little direct evidence, parasites can be implicated in bumblebee 

decline, albeit by considering the obverse case - that of their release from their 

parasites. For example in New Zealand the rapid population expansion of imported 

bumblebees has been attributed to enemy release (Macfarlane & Griffin 1990; 

Goulson 2003). Moreover it is known that the pathogenicity of parasites can increase 

dramatically in resource-stressed hosts, with protozoan infection increasing host 

mortality by 50% in starved bumblebees (Brown et al. 2000). Such increases in 

susceptibility to parasitism when under poor resource conditions have further 

ramifications for those declining bumblebee host species already under stress. 

Furthermore, host genetic heterogeneity can be a crucial determinant in parasite 

virulence (Imhoof & Schmid-Hempel 1998; Schmid-Hempel 1998) and prevalence 

(Baer & Schmid-Hempel 1999,2001), leaving rare and declining species 

increasingly susceptible to disease as a consequence of their reduced genetic 

diversity (Ellis et al. 2006; Goulson et al. 2006). Parasitism can also directly impact 

upon the pollination services of bumblebees by altering their foraging behaviour. 

Studies have found that parasitized bumblebee hosts have impaired learning ability 

and proficiency in handing flowers (Gegear et al. 2005) and reduced discriminatory. ' 

ability between rewarding and unrewarding floral resources (Gegear et al. 2006). 

Parasitism has also been shown to alter the constancy of floral visitation and to 

reduce the foraging rate of the parasitized bumblebee host (Otterstatter et al. 2005), 

whilst there is also evidence to suggest that parasitized bumblebees switch to flowers 

that require simpler handling (Schmid-Hempel & Schmid-Hempel 1990). \loreov'er 

the capabilities of both nectar and pollen collection by bumblebees can be impaired 

by parasite load. For example, Schmid-Hempel & Schmid-Hempel (1991) found that 
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the larvae of dipteran parasitoids restricted the space available for the honey crop and 

reduced the foraging of the bumblebee due to the additional weight of the developing 

larvae, with bumblebees harbouring 3`d instar larvae less likely to forage for pollen. 
The aim of this chapter is to provide essential baseline data on the patterns 

and prevalence of parasitism of bumblebee communities. In doing so, I provide the 

first comprehensive, quantitative assessment of bumblebee parasitism for bumblebee 

communities in England. I focus on the bumblebee communities and their natural 

enemies of twelve dry, lowland heathland habitats located in south Dorset, England, 

asking two questions. First, I ask how species richness, abundance, and prevalence of 

the natural enemy community are related to host caste, species, and size, and 

secondly, I ask how parasitism affects the foraging behaviour of their host. 
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4.2 Methods 

Study habitat and species 

Heathland is a particularly favourable habitats for bumblebees, with its open 
landscape, low-growing shrubs, and minimal disturbance providing suitable nesting 

and hibernation sites (Osborne et al. 1991). Furthermore the abundance and 

relatively long flowering season of the Ericaceae and Fabaceae that dominate 

heathlands provide highly favourable forage for colony growth (Goulson et al. '2005). 

Indeed pre-1960, bumblebee distribution records document Dorset as being the only 

vice county supporting all of the seventeen species of bumblebee present in the UK 

at that time. However post-1960 records saw this reduced to just twelve species 
(Williams 1982). 

Nine bumblebee species are considered in this chapter, and their parasites 

comprise five species of mites (four attached to the exoskeleton and one located in 

the host's tracheal system), three species of pathogenic gut parasites (the protozoans 

Crithidia bombi, Nosema bombi and Apicystis bombi), and two parasitoid species, 

the dipteran family Conopidae and the braconid wasp Syntretus splendides. The 

parasites' general ecology and impacts on their hosts were described in Chapter 3. 

Site selection & sampling protocol 

The twelve field sites and the sampling protocols for flowers, bumblebees and their 

parasites were described in Chapter 3. Further to this methodology, the presence or 

absence of pollen in the corbiculae of each bumblebee host was recorded. 

Data analyses 

The data were analysed using Minitab version 14.13 (Nlinitab Inc. 21004). and 

proportional data arcsine-root transformed prior to analysis. Small sample sites due 

77 



(, huptcr 4" Prevalcrn( r117cl patterns of purn, citi. crrr in hrnni 

to low number of representative bumblebee hosts parasitized by specific parasite 
species meant that `types' of parasitism were analysed. These `t\ p s' of parasitism 
included overall parasitism of an individual, including both internal and external 
parasite species. This `overall' parasitism was then further divided into individuals 

that were either parasitized externally or internally, the latter further broken down 

into parasitism by pathogenic protozoa or parasitoid Conopidae. Also, throughout the 

analyses the workers of B. lucorum and B. terrestris were combined as B. luciIL'/T 

due to the uncertainties in identifying some workers to species based on genitalia. 
One-way Analysis of Variance (ANOVA) was used to compare the 

prevalence of parasitism between host castes. To test for differences in parasite 

prevalence between host species, Analysis of Covariance (ANCOVA) using Tukey 

pairwise comparisons was carried out per host caste, with host size as a cmvariate 
(host size measured as the length from the wing base to the distal margin of the radial 

cell). Due to the small sample sizes of some bumblebee species, this analysis could 

only be carried out for B. lucorum, B. terrestris (workers combined as B. luc/terr), B. 

lapidarius, B. pascuorum and B. jonellus only. To determine the relationship 

between host size and parasitism levels, regression analyses were carried out per 

caste, relating mean parasitism levels per site to mean bumblebee size. Within a 

bumblebee species, paired T-tests were used to compare host size between 

parasitized and non-parasitized individuals for each of the species. 

One-way ANOVA was used to determine the foraging preference of all 

bumblebees, parasitized bumblebees, and unparasitized bumblebees between flowers 

of Erica spp. and C. vulgaris. As the proportional composition of these flower 

species significantly differed between ancient and restored heathland sites (discussed 

in Chapter 3), the analyses were carried out separately for ancient and restored 

heathlands. Bumblebee worker species included in the analyses were Bombers 

luc/tern, B. pascuoruin, B. lapidarius and B. jonellus. Finally, the degree of 

association between pollen collection and the parasitized status of bumblebee 

foragers was assessed using a Chi Square test. 
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4.3 Results 

Prevalence and phenology of bumblebee parasites 

Four external and seven internal parasite species were found to parasitize bumblebee 

foragers visiting dry lowland heathland habitat in south Dorset (Chapter 3). Their 

distribution over the 12 heathland sites sampled is illustrated in Table 4.1, whilst 
Table 4.2 shows their distribution amongst the nine species of bumblebee foragers 

sampled. Two external and two internal parasite species were ubiquitous, occurring 
in all twelve field sites, whilst the parasitoid wasp and tracheal mite were found in 

only two of the nine host bumblebee species sampled. 

Eggs, larviform males and larviform and gravid females of the tracheal mite 

were found within the tracheal system of their host, and are illustrated in Figure 4.1. 

The three protozoan pathogens Crithidia bombi, Nosema bombi, and Aprc. l'stis bonnbi 

(Figure 4.2), were concentrated in the mid-gut, hind-gut, Malpighian tubules and in 

the fat body of their hosts, whilst the parasitoid larvae of the dipteran family 

Conopidae (Figure 4.3) and the braconid wasp SVIrtrcWtus splendidirs (Figure 4.4) 

were found in the abdominal cavity of the host. Furthermore, the accidental capture 

of a single B. terrestris queen found her to be parasitized by a further internal 

parasite species, the nematode worm Sphaerularia bombi (Figure 4.5). 

With exception to the parasitoid Conopidae, no significant differences were 

found between ancient and restored sites in natural enemy prevalence. Conopid 

parasitism was found to be greater at ancient sites, with a mean of 27.4% ± 3.86% of 

bumblebees parasitized compared to 16.8% ± 2.96% at restored sites, as documented 

in Chapter 3. However the aim of this chapter is to provide baseline data for 

bumblebee parasitism levels for heathlands. As the heathland matrix of southern 

England is composed of a diversity of heathland patches varying in both age and in 

their degree of restoration, I pool together the parasitism data for all twelve sites 

including parasitism by Conopidae, simply to provide an overall descriptor of 

baseline parasitism rates for the bumblebee community of lowland heathland in the 

UK. The mean, median, and range of parasitism found for the foraging bumblebees 

sampled are recorded in Table 4.3. 
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Overall, a mean of 45.63% ± 1.97% (standard error of the mean) of all 
sampled bumblebees were parasitized by one or more species of parasite, pathogen 
or parasitoid. External parasitism by one or more of the four species of phoretic mites 
affected 24.25% ± 2.32% of foragers, with parasitized bumblebee hosts carrying a 
median of 9.78 mites per individual, although for one individual bumblebee host a 
maximum of 981 individuals of Kuzinia spp. was recorded at the end of the season. 
Indeed this parasite was the most prevalent amongst the external phoretic mites, 

peaking in abundance in early August (Table 4.4). 

Bumblebees that were internally parasitized were predominantly host to 

parasitoid Conopidae, with a mean of 22.15% ± 2.82% of all bumblebees sampled 
harbouring larvae, compared to a mean of 7.93% ± 0.87% of bumblebees internally 

parasitized by other parasite species. Superparasitism (i. e. multiple parasitism of a 

single host) by conopid larvae was found to occur in 21.27% ± 2.36% of conopid- 

parasitized hosts, with a maximum of 6 larvae recorded in one bumblebee individual. 

All larval development stages were found in host bumblebees, with 1 S` instar larvae 

being the most abundant developmental stage and puparia the least (Table 4.4). No 

bumblebee hosts parasitized by conopid eggs were sampled after late August, whilst 

only bumblebee hosts sampled in late July carried puparia. First, second, and third 

instar larvae peaked sequentially in abundance from late July to late August (Figure 

4.6). 

Parasitism by the parasitoid wasp S. splendides was rare in comparison to that 

from conopids, with only three bumblebee hosts sampled in late June carrying larvae. 

Tracheal mites were similarly low in prevalence, infecting less than 1% of 

bumblebees sampled. Those bumblebees that were parasitized though harboured a 

median of 83 tracheal mite individuals, with one host found to be infested with up to 

815 mites. Prevalence of infection by pathogenic protozoa was also relativ cly low, 

with a median of 7.85% of bumblebee hosts infected and infection predominantly 

from Crithidia bombi. The other two protozoans, Appicvstis bombi and . Vosema bonnbi 

were both very rare (Table 4.3). Thirty five percent of the total protozoan- intCcted 

hosts were collected in the first week of sampling and declined thereafter. The 

greatest proportion of C. bombi-infected bumblebee hosts \\-ere collected at this time, 
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whilst the few bumblebee individuals infected with A. bombi and X. bombi were 
collected in early August (Table 4.4). 

Parasitism in relation to bumblebee caste 

With regard to levels of overall, internal, conopid, and protozoan parasitism, 
significantly higher proportions of workers were parasitized than were male 
bumblebees (one-way ANOVA: overall parasitism: F1,10 = 6.92, p=0.025; internal 

parasitism: Fl, 1o = 12.89, p=0.005; conopid parasitism: F1,10 = 6.3 5, p=0.030; 
protozoan parasitism: F1,1o = 11.97, p=0.006). The proportion of males and worker 
hosts externally parasitized by phoretic mites however were not different (one-\\'a`, 

ANOVA: F1,10 = 1.94, p=0.194). 

Parasitism in relation to bumblebee species 

To determine whether the prevalence of parasitism differed between species of 
bumblebees, the proportion of individuals parasitized overall, internally, externally, 

with Conopidae, or by protozoa for five of the most abundant species sampled (B. 

lucorum, B. terrestris (workers were combined as B. luc/terr), B. lapidarius, B. 

pascuoruni and B. jonellus) were analysed for each caste using an ANCOVA, using 

bumblebee size as the covariate (Table 4.5). 

With regard to worker bumblebees, no significant differences were found 

between bumblebee species in the proportion of individuals parasitized overall, 

externally, or by gut protozoa after controlling for bumblebee host size (Table 4.5). 

However, the proportion of workers internally parasitized did significantly differ 

between bumblebee host species, affecting a significantly lower proportion of B. 

jonellrus workers (5.69% ±4.03%) than workers of B. pascuorum (27.38% ± 5.13%) 

(ANCOVA & Tukey post hoc test for pairwise comparisons: F1,19 = 5.18, p=0.009). 

Similarly, the proportion of bumblebees parasitized by Conopidae also signiflcantl\ 

differed between bumblebee host species, with lower proportions of B. jonellus 

(2.24% ± 1.65%) found to harbour conopid larvae than B. pascuorum (19.91 % 
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2.05%) or B. luc/tern (34.61% ± 3.43%). B. luc/terr workers «viere also more 

parasitized by Conopidae than B. lapidarius (11.17% ± 4.61 %) (ANCOVA & TuLC 

post hoc test for pairwise comparisons: F1,19 = 10.72, p<0.001). (Table 4.5). 
With regard to male bumblebees, bumblebee species did not differ in the 

proportion of individuals suffering from external or protozoan parasitism (Table 4.5). 

However fewer males of B. jonellus (0.67% ± 0.67%) and B. pascuorwn (4.76°� 

4.76%) suffered from internal parasitism than did males of B. lucorum (16.68% ± 

4.39%) or B. terrestris (31.37% ± 6.74%). B. lapidaries were also less parasitized 
internally than B. terrestris, with only 8.56% ± 5.26% of male foragers parasitized 
(ANCOVA using the Tukey post hoc test for pairwise comparisons: F1,24 = 12.04, p 

< 0.001). With regard to males parasitized with Conopidae, significantly greater 

proportions of males of B. lucorum (15.45% ± 4.81 %) and B. terrestris (28.87% + 

6.11%) were parasitized than were B. jonellzus and B. lapidaries (no conopid 

parasitism), and B. pascuorum (2.38% ± 2.38%) (ANCOVA using the Tukey post 

hoc test for pairwise comparisons: F1,24 = 24.11, p<0.001). The proportion of males 

suffering from overall parasitism also differed between species, though significance 

was marginal (Table 4.5). 

Parasitism in relation to host size 

Bumblebee size was a significant covariate when determining the effect of 

bumblebee species on levels of parasitism. To further determine this relationship, 

regression analyses were carried out per caste to relate mean parasitism levels per 

site per species, to their respective mean bumblebee size. Again, overall parasitism 

was divided into external and internal parasitism, with the latter further divided into 

parasitism by protozoa and by Conopidae. Where parasitism levels %\ ere 0%, an 

average was taken of their respective host sizes and represented as a single value. 

This was to avoid an overweighting of the slope at its origin, which may ha\ e 

resulted in a false positive relationship. No relationships were found between the 

mean size of worker bumblebees per site and the proportion of workers that were 

parasitized overall, or externally (Figure 4.7a). However, a significant positive 
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relationship between worker size and the proportion of workers that were internally 

parasitized was found (Regression analysis; r2 = 52.4%, F1,19 = 20.9. P<0.001: 
regression equation: % internally parasitized = -41.2 + 58.6 worker size) (Figure 
4.7a). Significant positive relationships remained between worker size and the 

prevalence of both protozoan and conopid parasitism, although worker size 

accounted for a greater proportion of the variance in levels of conopid parasitism 
(Regression analysis; protozoan parasitism: r2 = 29.0%, Fß, 16 = 6.54, p=0.021 
(regression equation: % parasitized by protozoa = -49.4 +54.2 worker size): conopid 

parasitism: r2 = 50.9%, F1,19 = 19.67, p <0.001 (regression equation: % parasitized b% 

Conopidae = -42.3 + 55.0 worker size) (Figure 4.8a). With regard to male 
bumblebees, no relationship between size and the prevalence of parasitism was found 

(Figure 4.7b & Figure 4.8b). 

Previous analyses here showed parasitism to differ between bumblebee 

species. Indeed the factor `species' is a major confounding factor when relating size 

to parasitism, as the species themselves differ significantly in size. I therefore further 

compared the mean host size of parasitized (divided into internal and external 

parasitism), and non-parasitized individuals per site using paired T-tests for each 

species per caste. However due to small sample sizes in some cases, male B. 

lapidarius and B. pascuorum could not be analysed, whilst for male B. jonellus, size 

could only be compared between externally parasitized and non-parasitized 

individuals. I found externally parasitized workers to be significantly larger than 

non-parasitized workers (Paired t-test: T= -2.88, p=0.035; mean length: 0.92cm 

0.009cm in parasitized vs. 0.90cm ± 0.006cm in non-parasitized workers). However, 

when analysing males, internally parasitized B. lucorum males were significantly 

smaller than non-parasitized males (Paired t-test: T= -3.40, p=0.0 19; length: 

1.05cm ± 0.009cm in parasitized vs. 1.08cm + 0.004cm in non-parasitized males). 

None of the other parasitized bumblebees differed significantly in size to non- 

parasitized bumblebees of the same caste and species (data not shown). 
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Parasitism in relation to host foraging 

At ancient sites, significantly greater proportions of bumblebee foragers were found 
foraging on Erica species (E. cinerea and E. tetralix combined) than on Calluna 

vulgaris. This was the case for both unparasitized and parasitized bumblebees, and 

regardless of their parasitized state (Table 4.6). This was likely due to the 

significantly greater proportional abundances of Erica spp. available at ancient sites, 

as discussed in Chapter 3. However at restored sites, with exception to those fbrager. " 
parasitized with gut protozoa, no floral preferences were apparent (Table 4.6), with 
bumblebees foraging equally at both floral species. This was despite the significant 
dominance in floral resources by C. vulgaris as discussed in Chapter 3. Also, 

significantly greater proportions of bumblebees infected with gut protozoa at restored 

sites foraged upon Erica spp. and not upon C. vulgaris (Table 4.6). 

With regard to pollen collection, parasitized bumblebee workers were neither 

more nor less likely to carry pollen than were non-parasitized workers (Chi, test: 

overall parasitism: x2 = 0.22, d. f. = 1, p=1; external parasitism: X2 = 1.50, d. f. = 1, p 

= 0.20; internal parasitism: x2 = 2.69, d. f. = 1, p=0.20; conopid parasitism: X2 = 

1.62, d. f. = 1, p=1; protozoan parasitism: X2 = 1.32, d. f. = 1, p= 1). This was also 

the case when comparing the number of workers harbouring first, second, and third 

instar conopid larvae to non-parasitized workers, and when comparing workers 

multiply parasitized by two or more conopid larvae to non-parasitized workers (Chi, 

test: Ist instar: x2 = 0.499 d. f. = 1, p=1; 2"d instar: X2 = 2.87, d. f. = 1, p=0.10; 3d 

instar: X2 = 1.95, d. f. =1, p=0.20; two or more larvae: X2 = 1.42, d. f. = 1, p= 1). 
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4.4 Discussion 

This study provides the first comprehensive, quantitative assessment of the extent of 

parasitism in bumblebee communities in England, focusing on the communities 
foraging on heathland in south Dorset. Worker bumblebees suffered greater 

parasitism than did male bumblebees, whilst parasitism by Conopidae was greatest 
for Bombus lucorum and B. terrestris individuals and lowest for individuals of the 

heathland specialist species, B. jonellus. Furthermore, a significant positive 

relationship was found between the size of bumblebee workers and their prevalence 

of parasitism by Conopidae. Both parasitized and unparasitized bumblebees seemed to 

preferentially forage on Erica spp. than on Calluna vulgaris. Parasitism did not correlate 

with the likelihood of pollen carriage. In this section the limitations of the study are 

considered and the results are put into context by comparing there with published 

data from other field studies. I end by discussing the importance of monitoring 

bumblebee natural enemies in addition to monitoring the bumblebees themselves. 

Limitations of the study 

The incidence of parasitism by the diverse array of parasites, pathogens and 

parasitoids documented in this study represent only a portion of the true extent of the 

natural enemy community supported by bumblebees. By considering only host 

foragers, I cannot assess the abundance of parasites and commensals of their nests 

that include further species of Diptera and Hymenoptera (including the cuckoo 

bumblebees from the subgenus Psithi'rus), as well as species of Coleoptera and 

Lepidoptera. This study was also limited to a single season, such that I cannot 

determine the extent of temporal variation in the natural enemy community, although 

I do know that a similar proportion of the bumblebees were infected by Conopidac in 

2004 (Henson, unpublished data). Finally, by sampling bumblebee foragers from the 

heathland flora rather than directly from the nest, I am unable to determine how 

representative the parasitism levels are with regard to their colonies. That is, I am 

assuming that the foragers sampled in this study represent a diversity of colonies (the 
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colony being their true effective population size), rather than just one or two, for 

example. Finding colonies or measuring their abundance however is difficult, though 

recent molecular techniques have successfully been employed to determine colony 
density inferred through the frequency of sampling sister pairs (Chapman cl al. '003; 

Darvill et al. 2004; Knight et al. 2005). These studies have shown that Bombers 

populations foraging at a resource patch are generally representative of a relatively 

high numbers of colonies. Furthermore, the likelihood of sampling sister pairs has 

been found to be low both within a site (a maximum of 5% of all pairs found to be 

sisters), as well as at adjacent sites (a maximum of 0.4% of pairs found to be sisters 

at sites separated by 500m) (Knight et al. 2005). Thus it is likely that the parasitism 

levels documented in this study are a good representation of their prevalence at the 

colony level. 

Prevalence of parasitism in Dorset Heathlands 

Bumblebee parasites were common, with just under half of all bumblebee foragers 

carrying one or more species of parasite. External parasitism by phoretic mites 

ranged between 10% - 40%, which is at the lower end of the ranges documented in 

North America (12% -70%) and Europe (17% - 83%) (Schmid-Hempel 1998). The 

impacts of these phoretic mites are benign however, feeding off the pollen and 

detritus within the colony before reproducing and transferring to other bumblebee 

hosts. 

The internal natural enemies exert much greater impacts upon their host 

bumblebees than the phoretic mites. In particular, the larvae of both Dipteran and 

Hymenopteran parasitoids feed on the internal organs of their host throughout their 

development (Alford 1975), eventually leading to host death. The pre\ alence of the 

dipteran parasitoid Conopidae in Dorset heathlands suggests a mean loss of 22% f 

2.82% of bumblebee foragers per season as a consequence of this parasitism. Their 

impact on the colony however is less clear as queens were not sampled in this study. 

However Schmid-Hempel et al. (1990) did not find spring queens to be parasitized 

by conopid larvae, and assumed this was because of their earlier emergence relatiN c 

to adult Conopidae who appear from June to August (Alford 1975). The impact of' 
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conopid parasitism on colony founding by spring queens may therefore be minimal. 
Also, although young queens foraging at the end of the summer prior to their 
hibernation have been found to be infected with conopids, this is typically to a much 
lesser degree (Schmid-Hempel & Schmid-Hempel 1988; Schmid-Hempel et al. 
1990b). However with the parasitism of both workers and male bumblebees 

relatively common, bumblebee colony size may potentially be reduced over the 

season itself, with smaller colonies found to produce fewer offspring and therefore 
fewer queens (Schmid-Hempel & Schmid-Hempel 1988). Furthermore the loss of 

male bumblebees may reduce the mating potential of young queens produced in the 
late summer. 

The frequency of parasitism by Conopidae found in the Dorset heathlands 

was similar to the documented frequencies of between 20-30%, though peak seasonal 

prevalence of up to 70% have been recorded (Schmid-Hempel 1998). However 

parasitism by the hymenopteran parasitoid, Syntretus splendidus, were very low, with 

prevalence recorded between 0-1.2% of foragers, compared to previous rates 

recorded for England of 11% - 67% between May and July (Alford 1968). The short 

flight window of S. splendidus early in the season between May and June (Alford 

1975), may explain their low occurrence in this study, as high levels of floral 

resources were only available to potential bumblebee hosts from June onwards, and 

parasitized individuals were sampled only in late June. 

Prevalence of infestation by the tracheal mite L. buchneri in this study were 

also low, ranging between 0- 4% of Bombus hosts at the twelve sites, with a mean 

prevalence of 0.97% ± 0.34%. Furthermore L. buchneri was found to infect only the 

host species B. pratorum and B. pascuorum. A study in Switzerland also found these 

two species to be the only infected species out of a community of nine bumblebee 

species studied (Shykoff & Schmid-Hempel 1991 a). Macfarlane et al. (1995) 

suggested that these species may be more prone to parasitism by L. buchneri due to 

their above-ground nesting behaviour increasing the accessibility of their nests to L. 

buchneri. In addition, their early emergence and colony founding in the season 

coincides with peak tracheal mite prevalence. However tracheal mite prevalence 

recorded for host communities in Canada did not support this, with the earliest 

emerging species uninfested, and highest rates of infestation recorded for the 

87 



C'huýýtcr a Prei%rrlerýee cmcl pu1teril% nliii hnr, rýr''ýhrýýc r, i 

underground nesting species B. occidentalis (Otterstatter & \\ hidden -1004). Levels 
of infestation recorded for other host communities range between 0.8-7% in northern 
Europe, 0-0.02% in New Zealand (Macfarlane et al. 1995), and between 0-18% in 
Alberta, Canada (Otterstatter & Whidden 2004). 

Overall the rates of infection by protozoa in the Dorset heathlands were much 
lower than those documented elsewhere in Europe. Frequencies of infection by the 
pathogen C. bombi ranged between 1.27-8.89% of bumblebee hosts, compared to 10- 
30% commonly recorded (Schmid-Hempel 1998), and a maximal prevalence of up to 
80% recorded for foraging workers (Shykoff & Schmidhempel 1991 a). For N 
Bombi, only 0-2.05% of bumblebee hosts were infected in this study compared rates 
of 9-53% of bumblebee hosts in Switzerland (Shykoff & Schmidhempel 1991 a; 
Imhoof & Schmid-Hempel 1999), whilst for A. bombi 0-2.17% of foragers were 
infected compared to 3-8% recorded in Europe (Macfarlane et al. 1995). 

Parasitism in relation to bumblebee caste, species and size 

Workers suffered from a greater level of parasitism than did males, whilst bumblebee 

host species seemed to be differentially susceptible to internal and conopid 

parasitism only. Such patterns are common to other European studies (Schmid- 

Hempel & Schmid-Hempel 1988; Schmid-Hempel et al. 1990; Shykoff & 

Schmidhempel 1991 a). In this study, B. lucorum and B. terrestiris workers and males 

showed much higher incidences than did B. jonellus, B. pascuorum, and to a lesser 

extent, B. lapidarius. This was similar to the findings of Schmid-Hempel et al. 

(1990) but contrary to those of Shykoff & Schmid-Hempel (1991 a), where highest 

incidences of conopid parasitism occurred in B. pascuorum. 

However the extent of the choice of bumblebee host species by Conopidae 

was confounded by other variables such as their phenological overlap with each 

other and bumblebee host size. For example, it has been suggested that the 

appearance of the conopid species Sicusferrugineus and Phl socephala r1ifipes by 

June leave late-emerging bumblebee host species more prone to attack (schmid- 

Hempel et al. 1990). Both these conopid species were seen as adults in the heath land 

sites (K. Henson pers. obs., D. Clements, pers. comm. ), and are likely to be amongst 
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the larval conopids sampled. Indeed B. lucorum, a late-emerging bumblebee species 
of heathlands, suffered from higher than expected incidences of conopid parasitism. 
It may be however, that B. lucorum being one of the most frequently sampled species 
in this study, was also the more frequently available host to their parasites; that is, the 

parasites themselves effectively `sample' abundant species more frequently than 

rarer ones (Vazquez et al. 2005b). Indeed Durrer & Schmid-Hempel (1995) found 

greater levels of parasitism by Conopidae and C. bombi as well as higher parasite 

species diversity, in the more commonly distributed host species compared to rarer 

species. More generally, patterns in host-parasite interaction networks have been 

found to partly result from the distribution of abundance amongst the species 

themselves (Vazquez et al. 2005b). 

However both B. pascuorum and B. jonellus are late emerging species (B. 

jonellus, usually an early-emerging species in the south, has late-emerging queens in 

heathland to coincide with floral resources (Edwards & Williams 2004)). Yet both 

species experienced the lowest frequencies of internal and conopid parasitism. These 

species however, were also the smallest of those analysed, the opposite being true for 

B. lucorum and B. terrestris. Thus host size may be a more significant confounding 

factor than simply phenological overlap between bumblebees and conopids. Indeed 

bumblebee host size was a significant covariate when assessing the prevalence of 

conopid parasitism between host species, with a significant positive relationship 

between bumblebee worker size and conopid parasitism found. This is in line with 

Muller et al. (1996) who found bumblebee hosts parasitized by Conopidae to be 

significantly larger than those individuals not parasitized. Furthermore, Otterstatter 

(2004) found bumblebee host size to be a better predictor of conopid size than host 

species, whilst Schmid-Hempel & Schmid-Hempel (1996) documented greater 

developmental success of conopid larvae in larger bumblebees. Indeed more 

generally the body size of hosts has been found to positively correlate with the 

fitness of their parasites in regard to their fecundity and longevity (reviewed in 

Godfray (1994)). With regard to Conopidae, all four development stages of their 

larvae (1s', 2nd, and 3`d instar stages followed by the puparium), occur entirely within 

the abdomen of their bumblebee host, the adult finally breaking out of the 

exoskeleton of their bumblebee host the following spring. Larger bumblebee hosts 
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therefore not only offer greater provisioning of internal resources to the larvae, but 

also provide a greater developmental space for the final puparium case, both factors, 
increasing the developmental success of the emerging conopid fly. Other studies 
however have not found this relationship (Schmid-Hempel & Schmid-Hempel 1988: 
Schmid-Hempel & Muller 1991; Schmid-Hempel & Stauffer 1998). 

Parasitism in relation to host foraging 

Greater proportions of bumblebees foraged on Erica spp. where it was proportionally 
dominant at ancient sites, regardless of whether they were parasitized. This may 
indicate that bumblebees forage in proportion to the available resources at these 

heathlands. Yet at restored sites, where C. vulgaris dominated the available 

resources, the proportions of bumblebees foraging on C. vulgaris were no different to 

those foraging on Erica spp., suggesting that bumblebees preferentially forage at 

Erica flowers when abundant. Also, the lack of difference in flower preference 

between parasitized and unparasitized individuals at ancient sites suggest that 

parasitism itself may not impact upon floral choice of the infected individual. This is 

in contrast to studies by Gegear et al. (2005,2006) whereby high levels of infection 

by the protozoan C. bombi in bumblebee hosts impaired their learning and handling 

of flowers and their ability to differentiate rewarding from non-rewarding flowers. 

However it is unlikely that C. bombi would have much impact on bumblebee 

foraging in this study, given their very low incidence of infection in bumblebees 

here. Also, Schmid-Hempel & Schmid-Hempel (1990) found that bumblebee hosts 

harbouring conopid larvae chose to forage at floral species that required much 

simpler handling. Although greater proportions of conopid-parasitized bumblebees at 

ancient sites foraged upon Erica spp., this is more likely due to its dominance at 

ancient sites rather than differences in the perceived handling difficulty of Ericu spp. 

and C. i'ulgaris, as no differences were found at restored sites. This is similar to the 

findings of Schmid-Hempel & Stauffer (1998), who also found no association 

between conopid attacks on bumblebees at particular floral species. 

What is not clear from this study however is whether the greater proportions 

of parasitized bumblebee foragers found at Erica spp. at ancient sites increased their 
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susceptibility to parasitism. For example, pathogenic protozoa and phoretic mites use 
flowers to transfer between bumblebee hosts, the former transmitting between 

bumblebees through contaminated nectar. Indeed at restored sites significantly 

greater proportions of protozoan-parasitized bumblebees were also found to forage at 
Erica spp. The enclosed morphology of the bell-shaped, downward-hanzing flowers 

of Erica spp. may provide a more protective environment to such parasites, in 

contrast to the more open, exposed morphology of C. i'u! garis, where rates of 
desiccation may be much higher. Flowers of Erica spp. may therefore provide an 
ideal environment for protozoa as they wait for bumblebees to forage upon the 

contaminated nectar. 

Parasitized worker bumblebees were no less likely to have foraged for pollen 

at their time of capture than were unparasitized workers. However a previous study 

by Schmid-Hempel & Schmid-Hempel (1988) found that significantly fewer 

bumblebee hosts parasitized by Conopidae foraged for pollen, whilst a further study 

by Schmid-Hempel & Schmid-Hempel (1991) found bumblebee hosts harbouring 3rd 

instar larvae less likely to forage for pollen than expected compared to non- 

parasitized bumblebees. They suggested that the additional weight of the third instar 

larvae, filling the entire abdominal cavity of the bumblebee, imposed immediate 

costs by reducing the foraging capacity of the parasitized bee. I found no evidence 

for this in this study, with bumblebee hosts carrying first, second, or third instar 

larvae or a conopid puparium no less likely to carry pollen than non-parasitized 

workers. Furthermore, bumblebee hosts superparasitized with more than one conopid 

larvae also showed no association with the likelihood of pollen carriage. 

Bumblebee decline and their natural enemies 

The reduction in the availability of suitable forage resources, nesting and hibernation 

sites for bumblebees as a consequence of habitat loss and fragmentation, together 

with the current and future impacts of climate change, is likely to increase the lc\ els 

of stress suffered by bumblebees. The extent to which this affects their susceptibility 

to disease however, remains unknown. Experimental evidence exists for increased 

virulence and mortality by the gut protozoan C. bombi in resource-stressed 
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bumblebee hosts (Brown et al. 2000), suggesting that parasitism may become an 
increasingly important factor in their future decline. As a consequence of declines in 
both bumblebees and honeybees, there has been an increase in the import and export 

of bumblebee colonies for pollinator services (Macfarlane et al. 199f). 

Aside from the threat of hybridization between introduced and nati\ c host 

species and subspecies, and their potential to displace natives (Mitsuhata & Ono 

1996; Ings et al. 2006), the accidental introduction of their natural enemies together 

with their host has important implications for resident bumblebee communities. 
Parasites not currently present in the resident native community may be introduced, 

such as in Japan where the pathogen N. bombi found in imported B. terrestris 

colonies successfully infected native bumblebee species (Niwa et al. 2004). Novel 

pathogenic strains have also been introduced together with their imported bumblebee 

hosts (Goka et al. 2006). Furthermore, evidence suggests that commercially-reared 

bumblebees suffer from greater levels of parasitism than do wild populations, with 

the transfer of pathogens from commercial to wild communities likely (Colla et al. 

2006). Research into the prevalence and impacts of bumblebee natural enemies is 

therefore increasingly important in light of declining native bumblebee species and 

the growing commercialisation of bumblebee colonies for global exportation. 

Conclusions 

Bumblebees are crucial for pollination services globally, but are also key to the 

survival of a phylogenetically diverse array of pathogens, parasites and parasitoids. 

Yet unlike their well-studied role in pollination, the prevalence and patterns of such 

hidden natural enemies in the UK remain poorly understood since their first 

documentation by Sladen in 1912 and Alford in 1975. The work presented here 

provides the first comprehensive and quantitative assessment of parasitism of 

bumblebee foragers in dry lowland heathland. Such baseline data are essential to 

further our understanding of the impact of parasitism on bumblebee communities in 

light of their declining populations within the UK, whilst highlighting the otherýý i`c 

hidden and often ignored biodiversity of bumblebee natural enemies. 
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4.5 Tables & Figures 

Table 4.1 The distribution of bumblebee natural enemy species across twelve sites of 
dry lowland heathland in south Dorset, England, 2005. Sites were sampled for 
bumblebee communities and their natural enemies at six pairs of ancient (A) and 
restored (R) heathland sites. The diamond symbol f indicates the presence of a 
parasite species harboured by foragers sampled from that heathland site. 

D lowland heathland sites 
Al R1 A2 R2 A3 R3 A4 R4 A5 R5 A6 R6 

Bumblebee natural enemies 
External 

Ectoparasitic Kuzinia spp. " " " " " " " " " . " 
mites Parasitellus fucorum " " " " " " . " " " " 

Scutacarus spp. " " " 
Hypoaspis spp. " . " " " " " " " " " 

Internal 

Tracheal mite Locustacarus buchneri " " . " " " " " " 

Pathogenic Crithidia bombi " " " " " " " " ' ' ' " 

protozoa Nosema bombi " " " " " " 
Apicystis bombi " " " " " " " ' " 

Parasitoids Conopidae " " " " " " ' " " " " ' 
Syntretus splendidus " " 

Nematode worm Sphaerularia bombi " 
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Table 4.2 The distribution of bumblebee natural enemy species across nine species 
of bumblebee foragers sampled from 12 dry, lowland heathland sites in south Dorset, 
England, 2005. The diamond symbol f indicates the presence of a parasite species 
found for each species sampled, and per bumblebee caste (workers (w) and males 
(m) only; with exception to the nematode worm S. bombi sampled from a single B. 
terrestris queen (Q)). 

E 
'S 

y E 
0 y L 

Bumblebee species ö 
ý_ 

ý, = o o 
v u i 

:: 
4 
M (Ya C 

0 t 
` 
0. 

a 
c 

4) 
i 

CO m CO m CO CO m CO CO CO 

Bumblebee caste w m m w m w m w m w m w m w m w m 
Percentage of total foragers 33.8 51.3 21.4 126 84 94 64 63 88 23 31 14 .2 3 

Bumblebee natural enemies 

External 

Ectoparasitic Kuzinia spp. . . " " " " " 
mites Parasitellus fucorum . . . " " . " . " . . " 

Scutacarus spp. " " 
Hypoaspis spp. . . " " " 

Internal 

Tracheal mite Locustacarus buchneri " " " 

Pathogenic Crithidia bombi . . . . . " " . 
protozoa Nosema bombi " . " . " 

Apicystis bombi . . " " " " 

Parasitoids Conopidae " " " " " " " " " " 
Syntretus splendidus " " 

Nematode worm Sphaerularia bombi Q 
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Table 4.3 The degree of parasitism by parasites, parasitoids and pathogens of host 
bumblebee workers and males sampled from the 12 heathlands. 

Dry lowland heathland sites (n=12) 
mean ± standard Median Range 

error m^mm ,, _a, ' -,; m 
Bumblebee Hosts 
Total abundance 1756 
Abundance per site 146.30 t 13.60 14150 7900 223 00 
Species richness per site 6.67 t 0.28 7.00 5 00 

1. Overall Parasitism 
% parasitized (internally or externally) 45.63 t 1.97 47 36 29 11 84 3- 
% internally AND externally parasitised 6 13 ± 0.75 6 19 1 37 9 78 

2. External mite Parasitism 
Abundance per site 561.00 t 193.00 351.00 4200 

. 
2531 00 

Species richness per site 3.17 t 0.21 100 2.00 4 00 
% parasitized externally 24.25 t 2.32 24.00 10.13 40.46 
Mite load per host 3.81 t 1.48 2.55 0.53 19.77 
Mite load per parasitised host 15.06 t 5.36 9 78 4 53 72 31 

3. Internal Parasitism 
Species richness per site 4.25 t 0.37 4.50 2 00 6 00 

parasitized by >1 internal species 2.41 t 0.50 2.06 0.00 5.56 

parasitized internally 27.54 t 2.78 24.86 12.21 48.94 

parasitized excluding Conopidae 7.93 t 0.87 8.60 2.53 11.96 

a) Conopid parasitism 
% parasitized by Conopidae 22.15 t 2.82 21.03 6 11 41.84 

Conopidae host range 3.92 t 0.43 4.00 1.00 6 00 

Abundance of conopid larvae per site 45.33 t 8.22 35.50 10.00 93.00 

Conopid load per host 0.30 ± 0.04 0.29 0.21 0.37 

Conopid load per parasitized host 1.33 ± 0.04 1.31 1.13 1.58 

hosts superparasitized by Conopidae 4.99 ± 1.09 4.56 0.76 15.60 

parasitized hosts superparasitized by Conopidae 21.27 t 2.36 20 64 6 67 37 29 

b) Braconid wasp parasitism 
Abundance of braconid wasp per site 2.50 ± 2.02 0.00 0 00 24 00 

% parasitized by braconid wasp 0.14 ± 0.10 0.00 0.00 1.20 

Braconid wasp load of hosts 0.01 ± 0.01 0.00 0.00 0.11 

Braconid wasp load of parasitized hosts 13.50 ± 10.50 13.50 3.00 24 00 

c) Tracheal mite parasitism 
Abundance of tracheal mites per site 140.20 ± 66 67.00 0.00 815 00 

% parasitized by tracheal mites 0.97 ± 0.34 0.63 0.00 4.11 

Tracheal mite load of hosts 1.34 ± 0.83 0.47 0.00 10.32 

Tracheal mite load of parasitized hosts 159 30 ± 84 20 83 00 16 00 815 00 

d) Protozoan parasitism 
parasitized by protozoan(s) 6.76 t 0.78 7 65 1 27 10 87 

parasitized by Crithidia bombi 5.27 t 0.71 5.66 1.27 8.89 

parasitized by Nosema bombi 0.56 t 0.19 0.33 0 00 2 05 

parasitized by Apicystis bombi 0.93 t 0.22 0.75 0 00 2 17 
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Table 4.4 The phenology of natural enemies of host bumblebees sampled foraging in 
dry lowland heathland. For all natural enemies with exception to protozoans, values 
per sampling session represent the number of parasite individuals sampled from all 
bumblebee hosts collected for all sites. For the protozoan parasites, values represent 
the number of host individuals parasitized by these pathogens, as only the presence 
or absence of these pathogens were recorded. 

Sampling session 
1 2 3 4 5 Total 

(late June (mid July) (early Aug) (late Aug) (mid Sept) 

Host bumblebee abundance 313 264 384 424 371 1756 

Bumblebee natural enemies 
External 
Mite abundance Kuzinia spp. 582 1370 1911 654 1619 6136 

Parasitellus fucorum 161 74 44 27 120 426 
Scutacarus spp. 1 0 7 0 2 10 
Hypoaspis spp. 14 17 42 1 82 156 

Total 758 1461 2004 682 1823 6728 
Internal 
Tracheal mite abundance Locustacarus buchneri egg 0 590 0 440 120 1150 

larviform ind 0 380 0 75 19 474 

gravid female 0 26 0 25 7 58 
Total 0 996 0 540 146 1682 

Nos, of hosts harbouring Crithidia bombi 38 16 15 15 8 92 

protozoan(s) Nosema bombi 1 2 6 2 0 11 

Apicystis bombi 3 4 7 3 0 17 
Total 42 22 28 20 8 120 

Parasitoid abundance Conopidae egg 3 5 10 12 0 30 

1st instar 15 81 60 48 2 206 

2nd instar 39 41 51 41 6 178 

3rd instar 26 29 17 45 5 122 

puparium 0 7 0 0 0 7 

Total 83 163 138 146 13 543 

Syntretus splendidus egg 16 0 0 0 0 16 

2nd instar 4 0 0 0 0 4 

4th instar 10 0 0 0 0 10 

Total 30 0 0 0 0 30 
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Table 4.5 Comparing the prevalence of parasitism between bumblebee host species 
per caste, using ANCOVA to control for the effect of wing length (used as a 
proximate measure for host size). Host species included in the analyses are Bombus 
lucorum, B. terrestris, B. pascuorum, B. lapidarius and B. jonellus. When analysing 
workers, B. lucorum and B. terrestris were combined as B. luc/zerr due to the 
difficulty in separating these species. Significant p values (quoted at 95% 
confidence levels) are indicated by * (p <0.05) and ** (p <0.005). 

Caste parasitism variable source of variation 
degrees of 

freedom (factor, 
error) 

F P 
( 

significance 
95% C. I (95% .) 

Workers Overall parasitism Host species 1,19 0.81 0.504 
(internal or external) Mean winglength (Covariate) 1,19 1.45 0.243 

Internal parasitism Host species 1,19 5.18 0.009 
Mean winglength (Covariate) 1,19 11.24 0.003 

External parasitism Host species 1,19 2.67 0.077 
Mean winglength (Covariate) 1,19 0.2 0.659 

Conopid parasitism Host species 1,19 10.72 <0.001 "" 
Mean winglength (Covariate) 1,19 10.92 0.004 

Protozoan parasitism Host species 1,19 1.14 0.358 
Mean winglength (Covariate) 1,19 3.12 0.093 

Males Overall parasitism Host species 1,24 2.91 0.044 

(internal or external) Mean winglength (Covariate) 1,24 0.17 0.687 

Internal parasitism Host species 1,24 12.04 <0.001 
Mean winglength (Covariate) 1,24 5.89 0.023 

External parasitism Host species 1,24 1.99 0.129 

Mean winglength (Covariate) 1,24 0.09 0.771 

Conopid parasitism Host species 1,24 24.11 <0.001 

Mean winglength (Covariate) 1,24 2.15 0.156 

Protozoan parasitism Host species 1,24 0.67 0.617 

Mean winglength (Covariate) 1,24 1.13 0.299 
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Table 4.6 ANOVA results when comparing the foraging preference of all, 
unparasitized, and parasitized bumblebees towards flowers of Erica spp. and C. 
vulgaris at ancient and restored heathland sites. The mean proportions of foragers 
found on either flower species are listed together with their standard errors. 
Bumblebee worker species included in the analyses are Bombus luc/zerr, B. 
pascuorum, B. lapidarius and B. jonellus. Significant p values (quoted at 95% 
confidence levels) are indicated by ** (p <0.005). 

Heathiand 
type 

Parasitism state of 
bumblebee forager 

Factor 
D. F. 

(factor, 
error) 

significance 
(95% C. I. ) 

Mean % foragers on 
Erica app. 

Mean % of foragers on 
C. vufyarla 

Ancient all individuals Flower species 1,10 38.87 <0.001 80.12 ± 6.59 19.88 ± 6.59 

sites 
unparasitized Flower species 1,10 32.02 <0.001 ** 74.02 ± 5.55 25.98 ± 5.55 

Overall parasitism Flower species 1,10 41.02 <0.001 ** 86.67 ± 8.17 13.33 ±. 17 

Internal parasitism Flower species 1,10 31.28 <0.001 ** 84.5 t 7.97 15.50 t 7.97 

External parasitism Flower species 1,10 44.74 <0.001 ** 90.33 t 8.11 9.67 t 8.11 

Conopid parasitism Flower species 1,10 26.81 <0.001 ** 83.00 t 8.20 17.17 t 8.20 

Protozoan parasitism Flower species 1,10 50.57 <0.001 ** 91.17 t 7.35 8.83 t 7.35 

Restored all individuals Flower species 1,10 0.20 0.665 52.90 t 8.46 47.10 t 8.46 

sites 
unparasitized Flower species 1,10 0.01 0.935 50.78 t 8.79 49.22 t 8.79 

Overall parasitism Flower species 1,10 1.16 0.307 56.50 t 8.49 43.50 t 8.49 

Internal parasitism Flower species 1,10 0.21 0.657 53.00 ± 8.83 47.00 ± 8.83 

External parasitism Flower species 1,10 3.07 0.11 62.20 ± 10.30 37.80 ± 10.30 

Conopid parasitism Flower species 1,10 1.10 0.319 42.70 ± 13.40 57.30 ± 13.40 

Protozoan parasitism Flower species 1,10 14.15 0.004 76.50 ± 7.73 23.67 ± 7.73 
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Figure 4.1 The tracheal mite Locustucarus buchneri, found in the tracheal system of 
bumblebee hosts. Top panels: L. buchneri eggs: bottom panel: L. huchneri larviform 
females, sampled from bumblebee foragers of heathlands in south Dorset. England. 
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Figure 4.2 Comparative size and morpholohy for three species of bumblebee pathogens sampled from 
bumblebee foragers in heathlands. south Dorset. England: Critihidia bombi. A) motile 
choanomastwote (with flagellum) and amasticote (without flagellum) forms. B) choanomastigote and 
promasti-otc forms following short-term exposure to light under the microscope. Nosema hornbi. C) 

spores under phase filter. D) spores in a Malphigian tubule: Apicvstis bombi. E) spororvsts under 
phase filter. F) Sporocysts in and around they fat hod\ of its host. Image,, taken at \4(X) magnification. 
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Figure 4.3 Larval stages of Conopidae. Clockwise from top: conopid egg, 2nd instar 
larvae, 3rd instar larvae, and conopid puparium. 
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Figure 4.5 Free-moving juveniles of the nematode worm. Sjiliaerirlaria hoýnhi 

(Secernentia: Sphaerulariidae). 
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Figure 4.4 Larvae of the braconid wasp, Svntretus splendidiis (Hymenoptera: 
Braconidae). 
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Figure 4.6 The abundance of all conopid larvae found parasitizing Bombus hosts 

collected from heathland. Sampling took place in late June (S 1), mid July (S2), early 
August (S3), late August (S4), and mid September (S5). Abundances are shown for 

all development stages found in their host: egg, 1 S`, 2nd and 3rd larval instar, and 
puparia. Peak abundance of total Conopidae abundance and for 1st larval instar 

occurred in S2, in S3 for 2"d instar larvae, and in S4 for 3`d instar larvae. 
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Figure 4.7 The relationship between bumblebee size and the pre % aIence oI'O% cr, tll 
parasitism, internal parasitism and external parasitism for a) worker bumblebees, and 
b) male bumblebees. Each point represents the mean value per bumblebee species for 

each of the six pairs of heathland sampled. The proportions of individuals parasitized 
are the arcsine-root transformed values of the original proportions. The regression 
analyses are shown for each relationship. 
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Figure 4.8 The relationship between bumblebee size and the prevalence ol' 
parasitism by protozoa and Conopidae for a) worker bumblebees, and b) male 
bumblebees. Each point represents the mean value per bumblebee species for each of 
the six pairs of heathland sampled. The proportions of individuals parasitized are the 
arcsine-root transformed values of the original proportions. The regression analyses 
are shown for each relationship. 
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CHAPTER FIVE 

Assessing the potential for an "invasional meltdown" by two alien 

invasive plant species, Linaria vulgaris and Cirsium arvense, in the 

Rocky Mountains, Colorado, USA. 
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CHAPTER FIVE 

Assessing the potential for an "invasional meltdown" by two alien 

invasive plant species, Linaria vulgaris and Cirsiu, n arvense, in the 

Rocky Mountains, Colorado, USA. 

Summary: Alien invasive species negatively impact upon communities and 

ecosystem processes, primarily through interactions such as competition, predation, 

or herbivory. However, the inclusion of positive interactions in understanding the 

invasiveness of a species and the invasibility of an ecosystem remains relat '('II' raic. 
Furthermore, facilitation between alien species themselves is rarely, considered, 
despite increasing evidence for this. 

This study investigated whether facilitative interactions }t, cre occurring 
between two well-established alien plant species, Linaria vulgaris and Cirsium 

arvense, in the Colorado Rocky Mountains, USA. I assessed their pollinator 

visitation rates across three sites, where either both alien species co-occurred or 

where either species occurred alone. Pollen supplementation experinwiits tit erce 

carried out to determine pollen limitation, and pollen deposition on thc' stigma. of 

both alien species, and their reproductive success with regard to fruit and seed set, 

's'ere compared between plot treatments. 

I found no evidence for facilitation between Linaria vulgaris and Cirsium 

arvense, but suggest that due to the pollen limitation of C. arvense, n»anug"c'ment of 

its spread would benefit from early control. With nzaiiv alien species historicalli' 

established, and an increasing number of new invaders spreading globally, positive 

interactions, it'hether direct or indirect, are inevitable. Research that increase our 

understanding of hont' alien species interact with other species can aid restoration 

programmes in particular, as restoration must be able to overcome these 't'hen either 

reinstating native species or wiwhen removing alien species. 
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5.1 Introduction 

Biological invasions are considered the second greatest threat to biodiv, ersity 
after habitat destruction (Wilson 1992; Vitousek et al. 1996; `V ilcov, e et al. 191)8), 

are globally widespread (Vitousek et al. 1997), and are responsible for huge 

economic losses (Pimentel et al. 2001). For example in the USA alone, invasive alien 
species caused damages and losses valued at 120 billion USD per }eat- (Pimentel et 
al. 2005), whilst in China, losses were equivalent to 1.36% of the GDP (Xu et al. 
2006). Such detrimental and costly impacts have driven research on biological 

invasions to focus particularly on understanding which attributes make an invader 

successful (Rejmanek & Richardson 1996; Williamson & Fitter 1996; Kolar 

Lodge 2001; Richardson & Pysek 2006), and which factors predominantly contribute 
to ecosystem invasibility (Elton 1958; Levine & D'Antonio 1999; Lonsdale 1999; 

Davis et al. 2005). Determining, for example, which characteristics explain the 

extent of an invader's distribution and abundance, or how factors such as habitat 

suitability, habitat disturbance, community diversity, and community structure affect 

community invasibility, can provide a framework for biological invasions from 

which to predict useful trends and generalities (Rejmanek & Richardson 1996; 

Lonsdale 1999; Stohlgren et al. 1999). 

However the use of such theoretical models or short-term experiments in 

predicting invasiveness and invasibility for a particular species remains questionable 

(Kareiva 1996; Vitousek et al. 1997). This is partially due to huge uncertainties 

accompanying the invasion process which hinder species-specific predictions 

(Crawley 1987; Lonsdale 1999; Chapin et al. 2000; Sala et al. 2000; Thuiller ct al. 

2006). For example, non-linear changes and both synergistic and indirect interactions 

occur amongst the drivers responsible for ecosystem changes (Sala et a!. 2000: 

Simberloff & Gibbons 2004; Mitchell et al. 2006; White et al. 2006). Drivers include 

the role of disturbance, resource availability, propagule pressure and competiti\ e 

release (Lonsdale 1999; Richardson & Pysek 2006). The magnitude and variability 

of these drivers over both spatial and temporal scales (Richardson et a!. 1990; Parker 

ct al. 1999; Pysek & Hulme 2005; Pauchard & Shea -1006), contribute to the 

idiosyncratic nature of biological invasions (Richardson et a!. 1996). 
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Furthermore the emphasis in the literature has been on negative interactions 
(i. e. competition) determining community organisation, while positive interactions 

are rarely considered (Boucher et al. 1982; Bertness & Callaway 1994; Richardson et 
al. 2000; Bruno et al. 2003). In particular, the theory of biotic resistance (Chapman 

1931; Elton 1958) - whereby the biological components of a system such as 

competitors, predators and parasites, predominantly prevent the establishment of 

novel alien propagules - has dominated our understanding of community invasibility 

and has directed conceptual models of community structure (Bertness & Leonard 

1997). This theory hypothesises that communities with high species diversity are less 

invasible due to the reduced number of unoccupied niches and resources available. 

Although many studies support this (Knops et al. 1999; Tilman 1999; Naeem et al. 

2000), large-scale, observational studies find evidence for the opposite situation in 

which hotspots of diversity are also highly invaded areas (Robinson et al. 1995; 

Planty-Tabacchi et al. 1996; Wiser et al. 1998; Levine & D'Antonio 1999; Lonsdale 

1999; Stohlgren et al. 1999; Ricciardi 2001). They suggest that at larger scales, local 

negative effects of diversity on invasibility can be overridden by regional, positive 

effects of habitat heterogeneity and resource availability that promotes both native 

and alien species (Levine 2000; Byers & Noonburg 2003; Jiang & Morin 2004; 

Tilman 2004). 

The consideration of positive interactions as an influential factor in 

determining the extent of biological invasions has increasingly been suggested 

(Boucher et al. 1982; Bertness & Callaway 1994; Richardson et al. 2000; Bruno et 

al. 2003). Indeed the assimilation of an alien invasive species into the resident 

community through facilitative interactions can potentially outweigh any competitive 

resistance to the invasion (Bruno et al. 2003; Richardson & Pysek 2006). Their 

presence could subsequently lead to internal positive feedbacks that promote their 

persistence, such as their alteration of the disturbance regime (D'Antonio & Vitousek 

1992; Hobbs & Huenneke 1992; Chapuis et al. 1994), soil communities (Klironomos 

2002), or nutrient availability (Vitousek 1990; Von Holle et al. 2006), and they can 

be further facilitated by an array of mutualistic partners such as pollinators and seed 

dispersers that accumulate over time (Richardson et al. 2000). 

Furthermore, with the exponential rise in the global spread of alien species 

over the last 200 years (Lovei 1997; Mack et al. 2000; Levine & D'Antonio 2003), 
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potential facilitative interactions between alien species themselves, whether direct or 
indirect, are inevitable (Parker et al. 1999; Richardson et al. 2000; Ricciardi 2001; 
Grosholz 2005). Mechanisms for the occurrence of such "invader complexes" 
(D'Antonio & Vitousek 1992 cited by Olesen et al. 2002), include the increase in the 
likelihood of reuniting mutualistic partners in their invaded range (Kaufmann et al. 
1991; Barthell et al. 2001; Adams et al. 2003; Diez 2005), or the creation of new 

mutualisms between alien invasive species that had no coevolved history (Ricciardi 

2001; Helms & Vinson 2003; Constible et al. 2005). Furthermore, recently 
introduced invaders have been documented to trigger the acceleration in the 

expansion of otherwise historically benign invaders through facilitation (Grosholz 

2005). 

Such facilitative interactions will increase the probability of survival and 

spread of alien invasive species, allowing communities to become more easily 

invaded, thereby increasing their magnitude of impact on the native ecosystem 

(Simberloff & Von Holle 1999). More worryingly though, is the idea that repeated 

invasions would increase the potential for facilitative interactions to cause positive 

feedbacks and synergistic effects, where the total impact of an interacting group of 

alien species far exceeds the sum of their individual impacts on a community (Parker 

et al. 1999) (Simberloff & Von Holle 1999). This "invasional meltdown" process, 

first investigated by Simberloff and Von Holle (1999), has been documented in 

coastal (Floerl et al. 2004; Grosholz 2005), fresh water (Ricciardi 2001; Adams et al. 

2003), and terrestrial systems (Helms & Vinson 2003; O'Dowd et al. 2003; Parker et 

al. 2006). However evidence on the true population-level impacts of aliens 

facilitating one another remains scarce, though many of these studies suggest that 

population-level effects are inevitable (Simberloff 2006). 

This study investigates the potential for facilitation between two alien 

invasive plant species, Linaria vulgaris Mill. (common toadflax, Scrophulariaceae), 

and Cirsium arvense L. Scop. (creeping thistle, Asteraceae). Working in the alpine 

meadows of the Rocky Mountains, Colorado, USA, I tested for the indirect 

facilitation of either species by the other, with regard to pollinator visitation and 

subsequent reproductive success. Specifically, I asked: 1) did the abundance, species 

richness, and rate of visitation by potential pollinators to the floral resources of one 

target alien species increase when co-occurring with the other alien species? 2) Did 
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the co-occurrence of both alien species affect the quantity and quality of the pollen 
load deposited on their stigmas? And 3) was pollen limitation to seed production for 

either species weakened as a result of their co-occurrence? More generally, this study 

attempts to assess what potential exists for facilitation between L. vulgaris and C. 

arvense in the Colorado Rocky Mountains, and what implications such interactions 

may have in the management of alien plant species and the restoration of native 

communities. 
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5.2 Methods 

Study habitat & species 

This study was conducted during the summer of 2006 in subalpine meadows located 
near the Rocky Mountain Biological Laboratory (RMBL) at Gothic, Colorado, 
U. S. A. (106°59' 15" N; 38°57'30" W; 2900m). Surrounding habitat consisted of 
subalpine fir and spruce forests, aspen and willow, and wildflower meadows. 
Sampling took place between the 17th of July and 14`h of September 2006 during a 
relatively wet season. Two plant species were selected as the focal alien species for 
this study: Linaria vulgaris Mill. (common toadflax, Scrophulariaceae) and Cirsium 

arvense L. Scop. (creeping thistle, Asteraceae). 

Linaria vulgaris is a self-incompatible, perennial, clonal herb, composed of 
numerous ramets connected underground by short lateral roots. Ramets consist of 
conspicuous, zygomorphic yellow flowers that flower sequentially upwards starting 
from the base of the stalk. Flower lifespan is between 3 and 5 days, and each flower 

is approximately 15-25mm in size with a long nectar-collecting spur extending 
beyond the base of the flower (Arnold 1982). The lower, orange lip of the corolla 

acts as a nectar guide, and requires the insects' weight to depress the lower lip away 
from the upper lip to gain access to pollen and nectar. Small insects that can fit 

between the lips are also able to access floral rewards. However, nectar robbery is 

common for this species (Stout et al. 2000; Irwin & Maloof 2002), with both primary 

and secondary robbery occurring in the field. At RMBL, flowering occurred from 

July until September with peak bloom occurring in mid-August. L. vulgaris has not 

been found to be pollen limited (R. E. Irwin personal communication; Arnold 1982). 

Cirsium arvense, a perennial, rhizomatous herb up to 1.5m tall, also has 

creeping lateral roots that can lead to dense clonal stands. This dioecious thistle 

produces approximately 40 lilac to white flower heads per flowering shoot, typically 

10 - 15mm in diameter with purplish involucral bracts. In the field populations used 

in this study, shoots of C. arvense flowered from August till September. Each head 

consisted of approximately 100 florets, and produced copious nectar. Male and 

female flowers are morphologically distinct at all stages of maturity (Lloyd & M)'all 
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1976); most obvious are the visible abundance of pollen in male heads and a strong 
vanilla fragrance from female heads when receptive (pers. obs). However up to a 
quarter of male heads have been found to be hermaphrodite, although documented to 
have very low seed sets (Lloyd & Myall 1976; Kay 1985). These males exhibit a 
shorter pappus and involucre, and their fruit (achenes) are not released as rapidly as 
in females upon drying of the involucre ((Lloyd & Myall 1976; Kay 1985). Non- 
hermaphrodite heads are otherwise obligate outcrossers, relying on insects for 

pollination as well as a close enough pollen source for successful seed set (Lalonde 
& Roitberg 1994). 

Both L. vulgaris and C. arvense are native to Europe. As aliens, they are 
highly invasive and are currently widespread in North America. L. vulgaris was 
introduced to North America in the 1700's as an ornamental, and has since escaped 

cultivation (Arnold 1982; Mack 2003). Its creeping roots allow it to form large 

vegetative stands, and, combined with its prolific, winged, seed production, can 

spread and establish aggressively (Nadeau et al. 1991; Saber et al. 1995). L. vulgaris 
has proven a significant threat to native biodiversity at both low and high elevation, 

and in all habitat types, ranging from open, protected areas to disturbed environments 

(Pauchard et al. 2003). C. arvense was introduced to North America in the 1600's, 

spreading as a contaminant in agricultural seeds and manure (Moore 1975); Hansen 

1918 cited in (Nuzzo 1997). C. arvense has been documented to directly compete 

and displace native plant species, reduce species diversity and alter the structure and 

composition of habitats in Colorado (Stachon & Zimdahl 1980). Both species 

primarily spread through extensive vegetative growth of their roots, and secondarily 

through copious seed production and establishment. 

L. vulgaris and C. arvense can tolerate a range of soil types and 

environmental conditions, invading both agricultural land and natural plant 

communities, and establishing particularly well at disturbed sites. As such, the 

United States Department of Agriculture (USDA) lists them both as noxious weeds. 

Regulating their control of spread however is difficult, and their current North 

American distributions remain extensive. Indeed L. vulgaris seeds are able to lie 

dormant for at least ten years (Carder 1963), whilst C. arvense seeds have been 

documented to remain viable even up to 21 years in the U. S. (Toole & Brown 1946). 
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Site selection and plot treatments 

Study plots were located across four replicate valley sites between Crested Butte and 
Gothic in the Colorado Rocky Mountains: Gothic (GT), Lower Loop (LL), 'S'late 
River (SR) and Washington Gulch (WG) (Table 5.1). Barriers including, mountains, 

rivers, lakes, and roads separated these sites geographically. All sites are accessible 
to the public. Due to unforeseen circumstances however, data collection from the 

study plots at two sites (SR and WG) could not be completed due to extensi%e 
damage received midway through the season (including heavy grazing by escaped 

cows and damage from machinery and trampling). An additional replicate site 
located on private land nearby, Moon Ridge (MR), was therefore subsequently 

selected (Table 5.1). Thus three replicate sites were used in this study, as no further 

suitable replicate sites could be found to increase the number of replicate sites 

sampled. 

Within each replicate site, three 20m x 20m plots of similar clevation wwc: re 

established for this study: L. vulgaris plots (hereafter Lv plots) contained only the 

alien L. vulgaris; C. arvense plots (hereafter Ca plots) contained only the alien C. 

arvense; mixed plots contained both L. vulgaris and C. arvense co-occurring in 

roughly equal densities within the plot boundary. Any L. vulgaris plants flowering 

near Ca plots were weeded out, up to 50m away from the Ca plot boundary, as w ere 

any C. arvense plants occurring near Lv plots. Given that these single alien plots 

were chosen to maximise isolation from the other alien species, weeding was a rare 

chore. Native flowering plants were present in all plot treatments at all sites. 

Replicate sites were separated on average by 6.6km, ranging between 2 and 11 km 

(with SR and WG separated by only 2km). Treatment plots within each site were 

separated by an average of 530m, ranging from 150m to 1 km. 

Sampling design 

A total of 8 sampling sessions were conducted, during which measures of 11oral 

abundance and diversity, alien plant flowering densities, insect visitation, fruit and 

seed set, as well as pollen receipt to stigmas were recorded. At the end ot'the 'eLi on, 
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all alien plants in the treatment plots used were weeded by hand as part of the weed 
control program at the Rocky Mountain Field Station. 

Floral abundance and species richness 

To determine the abundance and diversity of floral resources available to insect 

visitors at our treatment plots over our study season, the number of floral units (a 
`unit' being defined as one which an insect flies to rather than walks between) (Dicks 

et al. 2002), and the identity of all flowering species were recorded from wt ithin the 
boundaries of five, 1 m2 quadrat randomly thrown over the treatment plot. Quadrat 

measurements were taken per treatment plot per week, at all replicate sites. 

Alien flowering densities 

The total number of L. vulgaris and/or C. arvense floral units in bloom per plot was 

approximated for all replicate sites per sampling week. Floral density per m2 per plot 

was calculated by dividing this total number of floral units by the total plot area of 
400m2. However as both species existed as patches in the landscape, a second 

measure of floral density, hereafter referred to as floral density per m2 per patch, was 

calculated. This was equated to the total number of floral units in bloom divided by 

the actual area of coverage by the alien plant species for each plot. 

Pollinator visitation 

Observations were conducted to assess how many visitors were received at flo\\ cr, " 

of our target alien species, as well as recording their identity and the number of visits 

they made, over a set period of time. At each treatment plot per site, four periods of 

observation per alien plant species were carried out per week. Thus pollinator 

visitation to L. i' ulgaris was observed at Lv plots and mixed plots, whilst \ isitation toi 

C. an'c'nsc was observed at Ca and mixed plots for all sites. Visitation observations 

were carried out by a single observer standing 1 to 3m from the patch ohser\ cd, and 

each observation period lasted 15 minutes. Prior to the commencement of an 
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observation period, a small flowering patch of the alien species to be observed was 

chosen at random, and the number of floral units counted. Patch size varied between 

observation periods, though for L. vulgaris plots were frequently less than 1 m2 in 

size and containing an average of 150 floral units. For C. arvense, patch size was less 

than 2m2, containing an average of 30 flowering heads. All visitors coming into 

contact with the reproductive organs of a floral unit during the observation were 

considered potential pollinators and each visit made was recorded. The identity of 

each visitor and their total number of visits to the observed floral patch were all 

recorded for each observation period. Observations of nectar robbery by visitors 

chewing or accessing previously chewed holes without touching the reproductive 

structures of the flower were similarly recorded, and are hereafter referred to as 

robbers. Observations were only recorded on dry, warm days between 9am and 6pm 

throughout the season. Recorded temperatures averaged at 24 °Celsius over the 

season, ranging between 19 and 26 °Celsius. 

Three main measures of visitation rate were calculated from these 

observations: The number of visits per floral unit per hour, the number of visitors per 

floral unit per hour, and the number of visiting species per floral unit per hour. These 

three measures were each divided into the number of Bombus, other hymenopteran, 

syrphid, and other dipteran visitors, as well as the number of visiting Bombus species 

per floral unit per hour. Bumblebees and hummingbirds were both identified to 

species, while all other visitors were assigned to morphospecies and voucher 

specimens kept with the collections of the University of Bristol. 

Pollen receipt on stigmas 

Ten stigmas from flowers of ten randomly selected L. vulgaris ramets were collected 

from Lv and mixed treatment plots at all sites every week. L. vulgaris stigmas were 

collected from individuals whose corolla had wilted. Twenty stigmas from heads of 

ten randomly selected C. arvense shoots were collected from Ca and mixed treatment 

plots every week. C. arvense stigmas that had darkened in colour and were at the end 

of their receptive stage were collected from flowering heads. 

Stigmas of both species were collected on dry days and kept individually in 

glassine envelopes. Samples were stored in the refrigerator for no more than three 
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days before being mounted onto slides and stained with fuschin gel (Kearns & 
Inouye 1993). The stigma and gel were covered using a clean coverslip, ensuring 
even coverage by the gel. The stigma was then gently squashed to spread the 
stigmatic surface over the glass and the slide left to dry. Reference slides of L. 

vulgaris and C. arvense pollen were made. Slides were examined under a light 

microscope at 100x, 200x, and 400x magnification for the presence of pollen grains. 
Pollen were counted and identified as either L. vulgaris, C. arvense, or as designated 

morphospecies according to size and morphology. 

Pollen addition 

Flowers of L. vulgaris and C. arvense were supplemented with additional outcross 

pollen to test if either species were pollen-limited, comparing both fruit and seed set 

of hand-pollinated plants to control plants that received pollen from visitors only. 

Linaria vulgaris: Sixty stalks were selected per treatment plot at all replicate sites for 

the experiment, with thirty designated as control stalks and thirty designated for 

manipulation. These stalks were selected over three of the sampling weeks over the 

season as follows. During the first week of sampling at Lv and mixed plots, twenty 

stalks close to blooming were randomly selected per plot. Ten stalks were hand- 

pollinated with outcross pollen, whilst the remaining ten stalks were designated as 

controls. A further twenty stalks were similarly selected at the third sampling session 

and again during the fifth sampling session. 

Stamens of L. vulgaris supporting dry, freshly dehisced anthers were 

collected into eppendorf tubes from flowers selected at random from donor 

populations. Donor populations were situated more than 50 m away from the 

manipulated treatment plot. The lower lips of the corollas on manipulated stalks 

receiving pollen were gently pressed with the thumb to expose the stigma. A donor 

anther was then wiped gently across its surface, depositing out-cross pollen. Hand 

pollination of stigmas of all open flowers from manipulated stalks was carried out 

twice a week on dry days. Open flowers that were hand-pollinated were lightly 

marked at the base of its sepals using a paint pen, whilst control stalks were handled 

only. Fruits on both manipulated and control stalks were allowed to mature for as 
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long as possible prior to harvesting. Once harvested, the total number of flowers and 
the number of fruits set per stalk were recorded back at the lab. Due to time 
constraints, the number of seeds set per fruit was counted for the ten most mature 
fruits of each stalk only. As a result of predation of fruits by chipmunks, squirrels 
and birds, only twenty treatment and twenty control plants were randomly chosen to 
be used in the analyses. The larvae of the curculionid beetle, G' mnaetron sp., a 
biocontrol agent which feed off the developing and mature seeds within the fruit, 

were counted to assess the level of predation to L. vulgaris in the field. 

Cirsium arvense: Due to the later and shorter flowering phenology of C. arvense, 

only thirty female shoots were selected per treatment plot at all replicate sites for the 

experiment. The flowering heads of fifteen of the shoots were marked for hand- 

pollination whilst the flowering heads of the remaining fifteen shoots were 
designated as controls. Male flower heads from a donor population located between 

0.2 and 8 km away from treatment plots were collected into a paper bag during the 

late morning prior to their dehiscence. 

Female flowering heads of manipulated shoots at treatment plots received 

donor male pollen by the thorough brushing of the male anthers from a «hole male 

head over the female head. This was repeated using up to three male heads to ensure 

adequate pollen deposition onto the female stigmas. Hand-pollination was carried out 

twice a week on dry days for all manipulated shoots; control shoots were handled 

only. Flower heads were left to mature in the field before whole shoots were 

harvested at the end of the season. For each treatment shoot, the number of aborted 

heads and the number of heads that had set seed (hereafter referred to as fruit set) 

were counted. The number of achenes produced per head (hereafter referred to as 

seed set) was counted for ten mature heads per treatment shoot only, and levels 

predation noted. 

Statistical analyses 

One-way and Two-way Analyses of Variance (ANOVA) were used throughout the 

analyses. Where the parametric assumptions of ANO'A ww ere not met, the cheirer- 
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Ray-Hare (SRH) extension of the Kruskal-Wallis test for two \vav-. -A\0\'A desi, -ns 
(Sokal & Rohlf 1995; Dytham 2003) were used instead. 

Analyses of Covariance (ANCOVA) using GLM were used to identify 
differences in visitation rates to the target alien species in question. between Linaria 

vulgaris-only or Cirsium arvense-only plots and L. vulgaris/C. arvense mixed plot, 

per site. Visitation variables included in the analyses were the number of pollinator 

visits, number of visitors, number of species, number of Bombes species, number of 
Bombus visitors, number of other hymenopteran visitors, number of syrphid visitors. 

and the number of other dipteran visitors, per floral unit per hour. The number of 

robbing visitors and the number of robber visitors per floral unit per hour were also 
included in the analyses for L. vulgaris. Mean floral abundance, floral species 

richness, and both the alien flowering density per plot and per patch per m2 of the 

alien invasive species studied, were used as covariates in the analyses to control for 

differences in background floral variation between plots and sites. 

A similar approach was used to determine differences between plot treatment 

in the number and proportion of conspecific pollen grains found, the number of 

pollen grains belonging to the other target alien species studied, the number of other 

heterospecific pollen grains, and the number of other pollen morphospecies present 

on the stigmas of the target alien species in question. Visitation data and pollen 

receipt data were averaged per week prior to statistical analyses. 

Depending on whether the assumptions of normality were met, either a the a- 

way ANOVA using GLM or the Sheirer-Ray-Hare test was used to test the effect of 

plot treatment and pollen treatment on the levels of fruit and seed set for each site for 

both alien species. Fruit and seed predation per site was also analysed for L. viilgaris. 

All residuals were tested for normality and the data checked for homogeneity' of 

variances. Proportional data was angular transformed prior to analyses. 
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5.3 Results 

Floral measures 

Floral abundance was significantly different among sites but not between plot 
treatments (SRH Test: Site: F2,50 = 1.62, p=0.029; Plot: F2550 = 6.96, p=0.315 ) 
(Figure 5.1). Species richness was significantly different between sites but did not 
differ between plot treatment (SRH Test: Site: F2,50 = 0.25; p=0.022: Plot: F', 50 = 
4.82, p=0.77 1) (Figure 5.2, Appendix C). 

Plot densities of both species and the patch density of C. arvense \v ere found 

to be significantly different between sites. However both the plot and patch flowering, 
density of L. vulgaris and C. arvense did not differ between plot treatments (L. 

vulgaris density per plot: SRH test: F1,32 = 0.90; p=0.313; per patch: 2-wvay ANOV; \: 
F1,32 = 0.97; p=0.331 (Figure 5.3 & 5.4). C. arvense density per plot: SRH test: F1,33 

= 0.03; p=0.799; per patch: F1,33 = 0.10; p=0.925) (Figure 5.5 & 5.6)). 

Pollinator visitation 

Linaria vulgaris: 

A total of 1410 legitimate visitors were recorded visiting Linaria vulgaris flowers in 

all plots sampled. These visitors represented a total of 33 morphospecies, ww ith 1 178 

visits from 7 species of bumblebee, B. appositus, B. bifarius, B. californicirs, B. 

flau frons, B. nevadensis, B. occidentalis, and Psithl'rus insularis. 12 other 

hymenopteran, 7 dipteran, 6 lepidopteran morphospecies and the broad-tailed 

hummingbird Selasphorus platycercus, were also recorded visiting flowers 

(Appendix Q. 

The number of visits, species, Bombus species, and other hymenopteran 

visitors per floral unit per hour differed significantly between sites (Refer to table 5.2 

for test statistics). However all measures of visitation to L. vulgaris wcre not affected 

by whether L. vulgaris occurred in the absence of or in mixed densities with, the 

other alien species C. arvense. Specifically, the number of pollinator \P its. the 

number of visitors, the number of species and the number of Bombit5 species per 
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floral unit per hour, did not differ between Lv or mixed plot treatments (Figure -5.7). 
Furthermore, when breaking down the visitors into either Bombes, other 
hymenopteran, syrphid, or dipteran visitors, no significant differences were found 
between plot treatments. Observations of robber visits per floral unit per hour and the 
number of robbers per floral unit per hour were also not different between L% and 

mixed plots (Table 5.2). 

Cirsium arvense: 

A total of 2707 visits to C. arvense from 98 morphospecies were recorded for all 

plots sampled. 60% of visits were by hymenopterans, with 461 visits from 6 species 

of Bombus: B. appositus, B. bifarius, B. californicus, B. flavifrons, B. nevadensis, B. 

occidentalis, and Psithyrus insularis, and 1147 visits from 33 other hymenopteran 

morphospecies. A further 1052 visits were made by 43 dipteran morphospecies, the 

remaining 47 visits to C. arvense being from 11 lepidopteran and 4 coleopteran 

morphospecies and the broad-tailed hummingbird S. platycercus (Appendix C). 

Again, pollinator visitation rates to flower heads of C. arvense were not 

significantly different when in the presence or absence of the other alien invasive 

species L. vulgaris (Figure 5.8). Specifically the number of visits, visitors, species, 

Bombus species, Bombus visitors, other hymenopteran visitors, syrphid visitors, and 

other dipteran visitors per floral unit per hour did not differ significantly between Ca 

and mixed plot treatments (Table 5.2). These visitation rates also did not differ 

significantly between sites sampled, with the exception of the number of other 

hymenopteran visitors per floral unit per hour, although the level of this significance 

was small. 

Pollen receipt on stigmas 

Linaria vulgaris stigmas: 

Linaria vulgaris pollen grains "', ere easily identifiable due to their small silo 

(approximately 0.2pm diameter) and relatively simple morphology (Figure 5.9). The 

total number and proportion of conspecific pollen grains on L. vulgaris stigmas 
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sampled did not differ between sites, or between stigmas sampled from Lv plots and 
mixed plots (Table 5.3). At the Lv plots, L. vulgaris pollen grains represented 
99.93% ± 0.0003% of the total number of grains present on L. vulgaris stigmas. At 

mixed plots, L. vulgaris pollen grains represented 99.92% ± 0.0003% of the total 

grains present on stigmas (Figure 5.10). Neither the heterospecific pollen load nor 
the mean number of heterospecific found on L. vulgaris stigmas differed between 

sites or between Lv and mixed plot treatments (Table 5.3) (Figure 5.1 1). 

Cirsium arvense stigmas: 

Cirsium arvense pollen grains have acutely pointed sculpturing elements, and were 
distinguished from other pollen species by its relatively large size (approximately 

0.4µm in diameter) (Figure 5.12). The total number and proportion of conslpcc it is 

pollen grains found on C. arvense stigmas were significantly different between sites 

and plot treatments (Table 5.3). Greater conspecific loads were found on stigmas 

sampled from Ca plots than from mixed plots (a mean of 30.63 ± 9.32 C. urvensL' 

grains representing 53.7% + 0.11% of grains found per stigma at Ca plots, whilst 

only 9.25 + 3.19 grains, representing 27.4% ± 0.06% of grains found per stigma at 

mixed plots) (Figure 5.13). However this difference could be accounted for by the 

site MR alone, with almost three times as many conspecific pollen grains found on 

stigmas at Ca than mixed plots (one-way ANOVA: nos. conspecific pollen grains: 

F1,6 = 21.85, p=0.003; proportion of conspecific pollen grains: F1,6 = 16.71, p= 

0.006). 

The number of L. vulgaris or other heterospecific pollen grains found on C. 

arvense stigmas differed significantly between sites, but not between plot treatments 

(Table 5.3) (Figure 5.14). However there was a trend for stigmas from mixed plots 

holding greater amounts of L. vulgaris pollen. For the site GT this difference '\ as 

significant (one-way ANOVA: F1,6 = 6.91, p=0.034). 
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Pollen addition 

Proportion of fruit set: 

For each of the sites sampled, pollen supplementation had no significant impact on 
the proportion of fruit set. The effect of plot treatment on the fruit set for both `pccie" 

was not consistent, with sites responding differently (Figures 5.15 & 5.16).. 1t GT, 

the proportion of L. vulgaris and C. arvense fruit set was significantly greater for 

plants at the mixed plot than at the Lv or Ca plot respectively (SRH test: L. v'ulgaris: 
F1,76 =8.2 1, p=0.007; C. arvense: F1,56 = 17.28, p=0.0002). However the opposite 

case was true for LL (SRH test: L. vulgaris: F1,76 = 9.52, p=0.003: C. arveºi. se: F1 1,56 

= 7.51, p=0.009). At MR, no significant difference between plot treatments %% aý 

found (SRH test: L. vulgaris: F1,76 = 1.88, p=0.171; C. urrvc'ºzs'c': l 1,56 = 0.58, p= 

0.471). 

Seed set: 

For L. vulgaris, pollen-supplemented plants did not set significantly different 

amounts of seed to control plants at all sites, reconfirming that L. vulgaris is not 

pollen limited (R. E. Irwin, pers. comm. ) (Figure 5.17). In the case of C. ari't "r. sc 

however, plants that received supplement pollen at two of the three sites set 

significantly greater amounts of seed than control plants (SRH test: GT: F1,56 = 

30.58, p= <0.000; LL: F1,56 = 4.42, p=0.043) (Figure 5.18). Mean seed set between 

plot treatments differed significantly for both alien plant species at GT and \1 R sites, 

although in opposing directions. At GT, the seed set of both species were `greater in 

mixed plots (L. vulgaris: two-way ANOVA: F1,76 = 11.72, p=0.001. C. arv c', t. \c': 

SRH test: Fl, 56 = 29.11, p<0.001). The reverse was true for MR (L. vulgaris: t«, o- 

way ANOVA: Ft76 = 4.35, p=0.037; C. arvense: SRH test: F1,; 6= 10.50, p< 

0.003). This greater seed set at MR at the Ca plot for C. un, ensc plants may reflect 

the significantly greater amount of conspecific pollen that vv as found dchoo, ited on 

stigmas. For LL, mean seed set of both L. vulgaris and C. ar vL'nsc did not differ 

between plot treatments (L. vulgaris: two-way \NOV; \: Fi 76 =0.14, p=0 (2 C. 

arvcnsc: SRH test: F1,56 = 2.74, p=0.111). 
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Between sites, seed set was significantly different between GT and the other 
sites for both alien species. L. vulgaris seed set per fruit was significantly greater 
(one-way ANOVA: F2,237 = 60.97, p= <0.001), whilst seed set per C. arvense head 

was significantly lower (Kruskall-Wallis test: H= 45.19, d. f. = 2, p= <0.001). 

Fruit and seed predation: 

Aside from grazing by cows, predation of C. arvense heads was rare, with only 2 

flowering heads being predated over the season. Predation of L. vulgaris fruits and 

seeds was far more common, with a total of 266 fruits predated, representing 11.2% 

of all fruits examined for predation. For L. vulgaris, pollen treatment had no affect on 

predation levels. However plot treatments did have a significant effect at the sites GT 

and LL. At GT, predation levels were significantly greater at Lv than at mixed plots 

(SRH test: nos. predators/fruit: F1,76 = 4.88, p=0.029; nos. predators/predated fruit: 

F1,76 = 5.47, p=0.02 1). At LL however the opposite was true (SRH test: nos. 

predators/fruit: F 1,76 = 13.87, p=0.001; nos. predators/predated fruit: F1,76 = 16.41, p 

= 0.0003) (Figure 5.19). 
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5.4 Discussion 

The co-occurrence of the alien plant species Linaria vulgaris and Cirsium arlvense 
did not attract a greater number of pollinators or pollinator species to either target 

plant species, nor did their co-occurrence result in either species receiving a greater 

number of visits to their floral resources than when occurring alone in the resident 

community. For L. vulgaris, it was evident that this species did not suffer from 

pollinator limitation. However for C. arvense, pollen limitation was a major factor in 

determining reproductive success with regard to seed set. For the plants occurring 

alone amongst the resident community, just over half of all pollen grains found on its 

stigmas were conspecific, whilst for plants co-occurring with L. vulgaris, only a 

quarter of pollen deposited were conspecific pollen grains, with a greater number of 

L. vulgaris pollen grains found on C. arvense stigmas. Pollen supplementation 

experiments confirmed this pollen limitation to seed set of C. arvense, with hand- 

pollinated plants setting significantly greater amounts of seeds than control plants at 

two of three sites. However whether seed set for either species differed at plots where 

their populations were mixed or at plots where they occurred alone, remains 

inconclusive as results were not consistent for all sites. At GT, seed set was greater 

for both species at mixed plots, whereas at MR seed set was greatest when either 

alien species occurred alone in the resident community. At LL, seed set did not differ 

for plants whether in the presence or absence of the other species. 

L. vulgaris was not pollen limited, and offered both an abundance and long 

phenology of floral resources to potential pollinators relative to other native species 

found in the plot communities. C. arvense plants that co-occur with L. vulgaris and 

flower over a much shorter period towards the end of the flowering season, could 

potentially gain pollinators and reduce their pollen limitation to seed set. However, 

this study found no differences in pollinator visitation rates to both alien species, 

when in the presence or absence of each other. Alternatively, the pollen loads found 

on stigmas from this study suggest that the co-occurrence of C. arvense and L. 

vulgaris may actually increase the amount of heterospecific pollen deposited on C. 

arvense stigmas, and thereby depress potential seed set of C. arvense. However no 

trend was found with regard to seed set for either species when co-occurring in 
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mixed plots or existing alone. This together suggests that neither positive nor 
negative interactions between these alien invasive species are dominant forces in 
explaining their reproductive success. 

Characteristics that contribute to the success of L. vulgaris and C. anvense in 
particular include their ability to reproduce vegetatively, as well as producing 
copious amounts of seed. They are able to colonise a variety of soil and habitat types 

at both low and high elevation (Stachon & Zimdahl 1980; Pauchard et al. 2003), and 
have been found to successfully invade agricultural land, native communities, and, in 

particular, disturbed sites. Furthermore, the long dormancy of both L. vulgaris and C. 

arvense seed (Toole & Brown 1946; Carder 1963) can promote their persistence and 

spread into resident communities. However a limiting factor for C. arvense is their 
depressed seed set as a result of pollen limitation, as evident in this study. Lalonde & 

Roitberg (1994) also show through manipulation experiments that a close enough 

pollen source was a major determinant in the successful seed set in female plants. 

Furthermore, they found that the stigmas of C. arvense compensated for distant 

pollen sources by lengthening their receptive period. Indeed within the area of our 

study, male C. arvense populations were relatively hard to find, and may have been 

an important factor in understanding the variation in the reproductive success of our 

female C. arvense populations. 

The relatively small spatial and temporal scales of this work limit the 

conclusions regarding the potential for facilitation between the two alien invasive 

plant species, L. vulgaris and C. arvense. Crucially, the number of replicate sites 

used in this study was reduced, as two replicate sites were lost to grazing and 

trampling pressures early on in the season, with only one site found to be a suitable 

replacement. However despite the small number of replicates used, significant 

differences between sites were still picked up in the analyses. Finally, as with many 

short-term studies, replicating this study over more than one flowering season would 

have been beneficial, although unfortunately logistically unfeasible in the current 

project. 

The mechanisms underlying the spread of alien invasive plants into native 

resident communities have been relatively well studied (Bond 1994; Rejmanek & 

Richardson 1996; Richardson & Pysek 2006). Indeed the phenomenon that most 

pollinators are in fact generalist rather than specialist with regard to their host (Waser 
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et al. 1996; Waser & Ollerton 2006), allows for pollinator-plant mutualisms to be re- 
established. Alien invasive plants species thereby easily integrate into their resident 
native community (Richardson et al. 2000; Memmott & Waser 2002; Morales & 
Aizen 2006). Native communities are therefore susceptible to alien invasive species 
as a result of these readily acquired mutualisms, with pollinator limitation rarely 
hindering the spread of alien plants (Bond 1994). This is exemplified by L. vulgaris, 
and possibly by C. arvense as the high rates of visitation received by C. arvense 
suggests that pollen limitation was more likely due to low availability of a male 

pollen source rather than inadequate pollinators. 

Our study suggests that the current spread of C. arvense may be 

predominantly due to clonal reproduction. Further expansion of C. arvense 

populations however will increase male abundance and pollen availability, leading to 

substantial increases in female seed set, thereby enhancing further establishment. 

This positive feedback may inevitably lead to a substantially greater rate of C. 

arvense spread than currently experienced from vegetative reproduction, with greater 

implications for the native resident community. Furthermore, conceptual models in 

biological weed control suppose at least a 60% reduction in seed set before any 

effective reduction in a weed population (Hoffmann 1990; Shea & Kelly 1998; 

Richardson et al. 2000a). However predation rates to C. arvense were negligible, 

whilst only 11.2% of L. vulgaris fruits suffered predation. Any reduction in 

abundance from predation will therefore be minimal at best. 

Although much of predicting biological invasions is speculative, the 

increasing amount of evidence for positive interactions and synergisms between alien 

invasive species in the literature supports the need for the management of invasive 

species to take a more prudent approach. Any future economic costs and impacts 

upon biodiversity as a result of the build up of invader complexes and invasional 

meltdowns will likely far outweigh the more minimal cost of their current control. 

Furthermore, the vast majority of restoration projects typically involve either the 

removal or management of alien invasive species and their spread (D'Antonio & 

Chambers 2006). Thus if we are to succeed in restoring habitats, such processes must 

be adequately understood such that restoration programmes can be designed to 

overcome these interactions when reinstating native species, or indeed when 

removing alien ones. Although this study found no evidence for facilitation, the call 
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for studies to investigate both positive as well as negative interactions between alien 

and native species, as well as between potentially interacting alien species 

themselves, remains urgent. 
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5.5 Tables & Figures 

Table 5.1 Study sites were located across replicate valley sites between Crested 
Butte and Gothic in the Colorado Rocky Mountains: Gothic (GT), Lower Loop (LL), 
Moon Ridge (MR), Slate River (SR) and Washington Gulch (WG). At each site, 
three plot treatments were studied: plots where Cirsium arvense plants were present 
and Linaria vulgaris absent (Ca), plots where L. vulgaris plants were present and C. 
arvense plants were absent (Lv), and mixed plots where both alien species co- 
occurred in relatively equal densities (Mixed). 

Valley Plot Elevation Longitude Latitude 

treatment (feet) 

Gothic (GT) Ca 

Lv 9502 38°57'33.1 106"59'20.2" 

Mixed 

Lower Loop (LL) Ca 8997 38°53'56.2" 107°00'59.9" 

Lv 8998 38°54' 12.0"38 107°01'25.7" 

Mixed 8968 °53'58.5" 107°0l'073" 

Moon Ridge (MR) Ca 9035 38°53'02.9" 106"58'18.3" 

Lv 8905 38°52'47.9" 106°58'29.9" 

Mixed 9029 38°53'00.3" 106°58'23.0" 

Slate River (SR) Ca 8976 38°53'20.8" 106°59'43.8" 

Lv 8987 38°53' 13.7" 106"59'16.3" 

Mixed 8946 38°53'07.3" 106'59'11 . 0" 

" ' " ' ° Washington Gulch (WG) Ca 9293 53.8 38°53 55.4 58 106 

Lv 9382 38°53'42.5" 106°5849.7" 

Mixed 9372 38°53'44.1" 106°58'39.9" 
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Table 5.2 ANCOVA results when comparing visitation rates per floral unit per hour 
at L. vulgaris and C. arvense between Lv, Ca and mixed plot treatments and sites 
sampled. 

Linaria vulgaris 
variable per 
floral unit per (Factor, sig. at 
hour source error) F P 95% C. I 

nos visits covariate 1 1,28 3.67 0.066 ns 
covariate 2 1,28 0.29 0.596 ns 
covariate 3 1,28 0.03 0.855 ns 
covariate 4 1,28 0.43 0.517 ns 
site 2,28 3.69 0.038 
plot treatment 1,28 0.01 0.909 ns 
site plot treatment 2,28 0.51 0.609 ns 

nos visitors covariate 1 1,28 1.17 0.288 ns 
covariate 2 1,28 0.19 0.665 ns 
covariate 3 1,28 0.00 0.999 ns 
covariate 4 1,28 0.07 0.794 ns 
site 2,28 2.49 0.101 ns 
plot treatment 1,28 0.00 0.995 ns 
site*plot treatment 2,28 2.21 0.129 ns 

nos. species covariate 1 1,28 0.50 0.484 ns 
covariate 2 1,28 2.16 0.153 ns 
covariate 3 1,28 0.25 0.618 ns 
covariate 4 1,28 0.21 0.649 ns 
site 2,28 6.41 0 005 

plot treatment 1,28 0.90 0.351 ns 
site*plot treatment 2,28 0.06 0.940 ns 

nos. Bombus covariate 1 1,28 0.48 0493 ns 
species covariate 2 1,28 1.21 0.281 ns 

covariate 3 1,28 0.00 0.952 ns 
covariate 4 1,28 1.42 0.244 ns 
site 2,28 5.85 0.008 
plot treatment 1,28 130 0.265 ns 
site"plot treatment 2,28 1.78 0.187 ns 

nos. Bombus covariate 1 1,28 0.37 0.546 ns 
visitors covariate 2 1,28 0.26 0.614 ns 

covariate 3 1,28 0.02 0.892 ns 
covariate 4 1,28 0.05 0.830 ns 
site 2,28 2.16 0.135 ns 
plot treatment 1,28 0.24 0.628 ns 
site'plot treatment 2,28 1.61 0218 ns 

nos. other covariate 1 1,28 3.22 0.084 ns 
hymenopteran covariate 2 1,28 0.18 0.675 ns 
visitors covariate 3 1,28 0.75 0.395 ns 

covariate 4 1,28 0.49 0.492 ns 
site 2,28 5.99 0.007 

plot treatment 1,28 0.14 0714 ns 
site*plot treatment 2,28 5.72 0.008 * 

nos. syrphid covariate 1 1,28 0.38 0.541 ns 

visitors covariate 2 1,28 3.60 0.068 ns 
covariate 3 1,28 0.31 0.582 ns 
covariate 4 1,28 0.13 0.720 ns 

site 2,28 0.89 0.420 ns 
plot treatment 1,28 0.70 0.411 ns 

site'plot treatment 2,28 0.26 0.772 ns 
nos. other covariate 1 1,28 0.04 0.852 ns 
dipteran visitors covariate 2 1,28 0.17 0.687 ns 

covariate 3 1,28 0.01 0.912 ns 
covariate 4 1,28 0.11 0.747 ns 
site 2,28 0.46 0.637 ns 
plot treatment 1,28 0.61 0.442 ns 

site*plot treatment 2,28 0.41 0667 ns 
nos. robber covariate 1 1,28 0.85 0.363 ns 

visitors covariate 2 1,28 0.67 0.421 ns 
covariate 3 1,28 003 0.859 ns 
covariate 4 1,28 3.97 0.056 ns 
site 2,28 2 94 0.069 ns 
plot treatment 1,28 0.02 0 887 ns 
site*plot treatment 2,28 0.22 0.805 ns 

nos. robbing covariate 1 1,28 0.77 0 388 ns 
visits covariate 2 1,28 1 05 0 314 ns 

covariate 3 1,28 0 00 0 977 ns 

covariate 4 1,28 2 42 0 131 ns 

site 2.28 1 96 0.159 ns 

plot treatment 1,28 0 06 0 814 ns 

site plot treatment 2,28 0 10 0 909 ns 

ircium 
arvense 
variable per -OF 
floral unit per (Factor, sip. at hour source error) F P 95% C. I 
nos visits covariate 1 1 18 0 14 0 712 's 

covariate 2 1 18 0 51 0 483 's 
covanate 3 1.18 0 50 0 490 's 
covariate 4 1.18 1 67 0 213 rs 
site 2.18 164 0222 ns 
plot treatment 1,18 2 63 0 122 ns 
site plot treatment 2.18 0 82 0 455 ns 

nos visitors covariate 1 1.18 0 01 0 925 ns 
covanate 2 1 18 0 95 0 344 ns 
covariate 3 1 18 0 32 0 581 ns 
covanate 4 1 18 084 0 371 ns 
site 2.18 69 00 0 513 ns 
plot treatment 1.18 0 72 0 406 ns 
site'plot treatment 2 18 1 06 0 367 ns 

nos species covariate 1 1 18 0 68 0 421 ns 
covariate 2 1 18 2 61 0 123 ns 
covariate 3 1 18 0 50 0 489 ns 
covariate 4 1.18 0 00 0 991 ns 
site 2.18 1 35 0 285 ns 
plot treatment 1.18 0 24 0 632 ns 
site'plot treatment 2,18 0 53 0 598 ns 

nos Bombus covariate 1 1,18 0 51 0 485 ns 
species covariate 2 1,18 084 0 372 ns 

covariate 3 1 18 0 31 0 587 ns 
covariate 4 1.18 0 83 0 373 ns 
site 2,18 172 0207 ns 
plot treatment 1,18 0 87 0 363 ns 
s te'plot treatment 2.18 0 30 0 746 ns 

nos. Bombus covariate 1 1.18 0 22 0 648 ns 
visitors covariate 2 1,18 054 0 472 ns 

covariate 3 1,18 0 00 0 949 ns 
covariate 4 1,18 2 01 0 173 ns 
site 2,18 108 0359 ns 
plot treatment 1,18 1 38 0 255 ns 
s te'plot treatment 2,18 0 65 0 532 ns 

nos. other covariate 1 1,18 0 00 0 992 ns 
hymenopteran covariate 2 1,18 4 69 0 044 

visitors covariate 3 1,18 0 24 0 628 ns 
covariate 4 1.18 0 26 0 615 ns 
site 2.18 363 0048 

plot treatment 1.18 0 69 0 418 ns 
site plot treatment 2.18 0 93 0 414 ns 

nos syrphid covariate 1 1.18 0 12 0 734 ns 

visitors covariate 2 1,18 1 37 0 257 ns 

covariate 3 1.18 0 12 0 730 ns 

covariate 4 1.18 2 67 0 120 ns 
site 2.18 0 19 0 828 ns 

plot treatment 1.18 2 13 0 161 ns 

site plot treatment 2,18 164 0 222 ns 

nos. other covariate 1 1,18 0 05 0 831 ns 
dipteran visitors covariate 2 1 18 0 16 0 697 ns 

covariate 3 1.18 0 03 0 874 ns 

covariate 4 1 18 1 63 0 216 ns 
site 2 18 047 0 632 ns 

plot treatment 1 18 0 00 0 987 ns 

s te'plot treatment 2 18 0 60 0560 ns 

covariate 1. Floral abundance per m2 

covariate 2: Number of flowering species per m2 

covariate 3: Alien density per m2 per plot 
(averaged over whole plot area (400m2)) 

covariate 4 Alien density per m2 per patch 

(averaged over actual area o' cc. erage 
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Table 5.3. ANCOVA results when comparing the amounts of L. vulgaris pollen. C. 
arvense pollen, and other heterospecific pollen loads and pollen species found on the 
stigmas of L. vulgaris and C. arvense, between Lv, Ca and mixed plots for all three 
sites sampled. 

Linaria vulgaris 
DF 

(factor, sig. at 
pollen variable source error) F P 95% C. I. 

nos L vulgans covariate 1 1,28 2 30 0 141 ns 
pollen grains covariate 2 1,28 4 63 0040 

covariate 3 1,28 448 0 043 
covariate 4 1,28 4.17 0051 
site 2,28 2.24 0.125 ns 
plot treatment 1,28 1.06 0 313 ns 
site' lot treatment 2,28 0 24 0.788 ns 

nos C arvense covariate 1 1,28 090 0.352 ns 
pollen grains covariate 2 1.28 045 0 506 ns 

covariate 3 1,28 0 20 0 892 ns 
covariate 4 1,28 010 0.755 ns 
site 2,28 0.75 0483 ns 
plot treatment 1,28 004 0 839 ns 
site' lot treatment 2,28 117 0.324 ns 

nos. other heterospecific covariate 1 1,28 0.34 0.563 ns 
pollen grains covariate 2 1,28 2.39 0.134 ns 

covariate 3 1,28 0.01 0 913 ns 
covariate 4 1,28 0.03 0 869 ns 
site 2,28 0.03 0972 ns 
plot treatment 1,28 005 0.819 ns 
site' lot treatment 2,28 009 0 918 ns 

nos. other heterospecific covariate 1 1,28 1.63 0.212 ns 
pollen morphospecies covariate 2 1,28 0 31 0583 ns 

covariate 3 1,28 0.79 0.382 ns 
covariate 4 1,28 009 0 765 ns 
site 2,28 115 0 332 ns 
plot treatment 1,28 0 02 0 899 ns 
site' lot treatment 2,28 0 51 0 605 ns 

proportion of conspecific covariate 1 1,28 0.09 0.769 ns 
pollen grains covariate 2 1,28 1.17 0.289 ns 

covariate 3 1,28 0.02 0 898 ns 
covariate 4 1,28 0.04 0 851 ns 
site 2,28 0.22 0.804 ns 
plot treatment 1,28 0.00 0 970 ns 
site'plot treatment 2,28 0 15 0.866 ns 

vsium arvense 

DF 
(factor, Sig al 

pollen variable source error) F P 95% C I. 
nos L vulgans covariate 1 15 486 's 
pollen grains covariate 2 1 16 6 34 023 

covanate 3 1 16 9 23 O X8 
covanate 4 1 16 3 53 0 490 ^s 

site 216 451 00.5 
plot treatment 1 16 2 66 0 1'0, rs 
s te' lot treatment 2 16 1 08 0 363 's 

nos C an; ense covariate 1 1 15 _ 3 11 0 749 
pollen grans covariate 2 1 16 3 04 0835 's 

covanate 3 1 16 0 01 0935 's 
covanate 4 1 16 0 65 0 434 ns 
site 2.16 21 70 0000 
plot treatment 1.16 10 17 0006 
s te' lot treatment 2.16 600 . 0011 

nos other heterospecific covanate 1 1.16 500 0 040 
pollen grains covariate 2 1,16 16 40 0 001 

covariate 3 1,16 19 29 0 000 
covanate 4 1.16 4 92 0041 
site 2.16 18 13 0C IC, -' 
plot treatment 1.16 3 95 0 3i 4 is 
site' lot treatment 2 16 2 19 0 144 ns 

nos other heterospecific covanate 1 1 16 0 11 0 '4' "s 

pollen morphospecies covariate 2 1 16 4 00 0 OC3 s 
covanate 3 1.16 10 03 0 006 
covariate 4 1.16 001 0906 ns 
site 2.16 3 83 00-44 
plot treatment 1.16 0 16 0 692 rs 

site' lot treatment 2.16 1 16 0 339 s 

proportion of conspecific covanate 1 1.16 0 02 0889 's 
pollen grains covanate 2 1.16 201 0 1'S ns 

covanate 3 1,16 164 0 219 ns 

covanate 4 1,16 0 13 0 718 ns 
site 2.16 18 44 0 000 

plot treatment 1,16 6 00 0 026 

s te'plot treatment 2,16 2 24 0 139 ns 

covariate 1. floral abundance per m2 
covariate 2. Number of flowering species per m2 
covariate 3: Alien density per m2 per plot (averaged over whole plot area (400m2)) 

covariate 4: Alien density per m2 per patch (averaged over actual area of coverage) 
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Figure 5.1 Mean floral abundance (number of floral units per nm`) for all five sites 
sampled over the season per plot treatment. Sampling occurred each week over eight 
weeks, from mid July (sampling week 1) to mid September (sampling week eight). 
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Figure 5.2 Mean number of flowering species per m2 per plot per treatment at all 

sites over the season. Sampling occurred each week over eight weeks, from mid July 

(sampling week 1) to mid September (sampling week eight). 
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Figure 5.3 Mean floral density per m2 per plot of L. vulgaris at Lv and Mixed plots 
for all sites sampled over the season. Sampling occurred each week over eight weeks, 
from mid July (sampling week 1) to mid September (sampling week eight). 
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Figure 5.4 Mean floral density per m2 per patch of L. vulgaris at Lv and Mied plots 
for all sites sampled over the season. Sampling occurred each week over eight weeks, 

from mid July (sampling week 1) to mid September (sampling week eight). 
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Figure 5.5 Mean floral density per m2 per plot of C. arvense at Ca and Mixed plots for all sites sampled over the season. Sampling occurred each week over eight weeks, 
from mid July (sampling week 1) to mid September (sampling week eight). 
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Figure 5.6 Mean floral density per m2 per patch of C. arvense at Lv and Mixed plots 
for all sites sampled over the season. Sampling occurred each week over eight weeks, 
from mid July (sampling week 1) to mid September (sampling week eight). 
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Figure 5.7 Number of visits, visitors, 
and visiting species per floral unit per 
hour (f s. e. ) to L. vrulgaris at Lv and 
Mixed plots for all sites sampled over 
the season. 
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Figure 5.8 Number of visits, visitors, 
and visiting species per floral unit per 
hour (± s. e. ) to C. anvense at Lv- and 
Mixed plots for all sites sampled over 
the season. 
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Figure 5.9 Pollen grains of Linariu v«/, ilaris (common toadI1ax. 
Scrophulariaceae) at x 100 (A). x200 (B) and x400 (C) magnification under a 
light microscope. 
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Figure 5.10 Mean conspecific pollen load (+ s. e. ) found per L. vulgaris (Lv) stigma 
per plot treatment for all sites sampled over the season. 
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Figure 5.11 Mean heterospecific pollen load (+ s. e. ) (C. arvense (Ca) and other 

species) found per L. vulgaris stigma per plot treatment for all sites sampled over the 

season. 
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Figure 5.12 Pollen grains of Circiu»1 ar erase' (crccpiii tlii"tlC. 
Asteraceae), as seen on a C. ar 'ense stigma, at x50 (A), x 100 (B). and 
x400 (C) magnification under the light microscope. 

139 

r 

f 
f 

If 

äi 

0 

1.6µm 

00 
00 , 



f nor/lýýr ? Hsseºs"1r1, ý; rrlc' /)UUtLf'lti(ll fni" (117 "'it'vVsiofla/ me/fdoltn "' h1" h1"n u/i`ll i? 1%a ire' ft' ii"% 

80 

60 
0) 

cß 
U 

40 

0) 
Cß 
U 

20 0 
c 

0 

Site sampled 
Ca plot 

o Mixed plot 

Figure 5.13 Mean conspecific pollen load (+ s. e. ) found per C. arvense (Ca) stigma 

per plot treatment for all sites sampled over the season. 
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Figure 5.14 Mean heterospecific pollen load (+ s. e. ) (L. vulgaris and other species) 
found per L. vulgaris stigma per plot treatment for all sites sampled over the season. 
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Figure 5.15 Average proportion (+ s. e. ) of Linaria vulgaris flowers setting fruit on 
hand-pollinated and control plants per plot treatment per site sampled over the 
season. 
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Figure 5.16 Average proportion (± s. e. ) of Cirsium arvense flowers setting fruit on 

hand-pollinated and control plants per plot treatment per site sampled over the 

season. 
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Figure 5.17 Mean seed set (± s. e. ) for L. vulgaris fruit of hand-pollinated and control 
plants per plot treatment per site sampled over the season. 
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Figure 5.18 Mean seed set (+ s. e. ) for C. u, rvven. 5c' fruit of hand-pollinated and control 
plants per plot treatment per site sampled over the season. 
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Figure 5.19 Mean seed set (± s. e. ) for C. nrvense fruit of hand-pollinated and control 

plants per plot treatment per site sampled over the season. 
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CHAPTER SIX 

Discussion 
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6.1 Discussion 

The studies described in this thesis primarily evaluate the potential for ecological 
restoration to reinstate essential ecological interactions to previously degraded 

communities. In Chapter 2,1 assessed the restoration of plant-pollinator interactions 
to heathland communities following eleven and fourteen years of restorative 

management, and in Chapter 3, a third trophic level was further investigated. Here, 

the interactions between the heathland flora, their bumblebee pollinators, and the 

natural enemy community of these pollinators were studied to determine the potential 
for the restoration of higher trophic levels to communities. Chapters 4 and 5 then 

went on to consider the extent and impact of specific ecological interactions that are 

potentially implicated in the restoration process. Chapter 4 investigated further the 

patterns and prevalence of the "hidden" community of bumblebee natural enemies, 

providing important baseline data on bumblebee parasitism, whilst Chapter 5 

questioned the potential for facilitatory interactions between alien invasive species, 

with regard to evaluating the processes needed to be overcome for the management 

of their invasive spread. In this final chapter I synthesise the main findings of this 

thesis. I then go on to consider the conservation and management implications of this 

work in the wider context of restoration ecology, before outlining the potential future 

directions of research. 

What has been learnt? 

Ecological restoration requires both the structural and functional attributes of 

ecosystems to be in place before a self-sustaining, self-regulating community is 

successfully reinstated. Restoration projects in the past have typically focussed on 

restoring ecosystem structure, using readily measurable attributes such as species 

richness and abundance to confirm successful reinstatement to restored sites. Yet by 

solely studying the structural aspects of a community, we remain uninformed about 

what species actually do. However reinstating ecosystem function to restored sites 

and deciding upon its measurable attributes is considerably harder, and further 

constrained by both the duration and cost of restoration projects. 
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As outlined by the Society for Ecological Restoration (SER 2004), restored 
communities should be well integrated with the landscape, resilient to natural 
disturbances, and show evidence of self-sustainability and persistence through 
environmental variation. Yet how can we even begin to evaluate such broad 
functional attributes, particularly along an ever-changing restoration trajectory? 
Identifying the foundations upon which ecosystem function lie provide a good 
starting point. Such a foundation is created by the interactions that occur between 

species. These interactions are essentially the drivers of ecological processes, 

processes which are responsible for community and ecosystem functioning that 

underlie the provisioning of ecological goods and services. Thus by considering 

species interactions in evaluating restoration success, we are effectively working in 

the currency of ecosystem services (Memmott et al. in press). 

By elucidating key interactions within and between trophic levels of a 

community, important functional subsets of the network can be quantified, enabling a 

truer evaluation of both structural and functional parameters at restored relative to 

reference or target communities (e. g. Forup et al. in press). Such functional subsets 

studied throughout this thesis included the plant-pollinator and pollinator-parasite 

interaction networks of ancient (reference) and restored dry, lowland heathland 

communities. 

The importance of measuring both structural and functional parameters 

concurrently when evaluating restoration success was highlighted in Chapter 2, when 

gauging the success of the reinstatement of a pollination service to communities 

undergoing ecological restoration. Here, although the structural components of the 

plant-pollinator community (such as species abundance, diversity and composition) 

were successfully reinstated at restored communities, functional differences 

remained, with the density and complexity of species interactions reduced at restored 

relative to reference ancient communities, despite fourteen years of restorative 

management. However the magnitude of this difference was small relative to other 

comparative studies. Indeed the positive relationship found between the density of 

species interactions (i. e. the `connectance' of a community network) and the 

robustness of those communities to species extinctions documented by Dunne et al. 

(2002) involved a comparative analysis of communities whose connectance differed 

by tenfold, compared to the restored and ancient community networks documented in 

this study where differences in connectance were less than twofold. Thus only by 
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being informed by both structural and functional measures could restoration success 
of the plant-pollinator community be effectively evaluated, concluding here that that 
both the structural and functional components of the plant-pollinator community 
were sufficiently reinstated. This is particularly important as considerable alterations 
in species interactions can have little impact upon standard measures of community 
structure such as species diversity or richness (Tylianakis et al. 2007). 

Restoration ecology has the potential to both inform and be informed by 
ecological theory. Yet the integration of research between trophic ecology and 
restoration ecology remains rare (Young et al. 2005). In Chapter 3, the assessment of 
species interactions was expanded to studying three trophic levels, incorporating the 
natural enemy community of bumblebee pollinators into the networks. Here I show 
that such higher-ranked trophic specialists can be useful indicators in the evaluation 
of restoration success of previously degraded communities. Healthy ecosystems are 
those that are typically parasite-rich (Marcogliese 2005; Dobson et al. 2006), with 
the loss of parasite species in degraded systems altering host abundance and 
dominance. This can shift interspecific competition to the detriment of the overall 
biodiversity. In this study, the restoration of both the structural and functional 

components of the community network remained incomplete, with the establishment 

of a key dipteran parasitoid significantly reduced at restored relative to reference 

sites despite essential resources being in place. Drawing from community assembly 

theory, such higher-ranked trophic specialists are typically more susceptible to 

resource fluctuations due to their small population size and their reliance upon the 

presence and abundance of their host and their host's resources. Consequently 

parasites have been used successfully as bioindicators when assessing communities 

for environmental stress, food web structure, and biodiversity (reviewed by 

Marcogliese 2005). However the study documented here remains one of only a te%v 

that use parasites in evaluating restoration success, whilst further highlighting the 

usefulness of a food web approach to ecological restoration -a tool that has only 

recently gained recognition in restoration ecology (Zanden et al. 2006; Forup et al. in 

press). 

Over the past decade, pleas calling for the inclusion of parasites into 

community studies have received limited responses. Yet recently it has been shown 

that upon the inclusion of parasites to food web studies, key descriptors can be 

altered, and sometimes dramatically. For example, increases in species richness, 
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linkage density and network connectance were documented upon the addition of 
parasite information to key food-web studies (Lafferty et al. 2006). Thus the 
incorporation of such "hidden players" in networks studies are important, particularly 
as such web descriptors infer important attributes such as robustness of the 
community to species extinctions and environmental perturbations (Ives & Cardinale 
2004; Dunne et al. 2002). Indeed parasites are known to be important regulators of 
community structure and function (Dobson & Hudson '986; Minchella & Scott 
1991), mediating a range of competitive and predatory interactions and stabilising 
host populations (Price et al. 1986; Prenter et al. 2004). Furthermore, their 

ubiquitous nature alone accounts for a large proportion of the biodiversity itself 

(Dobson et al. 2006). Yet their omission from community studies leaves them poorly 

understood. Thus although they have been shown here and elsewhere to be 

potentially good indicators of restoration success (Huspeni & Lafferty 2004), the 

difficulties in obtaining adequate baseline data on reference parasite communities 

limits their application across the wider diversity of restored communities and 

habitats. For example, quantifying the bumblebee-parasite interactions at ancient 

sites was essential to provide reference data against which the interactions at restored 

sites could be compared. Furthermore, it was necessary to replicate such baseline 

data over several reference and restored sites to determine their spatial variation. Yet 

such an intensive study is likely unfeasible for the vast majority of restoration 

projects, given their economic and time constraints. Readily available baseline data 

are thus a potentially valuable resource to restoration ecologists. 

Furthermore, research on the community of bumblebee parasites present in 

the UK remained, up until now, in the hands of Alford, who offered the last 

comprehensive, qualitative assessment of the natural enemy community of 

bumblebees back in 1975. Yet studies documenting bumblebee parasite prevalence 

and extent are key to furthering our understanding of the impact of parasitism in light 

of bumblebee decline, as well as investigating the otherwise hidden and oft ignored 

biodiversity of these natural enemies. I therefore further examined the patterns and 

prevalence of parasitism in bumblebee communities, thereby providing the first 

quantitative assessment of parasitism of bumblebee foragers of dry lowland 

heathland in England. 

Such data are also important when considering the increasing global 

importation and exportation of bumblebee colonies for pollinator services over the 
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last ten years. Natural enemies are easily displaced following the importation or 
accidental introductions of their bumblebee hosts. Past studies have described the 
infection of native bumblebee hosts with novel pathogens introduced together with 
imported colonies into Japan (Goka et al. 2006), USA, Mexico and Canada (Winter 

et al. 2006), whilst in New Zealand, introduced bumblebee populations have 

undergone rapid expansions probably as a consequence of enemy release. Moreover 

an estimated 10,000 colonies of the non-native subspecies Bombus terrestris 
dalmatinus are imported annually into the UK for pollination services (Ings et a!. 
2005). This subspecies has been considered a potential threat to native conspecifics, 
due to their higher reproductive success, superior foraging ability, and larger colony 

size (Ings et al. 2006). Baseline data that quantify the patterns and prevalence of 

parasitism for native bumblebee communities are therefore also important when 

determining the impacts of introduced species. For example, such data can inform 

management protocols of introduced species by determining the potential for native 

enemies to mediate competitive interactions between introduced subspecies and 

native conspecifics. 
Understanding and identifying key interactions that have the potential to 

impact upon native communities are essential if ecological restoration and 

conservation management of our natural resources are to be successful. With 

ecological restoration armed with the task of slowing down and ultimately reversing 

habitat loss, it is simultaneously faced with the second biggest threat to biodiversity: 

the establishment and subsequent spread of non-native species. Indeed ecological 

restoration of degraded habitats typically involves the removal and/or subsequent 

prevention of invasive species spread when restoring degraded communities. 

Identifying interactions that drive biological invasions is therefore crucial when 

undertaking restoration management. 

Theoretical models that predict species invasiveness or the invasibility of a 

community however, are typically limited as a consequence of their predominant 

focus on negative interactions (Boucher et al. 1982; Bertness & Callaway 1994) 

assuming no potential for facilitation between invasive species. Yet with the 

exponential rise in the global spread of alien species, the potential for positive 

interactions, whether direct or indirect, is increasingly likely, particularly upon the 

reunion of mutualistic partners in their invaded range (Parker et al. 1999; Richardson 

et al. 2000; Grosholz 2005). In Chapter 51 attempted to determine the potential for 
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positive interactions between two invasive plant species, with regard to the 
facilitation of their reproductive success and subsequent spread within the native 
community. Although no positive interactions were found to occur in this study, it 

remains important to consider the potential for facilitation between non-native 
species for any community. Evidence for facilitation between non-native invasive 

species, although scarce, has been documented for coastal, freshwater, and terrestrial 

ecosystems. Yet such positive interactions between introduced species can have huge 

implications for the native community. O'Dowd et al. (2003) documents an example 

of this for Christmas Island. In this study, the invasive yellow crazy ant caused the 
death of the native red land crab, the dominant consumer on the forest floor. Seedling 

recruitment was consequently released, enhancing seedling species richness and 

slowing litter breakdown. The invasive ant also interacted with a previously 

introduced homopteran species, tending its honeydew and thereby sustaining high 

population densities of this homopteran in the canopy. The deposition of excess 

honeydew on canopy leaves encouraged the growth of sooty moulds that resulted in 

the dieback of the canopy and death of canopy trees. Here, the potential for positive 

interactions between multiple non-native species to have synergistic effects upon the 

native community is realised: the total impact of the invader complex far exceeding 

the sum of individual impacts, precipitating an "invasional meltdown". Thus the 

potential for positive interactions to factor in determining the extent of an invasion 

should be considered at the early stages of invasive spread, as the cost of mitigating 

future impacts arising from such synergistic interactions between invader complexes 

will undoubtedly outweigh the cost of their current control and prevention. 

Conservation and management implications 

"That most insidious type of extinction, the extinction of ecological 

interactions " 

(Janzen 1974) 

The increasing pressures of an expanding human population together with the 

impacts of global climate change will exacerbate current rates of habitat loss and 

biological invasions without further intervention. Yet conservation management of 

endangered and threatened habitats and species alone is no longer viable, given the 
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acceleration of fragmentation and isolation of such habitats eroding the viability of 
their species populations. The need for ecological restoration to reinstate 
communities to previously degraded habitat is therefore urgent if current levels of 
biodiversity and ecosystem functioning are to be maintained or increased. 

As outlined in Chapter 1, the resolution of both conservation and restoration 
management in the past has focused at the level of species. Yet as emphasised 
throughout this thesis, a far more informative approach can be achieved through the 
study of species interactions; their importance first recognised thirty years ago by 
Janzen (1974) as stated in his quote at the start of this section. Together with the 
appropriate analytical tools such as the application of food web theory to community 
studies, a more holistic approach to determining key community attributes can be 

undertaken. Such attributes include those that describe community stability and 

robustness to environmental perturbations and species extinctions, as described in 

Chapters 1 and 2. Furthermore, the use of such descriptors for both target reference 

and restored communities can allow for an effective, comparative evaluation of 

restoration success, by determining the restoration of both community structure and 
function simultaneously (Chapters 2& 3). 

Other implications for conservation management have also arisen throughout 

the studies undertaken in this thesis. Firstly, it was found that heathland sites chosen 

for restoration need not stand adjacent to reference heathlands for the successful 

reinstatement of their insect community, whilst emphasising the importance for both 

temporal and spatial replication to be incorporated into ecological restoration 

programmes (Chapter 2). 

Secondly, the natural enemy community of bumblebees can act as good 

indicators of restoration success, and in the case of heathland habitat, could provide a 

useful yardstick with which to measure the reinstatement of higher trophic 

interactions as a surrogate for the restoration of community function (Chapter 3). Yet 

despite many studies documenting parasites as potential bioindicators for ecosystem 

health and biodiversity, only three to my knowledge incorporate such ̀ hidden 

players' in the evaluation of restoration success: Cone et al. (1993); Valtonen et al. 

(2003) and Huspeni & Lafferty (2004). 

Thirdly, the provision of baseline data regarding the prevalence and patterns 

of bumblebee parasitism (Chapters 3& 4) may not only provide a useful comparison 

for other restored communities, but may also inform conservationists with regard to 
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the current `health' of bumblebee populations, particularly in light of their current 
decline. Furthermore, despite taking a more holistic view in studying species 
interactions, information on the abundance and diversity of the individual species of 
the natural enemy community of bumblebees can also be gleaned. For example, the 
key dipteran parasitoid family, Conopidae, are themselves endangered: of the 24 
species recorded for the UK, only 6 species are considered common, with 2 recorded 
in the Red Data Book as endangered, 11 as nationally rare, and 5 as scarce/nationallvv, 
notable. Thus further declines in their host species render these parasitoids further 

susceptible to extinction. 

Future directions 

This thesis reveals the potential for ecological restoration to provide an arena for the 
development and testing of ecological theory. With most fundamental ecological 

theory based on natural systems generally free of anthropogenic pressures, 

restoration ecology, which deals with the recovery of degraded systems following 

damage, is a valuable informant. Conversely, restoration ecology is frequently 

guided by ecological theory itself, incorporating fundamental principles such as 

community succession, community assembly rules, and population dynamics, into 

conceptual restoration models. 

Yet despite Bradshaw emphasising the potential for restoration to provide the 

ultimate "acid test" of our understanding with regard to the functioning of 

ecosystems (Bradshaw 1987), the evaluation of ecosystem function remains poorly 

incorporated into restoration programmes. Indeed really only in the past decade have 

theoretical and empirical research regarding the link between ecological structure 

and function really grown within the field of ecology itself, including research 

relating biodiversity and ecosystem function (e. g. Naeem et al. 1994; McGrady- 

Steed et al. 1997; Ives et al. 2000), functional redundancy of species (Lawton & 

Brown 1993; Naeem 1998), and the study of network properties that govern a 

community's resilience to extinctions and environmental perturbations (Dunne el al. 

2002; Ives & Cardinale 2004; Memmott et al. 2004). 

Thus only now is restoration ecology beginning to recognize the importance 

of understanding such relationships between the structural and functional attributes 
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of communities to be restored, moving away from a focus solely on the former to ore 
that incorporates the latter. The work described throughout this thesis in particular. 
highlight five main areas in need of further research: 

1) Ecological restoration must begin to incorporate a food-web perspective b\ 
including species interactions in community restoration goals. Such interactions can 
be effective surrogate measures of functional attributes when evaluating restored 
systems. For example, by assessing the reinstatement of key interactions from which 
important functional processes arise (such as seed dispersal, pollination, and 
biological control), the extent to which a restored community is self-sustaining and 

self-regulating can be determined. 

2) The use of interaction networks and food web theory as a predictive tool in 

determining restoration outcomes should begin to be explored. Current theoretical 

advances in analysing such networks have gone so far as to determine key properties 

that govern a community's resilience to species extinctions and environmental 

perturbations. Such a tool could also prove invaluable for restoration in the future, 

such as by determining thresholds above which restored communities can be deemed 

sustainable, or by predicting potential impacts of alien species removal at different 

points along a restoration trajectory. 

3) The use of higher trophic level specialists such as parasites and parasitoids 

should be used more frequently when evaluating community restoration, as their 

presence is indicative not only of the availability of their hosts, but also of their 

hosts' requirements. 

4) Further research into the impact of bumblebee parasitism on both declining 

and imported species should be urgently pursued. With evidence documenting 

resource-stressed bumblebee hosts more susceptible to parasitism, and with the loss 

of resources identified as a key factor in the continual decline in threatened 

bumblebee species, a comparative analysis of the prevalence and susceptibility to 

parasitism between declining and ubiquitous species may shed further insight into 

understanding their decline. Also, with the continual annual importation of non- 

native subspecies of bumblebee, further research into understanding the potential for 

parasitism to mediate competition between non-native and native conspecitics should 

be undertaken, particularly in light of evidence for the superiority of non natives with 

regard to foraging and reproductive success (Ings et al. 2006). 
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5) The potential for facilitative interactions between invasiNe species is an 
essential avenue of research, particularly with the exponential rise in their global 
spread increasing the likelihood for the build up of invader complexes. Furthermore, 

with increasing evidence documenting synergistic interactions involving both recent 
and historical invasions, a more prudent approach to their management is needed. B 

understanding the extent of such interactions restoration ecologists will not only he 
better informed with regard to the implementation of effective preventative 

measures, but will also better able to evaluate the impacts of their removal from the 

overall community network. 

More generally however, the continual decline in global biodiversity and 
the associated losses of crucial ecosystem services, in spite of numerous conservation 

policies implemented to protect habitat types and species, highlights the urgency for 

ecological restoration to take a more dominant role in habitat and ecosystem 

management. Indeed restoration ecologists are now armed with the necessary 

analytical tools and are well-informed by ecological theory with regard to 

community processes and ecosystem functioning. Furthermore, the integration of 

such theory and the use of more vigorous scientific approaches in the assessment of 

ecological restoration is a growing direction in restoration ecology. Such positive 

advances are encouraging; however for ecological restoration to keep apace, 

restoration ecologists urgently need to: firstly increase the integration of scientific 

experimental testing into the restoration arena to further advance our understanding 

of the dynamics of communities and ecosystems; secondly step up their efforts in 

identifying those key interactions and processes that underlie community and 

ecosystem functioning from the very outset of restoration; and finally, undertake 

effective evaluations through the post-monitoring of restoration programmes with 

regard to determining restoration success in reinstating both structure and function to 

restored communities throughout the restoration trajectory. Only then will the 

potential for ecological restoration to reverse current trends in global biodiversity 

declines be fully recognised. 
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A. 1 Quantitative interaction networks representing interactions between the heathland plant 

community and their insect visitors in 2001 by M. L. Forup. Networks are of a) ancient and b) 

restored heathland at Arne (Pair 1), Gore (Pair 2), Hyde (Pair 3), and Morden (Pair 4). The 

bottom row of rectangular bars represents the flower species whilst the upper row represents the 

insect visitors. Each rectangular bar in the rows represents a single species. their relative 
the 

abundance being proportional to bar width. The scale bar at the base of the figure rep 

number of floral units per m2 of heathland and the number of visiting insects. The solid triangle$ 

that connect the two trophic levels represent the interactions linking the plant and inscct Sped 

the size of the triangle being proportional to the frequency of the interactiýn.. All eight webs arc 

drawn to the same scale. 
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a)Ancient Heaths (2004) 
b)Restored Heaths 20p, ß 

p$ 1 
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A"2 Quantitative interaction networks representing interactions between the heathland plant 
community and their insect visitors in 2004 by K. S. E. Henson. Networks are for a) ancient and 
b) restored heathland at Arne (Pair 1), Gore (Pair 2), Hyde (Pair 3), and Morden (Pair 4). The 
bottom row of rectangular bars represents the flower species whilst the upper row repre stnts the 
insect visitors. Each rectangular bar in the rows represents a single species, their relative 
abundance being proportional to bar width. The scale bar at the base of the figure represents the 

number of floral units per m2 of heathland and the number of visiting insects. The solid triangks 
that connect the two trophic levels represent the interactions linking the plant and insect species. 
the size of the triangle being proportional to the frequency of the interaction. All eight Nchs are 
drawn to the same scale. 
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Insect Species 

Aedes cas ius 
Aedes s1 

Alas urtcae 
Andrena dorsala 

Andrena llavi es 

Dil 

sect Order 

ptera 
Di tera 

Le ido tera 
Hymenoptera 

Hymenoptera 

Pallus 

Authority 

Linnaeus 
Kirby 

Panzer 

Pnr 1 

20 

P1102 

R 

01 

P", 3 

estore 

P.., 

d he 

P". 1 

land 

20 

PM i 

04 

ti s ti 

4s&" 

me 
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Andrena fusc'Pes 

Andrena ovatula 

Andrena sp 1 

Anfho hors bimaculata 

A pion Exa ion ulicis 

A pis mellAera 
Ancia a estis 
Ath cia im ressa 

Hymenoptera 

Hymenoptera 

H meno tera 
H meno tera 
Coleoptera 

Hymenoptera 

Le ido tera 
Diptera 

Kirby 

Kirby 

Panzer 

Forster 

Linnaeus 

Denis & Schiffermuller 

vd Wulp 

, 

At lotus latisfriatus 

Aulo ra ha gamma 

Diptera 

Le ido tera 

Brauer 

Linnaeus 

Bellardia andia Diptera Walker 

Bellardia viarum Di tera Robineau-Desvoidy 

Bibio ni nventris Diptera Haliday 

Movan es Diptera Meigen 

Bicellaria ilosa Diptera Lundbeck 

Rombus hortorum Hymenoptera Linnaeus 

Rombus humihs Hymenoptera 116 er 

Rombus lonellus Hymenoptera Kirby 

Rombus lapidarius Hymenoptera Linnaeus 

Rombus lucRerr Hymenoptera Linnaeus 
Rombus lucorum Hymenoptera Linnaeus 

Rombus muscorum Hymenoptera Linnaeus 

Rombus ascuorum Hymenoptera Scopoli 
Rombus terrestris Hymenoptera Linnaeus 

Brachicoma devia Diptera Fallen 

Calliphora vicina Diptera Robineau-Desvoidy 

Celastrina argiolus Le ido tera Linnaeus 

Cerato 0 onidae indet Diptera 

Cercens arenana Hymenoptera Linnaeus 

Ceridom iidae indet. Diptera 
Chalcidoidea indel. Hymenoptera 

Cheilosia soror Diptera Zetterstedy 

Chelo ena s p. 1 Diptera 

Chironomus annularius Di tera Degeer 

Chironomus sp. 1 Diptera 

Chlor rips umilionis Diptera Bjerkander 

Coccinella 7- unctafa Coleoptera Linnaeus 

Coenon m ha am hilus Le ido tera Linnaeus 

Coenosia indef. Diptera 

Coenosia ti nna Diptera Fabricius 

Coleo tera indet. 1 Coleoptera 

Colleles succinclus Hymenoptera Linnaeus 

Cynthia cardui Le ido tera Linnaeus 

Delia platura Diptera Meigen 

Delia sp. 1 Diptera 
Ematu a atomaria Le ido tera Linnaeus 

Em is prae Diptera Collin 

Enalla ma c athi arum Odonata Charpentier 

E afro he rossulariae Diptera Meigen 
Eis hus balteatus Diptera Degeer 

Eristalinus sepulchralis Diptera Linnaeus 
Enslelis abusivus 
Enstalis arbuslorum 

Diptera 
Diptera 

Collin 
Linnaeus 

Enstalis riinax Di tera Sco oli 
Enstalis fenax Di tera Linnaeus ' 
Eudas hors c anella Di tera Mei en 
Eumenes coarctatus Hymenoptera Linnaeus 
Eumerus stn atus Di tera Fallen - 

upoodes corollae Di tera Fabricius 

Eu odes luniger Di tera Mei en 
Eu odes sp A Di lera 
Eufolmus ru(ibarbis Di tera Mei en 
EMonsfa grandis Diptera Zetterstedt 
Formica cuniculana Hymenoptera Lalneille 
Formica fusca Hymenoptera Linnaeus 
Formica rufe Hymenoptera Linnaeus 
Gre hom a picta Di feie Zetterstedt 
Hel/clus rubicundus Hymenoptera Christ 

- 

Hebecnema umbratica Diptera Mei en 
Helena calceata Diptera Rondani 
Hehna cibalocosla Diptera Zetterstedt 
Helena reversro 
Heb flus pendulus 

Diptera 

Di tera 

Harris 

Linnaeus 
H retie nseola Di tera Fallen 
H rohone lanciler Di tera Harris 
H rofeea imfans Diptera Fallen 
Inechis o Le ido tera Linnaeus 
Ischnorh nchus emmatus Hemi tera Fieber 
Less lossum coca alum H meno tera Sco oli 

ý 1ý 
d Las lossum endet Hymenoptera - - }rn m four pai rs o f re stor e 

A. 3 Presence/absence table of the insect species sa!! I , Icu ý""" -- 

and ancient dry, lowland heath lands located in south Dorset, England. Sampling 

carried out in 2001 by M. L. Forup and in 2004 b)' KS. E. Henson. 
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Insect Species 

Las lossum laliventre 

Las lossum leucozonium 

Insect Order 

Hymenoptera 

Hymenoptera 

Authority 

Schenk 

Schrank 

Pa"' I P,,, z Pa� 3 P&w4 ew + e z ey ~ ti + º.. > r+� I ti owl ~' $ ; 6' 

Las lossum rasinum 

Lasru$ nr er 

Linnaem ra vulpina 

Lochmaea suturalis 

Luuha caesar 

Hymenoptera 
H meno fers 
Diptera 

Coleo tera 
Diptera 

Smith 

Linnaeus 
Fabricius 

Thomson 

Linnaeus 

, 

Luaha nchardsi Diptera Collin 

Lucdra sencata Diptera Mei en 
Machrmus atrica illus 

Melanar ra alathea 

Diptera 

Le ido tera 

Fallen 

Linnaeus 

Melanostoma mellinum 

Melanostoma scalare 

Melr ramme euchroma 

Melinda entilis 

Diptera 

Diptera 

Diptera 

Di tera 

Linnaeus 
Fabricius 

Kowarz 

Robineau-Desvoidy 

Meliscaevo cinctella Diptera Zetterstedt 

Mel, nus arvensis Hymenoptera Linnaeus 

Metes hus corollae Diptera Fabricius 

Metes hus latifasciatus Diptera Mac quart 

Metes r hus Zuni er Diptera Meigen 

microle type 1 Le ido tera 

mrcrole type 2 Le ido tera 

Musca autumnalis Diptera Degeer 
, 

M afhroa florae Di tera Linnaeus 
, 

Moo /asciafa Diptera Meigen ' 

M rmica sp 1 Hymenoptera 

Nomotelus notatus Di tera Zetterstedt 

Neour is cornicina Di tera Fabricius 

Neour is viridescens Di tera Robineau-Desvoidy 
, 

Nomada rids es Hymenoptera Fabricius 

Ochlodes venala Le ido tera Bremer & Grey 

Odontothrips ulicis Th sano tera Haliday 

Orthocladiinae indef. Diptera 

Oscinella sp 1 Diptera 

Para us sp 1 Diptera 

parasifica Hymenoptera 

Parasyrphus vifti er Di tera Zetterstedt 

Paravespula ermanica Hymenoptera Fabricius 

Pareves ula vulgaris Hymenoptera Linnaeus 

Phasic obese Di sera Fabricius 
Philanthus frian ulum Hymenoptera Fabricius 

Phora indet Di fers 
Ph xe magnicornis Diplera Zetterstedt 

Plat cheirus albimenus Di tera Fabricius 
Plat cheirus pollatus Di tera Meigen 
Plat cheirus scutatus Di tera Meigen 
Pollenia amentana Di tera Scopoli 
Pollenia an usti ens Di tera Wainwright 
Pollenia rudis Di tera Fabricius 
Pollenia viatica Di fers Robineau-Desvoid 
Pol drusus confluens Coleoptera Stephens 
Pol ommafus Icarus Le ido tera Rottembur 
Psilopa nifidula Di tera Fallen 
Psdh rus vesfalis Hymenoptera Geoffroy 
Rha io trin ana Di tera Linnaeus 
Rha rum bifasciatum Coleo tera Fabricius 
Rhe on cha lulva Coleo tera Sco oli 
Rhin is campestris Di tera Meigen 
Sarco ha e cemarie Di tera Linnaeus 
Sarco ha a incisilobata Di tera Pandelle 
Sarco ha asp. 1 
Sarco ha a subvicina 

Di fers 
Di tera Rhodendorf 

Sarco ha a vane eta Di tera Sco oll 
Sceeva rastri Di /era Linnaeus 
Sca four za allida Di tera Zetterstedt 
Scafho ha a stercoraria Di tera Linnaeus 
Sciaridae s p. 1 Diptera 
§e psis c ni sea Di fers Linnaeus 
Se sis sp 1 Di tera 
Sencom is silentis Di tera Harris 
Soncus brunneus Coleo tera Linnaeus 
Srcus lerru ineus Di tera Linnaeus 
Sr hone urbane Di tera Harris 

S aerohone menthastri Di tera 
Linnaeus sensu 
Vockeroth 

S aero hone philanthus Di /era Meigen 
S haerohone scn to Di tera Linnaeus 
S ntfa i sans Di tera Linnaeus 
S hus obese Di tera Linnaeus 
S hus vita nnis Di tera Meigen 
lacfsna rossa 
To hnfdae neesii 

Di lera 
Di tera 

Linnaeus 
Meigen 

Tortncidae indef 
T 10 We unctulata 

Le ido fers 
Di tera Sco olo 

Ves le rule Hymenoptera Linnaeus 

A. 3 (continued) 
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Heathland Flora: 1) Calluna vulgaris, 2) Erica tetralix, 3) Erica 
ciliaris, 5) Ulex Gallii, 6)Erica ciliaris 

I i 

Xk 

0- 1 iýftffi- 
at AMC 

Dry, lowland heathland in south Dorset: 1) Guciliýigst ýn 
Great Ovens heath, Gore. 
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B. I Quantitative interaction webs representing three trophic levels for a) ancient and b) restored 
heathland sites at Arne (Pair 1). The bottom row of rectangular bars represents the flower species, the 
middle and top row represent the bumblebee species and their natural enemies respectively. Each 
rectangular bar in a row represents a single species and their relative abundance is proportional to bar 
width. Bumblebee species labelled are: 1) B. humilis, 2) B. jone//us, 3) B. lapidarrus. 4) B. lu(orusn. 5) 
B. ierresti"is, 6) B. pascuorrmr and 8) B. pratorum. The scale bar at the base of the figure represent: for 
flora, 100 floral units per m2 of heathland; for bees, 10 individuals; and for their natural enemies. 100 
individuals (with exception of the protozoan parasites Crithidia, Nosema and Apicysris bombi. %here 
bar width is proportional to the number of hosts infected, as abundance could not be recorded). The 

solid triangles that connect tro hic levels represent the interactions linking species. the size of the 
triangle being proportional to the frequency of the interaction. Both webs are drawn to the same scale 
and the conopid network is highlighted in black. 
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B"2 Quantitative interaction webs representing three trophic levels for a) ancient and h) restored heathland sites at Hyde (Pair 2). The bottom row of rectangular bars represents the flower species, the middle and top row represent the bumblebee species and their natural enemies respectively. Each 
rectangular bar in a row represents a single species and their relative abundance is proportional to bar 
width. Bumblebee species labelled are: 1) B. hrmrilis, 2) B. jonellus. 3) B. lapidaries. 4) B. lucorum. 
5) B. terreslris, 6) B. pascuoruni, 8) B. pratorum and 9) B. i'estalis. The scale bar at the base of the figure represent: for flora, 100 floral units per m`' of heath land, for bees, 10 individuals; and for their 
natural enemies, 100 individuals (with exception of the protozoan parasites Criihidia. Nosema and 
Apici'stis bombi, where bar width is proportional to the number of hosts infected, as abundance could 
not be 

recorded). The solid triangles that connect trophic levels represent the interactions linking 
species, the size of the triangle being proportional to the frequency of the interaction. Both webs arc 
drawn to the same scale and the conopid network is highlighted in black. 
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B. 3 Quantitative interaction webs representing three trophic levels for a) Gore ancient and b) Holton 
Lee restored heathland sites (Pair 3). The bottom row of rectangular bars represents the flower species, 
the middle and top row represent the bumblebee species and their natural enemies respectively. Each 
rectangular bar in a row represents a single species and their relative abundance is proportional to bar 
width. Bumblebee species labelled are: 1) B. hunrilis, 2) B. jonellns. 3) B. lapidarilws. 4) B. luconun. 3) 
B. terrestris, 6) B. pascuoriun, 7) B. hot-forum, 8) B. pralorum and 9) B. Vt.. 'slalis. The scale bar at the 
base of the figure represent: for flora, 100 floral units per m2 of heathland; for bees, 10 individuals; and 
for their natural enemies, 100 individuals (with exception of the protozoan parasites Cruhidia.. Vas 

and Apici'stis bombi, where bar width is proportional to the number of hosts infected, as abundance 
could not be recorded). The solid triangles that connect trophic levels represent the interactions linking 

species; the size of the triangle being proportional to the frequency of the interaction. Both webs are 
drawn to the same scale and the conopid network is highlighted in black. 
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B. 4 Quantitative interaction webs representing three trophic levels for a) ancient and b) restored 
heathland sites at Morden Bog (Pair 4). The bottom row of rectangular bars represents the (lower 
species, the middle and top row represent the bumblebee species and their natural enemies 
respectively. Each rectangular bar in a row represents a single species and their relative abundance is 
proportional to bar width. Bumblebee species labelled are: 2) B. jonel/us. 3) B. lapidarius. 4) B 
lucol*wn, 5) B. lerreslrrs. 6) B. pascuorum, 7) B. horlonunt and 9) B. vestalis. The scale bar at the 
base of the figure represent: for flora, 100 floral units per m2 of heathland; for bees. 10 individuals; 
and for their natural enemies, 100 individuals (with exception of the protozoan parasites Crithidia 
Nosema and Apici'st s bombi, where bar width is proportional to the number of hosts infected. as 
abundance could not be recorded). The solid triangles that connect trophic levels represent the 
interactions linking species; the size of the triangle being proportional to the frequency of the 
interaction. Both webs are drawn to the same scale and the conopid network is highlighted in black. 
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B. 5 Quantitative interaction webs representing three trophic levels for a) Wool. harro%ý hart Jn. rrne 
and b) Wareham Forest restored heathland sites (Pair 5). The bottom row of rectangular bars 
represents the flower species, the middle and top row represent the bumblebee species and their 
natural enemies respectively. Each rectangular bar in a row represents a single species and their 
relative abundance is proportional to bar width. Bumblebee species labelled are: 1) B. humi/is. 2) B 
jonc'l/us, 3) B. lapidaries, 4) B. lucortmr, 5) B. lerrestris, 6) B. pascuonim, 8) B. pralorum and 9) B 

vestalis. The scale bar at the base of the figure represent: for flora, 100 floral units per m of 
heathland; for bees, 10 individuals; and for their natural enemies, 100 individuals (with exception of 
the protozoan parasites Crithidia, Nosema and Apiclvis bombi, where bar width is proportional to 
the number of hosts infected, as abundance could not be recorded). The solid triangles that cornett 
trophic levels represent the interactions linking species; the size of the triangle being proportional 10 

the frequency of the interaction. Both webs are drawn to the same scale and the conopid network is 

highlighted in black. 
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C. 1 Presence/absence table of the plant species sampled in the summer of 2006, Colorado Rocky Mountains, USA. Plots sampled were from 5 replicate valley sites between Crested Butte and Gothic: Gothic (GT), Lower Loop (LL), Moon Ridge (MIR), Slate River (SR) and Washington Gulch (WG). 3 plot treatments were studied per site: C. arvense present and L. vulgaris absent (Ca), L. vulgaris present and C. arvense 
absent (Lv), and mixed plots where both species co-occurred in relatively- equal densities (Mixed). 

Date sampled Der seta inn, tiu 
21/07 - 04109 19/07 - 03109 13108 - 02109 2OV7 . 1ypý 1&W ,1 

GT LL MR so 

es Common name ca Lv Mixed Ca Lv Mixed Ca ýý yid G Lý 

efolium 

V 

arrow 

olumbianum Aconit u m columbian monkswood 

a c urticilolia horsemint 

Anfennaral ina a alpine uss oes 

Amica mollis hairy arnica 

Artemisia Indentata sagebrush 
Asterloliaceus leafy aster 

Calochortus a iculatus mariposa lilly 

Campanula ar i parry's harebell 

Campanula rotundifolia common harebell 
Casfäleja miniata scarlet paintbrush 

Castilleja occidentalis western yellow paintbrush 

Chiconum intybus wild chicory 

Circium arvense canada / creeping thistle " 
Circium hookerianum hooker's thistle 

Collomia linearis narrow-leaved collomia 

Delphinium glaucum tall larkspur 

Descurainia sophia tans mustard 
En eon glabellus smooth fleabane 

Engeron peregrinus subalpine fleabane 

Erigeron s p. 1 
Erigeron s p. 2 
Erigonum umbellatum sulphur buckwheat 

Galium boreale northern bedstraw 

Gentiana cal cosy mountain bog gentian 
Geranium bicknellii bicknell's geranium 
Hackelia floribunda many-flowered stickseed 

Helianthella uin uenervis sunflower 
Heliomens multiflora oldene e/sunspots 
Heracleum maximum cow-parsnip 
Heterotheca villosa golden-aster 
H menox s hoopsii 
1 omo sis a re ata scarlet ilia / skyrocket 
Leucanthemum vulgare ox-eye daisy 
Li usticum orten loveroot 
Linana vul aris toadflax / butter & eggs 
Linurn lewisii wild blue flax 
Lu inus lepidus cushion lupin 
lu inus senceus silky lupine 
Mertensia aniculata tall bluebells 
Penstemon albertinus Alberta pentstemon 
Penstemon enantherus fuzzy-tongued penstemon 
Pente h lloides floribunda shrubby cinquefoil 
Ranunculus aces meadow buttercup 
Rumexsp dock 
Senecio bigelovii noddin ragwort 
Silene latifolia/alba white cam ion 
Solide o canadensis canada goldenrod 
Solide o s. 1 goldenrod sp 1 
Solide o sp 2 goldenrod sp 2 
Taraxecum offlicinale dandelion 
TW on dubius yellow salsify 
Tm on pratensis meadow salsify 
Tnlolrum ratense clover 
Urtrca dioica stinging nettle 
Nestrum vinde green false-hellebore 
V$Cia amencana wild vetch 
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C. 2 Presence/absence table of the insect morphospecies sampled in the summer of 2006, Colorado Rocky Mountains, USA. Plots sampled were from 5 replicate valley 
sites between Crested Butte and Gothic: Gothic (GT), Lower Loop (LL), Nloon Ridge 
(MR), Slate River (SR) and Washington Gulch (WG). 3 plot treatments were studied 
per site: C. arvense present and L. vulgaris absent (Ca), L. vulgaris present and C. 
arvense absent (Lv), and mixed plots where both species co-occurred in relatively equal 
densities (Mixed). Voucher specimens are retained at the University of Bristol. 

18/07 - 05/09 5/07 - 03/09 14/08 - 03109 20/07 - 07/08 17107 -1010$ 
GT LL MR SR WG 

Insect morphospecies Order on Lv on Ca on Lv on Ca on Lv on Ca on Lv on G on Lv an Ca 

Bombus sich rus insularis H meno tera 

Bombus a ositus Hymenoptera 

Bombus bifarius Hymenoptera 

Bombus californicus Hymenoptera 

Bombus flavifrons Hymenoptera 

Bombus fri 'dus Hymenoptera 

Bombus nevadensis Hymenoptera 

Bombus occidentalis Hymenoptera 

Calli horidae Diptera 

C oleo tera s. t3 
____ _ 

Coleo tera s. C Coleoptera 

Coleo tera s. D Coleo tera 

Di tera s. A Diptera 

Di tera s. B 

I 

Diptera 

Di tera s. C Diptera 

Di tera s. D Diptera 

Di tera s. E Diptera 

. Di tera s. F Diptera 

Di tera s p. G Diptera 

Di tera s p. H Diptera 

Diptera s p. I Diptera 

Diptera s p. J Diptera 

Di tera s p. K Diptera 

Diptera s p. M Diptera 

Diptera s p. Q Diptera 

Di tera s p. R Diptera 

Diptera s p. S Diptera 

Hylaeus lineata (sphinx moth) Le ido tera 

Hymenoptera sp .A 
H meno tera 

Hymenoptera sp .B 
H meno tera 

Hymenoptera sp .C 
H meno tera 

Hymenoptera sp .D 
Hymenoptera 

Ladybird A Coleo tera 
Ladybird B Coleo tera 
Le ido tera s p. A Le ido tera 
Le ido tera s p. B Le ido opera 
Le ido tera s p. C Le ido tera 
Le ido tera s. D Le ido tera 
Le ido tera s. E Le ido tera 
Le ido tera s. F Le ido tera 
Le ido tera s. G Le ido tera 
Le ido tera s p. H Le ido tera 
Le ido tera sp. . 

I Le ido tera 
Le ido tera s. J Le ido tera 
Nitidulidae Coleo tera 
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C. 2 continued. 

18/07 - 05/09 

GT 

5/07 - 03/09 

LL 

14/08 - 03/09 

MR 

20107 - 07/0a 

SR 

17107 . 10= 

WG 
Insect morphospecies Order on Lv on Ca on Lv on Ca on Lv on Ca on Lv on G on Lv as G 

Selasphorus platycercus 
Broad-tailed hummingbird) 

Trochilidae 

A H meno t Solitary bee y p era 
B men H t Solita bee y p era 

Solita bee C Hymenop tera 
H Solita bee D ymenop tera 

Solita bee E 

Solita bee F 
Hymenop 
Hymenop 

tera 
tera 

Solita bee G Hymenop tera 

Solita bee H Hymen Hymenop tera 

Solita bee I Hymenop tera 
Solita bee K Hymenop tera 
Solita bee L Hymenop tera 
Solita bee M Hymeno ptera 
Solita bee N Hymeno ptera 
Solita bee 0 Hymeno ptera 
Solitary bee P Hymeno ptera 
. Solitary bee Q Hymeno ptera 
Solitary bee R Hymeno ptera 
Sr hidae s p. A Diptera 
Sr hidae s p. B Diptera 
Sr hidae s p. C Diptera 
Sr hidae s p. D Diptera 
Sr hidae s p. E Diptera 
Sr hidae s p. F Diptera 
Sr hidae s p. G Diptera 
Sr hidae s p. H Diptera 
Sr hidae s p. I Diptera 
Sr hidae s p. J Diptera 
Sr hidae s p. K Diptera 
Sr hidae s p. L Diptera 
Sr hidae s p. M Diptera 
Sr hidae s p. N Diptera 
Sr hidae s p. 0 Diptera 
Sr hidae s p. P Diptera 
Sr hidae s p. Q Diptera 
Sr hidae s p. R Diptera ' 
Volucella bombylans Diptera 
Wasp A Hymeno ptera 
Wasp A2 Hymeno ptera 
Wasp B Hymeno ptera 
Wasp C Hymeno ptera 
Wasp D Hymen Hymeno ptera 
Was E Hymeno ptera 
Was F Hymeno ptera 
Was G Hymeno ptera 
Wasp H Hymeno ptera 
Was I Hymeno ptera 
Was J 
Was K 

Hymeno 
Hymeno 

ptera 
ptera 

Was L H meno tera 
Wasp M Hvmenoptera ' 
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Gothic, Colorado (106°59' 15" N. 38'57'30" W. 29OOm). 
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A leine habitat around the Rocky Mountain 13iýýlýýýiý. ºI l.. tfý, º. ýi ºý. .' 
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Plates 1& 2) Invasive extent of Linaria vulgaris 

(Common Toadflax) at RMBL; 3) L. vulgaris in 

flower; 4) B. nevadensis foraging on L. vulgaris; 

5) L. vulgaris in seed, 6) L. vulgaris seeds. 
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Plates in clockwise direction: 1& 2) Invasive extent of Circium arve , st' (Creeping 

thistle) at RMBL; 3) seeds / achenes of C. arvense" 4) feathery pappus of C. ̀ Ir"tnst' 
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