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BUMBLEBEE HABITAT RESTORATION IN THE AGRICULTURAL LANDSCAPE 

by Claire Carvell 

Declines in abundance and diversity of bumblebees (Bomb us spp.) have been linked to the loss and 

degradation of habitats as a result of agricultural intensification. This thesis aims to examine some 

of the causes of bumblebee declines in Britain, and to investigate methods of habitat restoration to 

reverse these declines within intensively managed agricultural landscapes. It provides the first 

comprehensive comparative studies of the value of different options within the agri-environment 

schemes (AES) for foraging bumblebees. 

Twentieth century changes in bumblebee forage plants are assessed using two national plant 

species datasets. A large propOliion of forage plants are found to have declined in both range (at 

the IO-km scale) and frequency (at the I-km scale), reflecting serious reductions in the quality of 

foraging habitats for bumblebees across the agricultural landscape. Grass species associated with 

nesting habitats did not in general experience such declines, although the structural quality of 

vegetation for nesting is likely to have been degraded. 

The response of foraging bumblebees to various restoration and management options for arable 

field margins is studied across a series of single and multi-site experiments. Bumblebee abundance 

is closely linked to flower abundance of suitable forage species, and to successional changes in 

availability of these both during the season and between years. Margins sown with a mixture of 

pollen and nectar-rich plants, such as Trifolium pratense, are shown to attract large numbers of 

bumblebees, including rare species. The analysis of pollen loads confirms contrasting forage plant 

preferences in Bomb us pascuorum and Bombus terrestris, adding important information to that 

from transect counts on the functional value of introduced flower mixtures for local colonies. 

Widespread uptake of the Entry Level Environmental Stewardship scheme could therefore have 

rapid and positive effects on some species, but more diverse native plant communities may be 

required to provide a longer-lived forage supply to a greater range of Bombus species and other 

pollinators. 

The thesis concludes that although the total area of suitably managed habitat required to sustain 

populations is large, CUlTent AES prescriptions providing a combination of widespread, low cost 

and more targeted, specialist options for habitat creation are likely to significantly enhance the 

quality of the agricultural landscape for bumblebees. Future success will require close links 

between policy makers and ecologists, between the management of farmed land and protected 

semi-natural gras,slands across Britain, and regular monitoring of the effects of habitat restoration 

on rare and common bumblebees and their interactions with other components of agricultural 

ecosystems. 
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Definitions and abbreviations 

The following abbreviations appear throughout the thesis but are always given in full on at least the 

first mention in the text. 

AES 

BAP 

CS 

CSS 

ES 

ELS 

HLS 

New Atlas 

PPI 

SSSI 

Agri-environment Schemes 

Biodiversity Action Plan 

Countryside Survey 

Countryside Stewardship Scheme 

Environmental Stewardship 

Entry Level Stewardship 

Higher Level Stewardship 

The New Atlas of the British and Irish Flora (Preston et aI., 2002) 

Pollination Probability Index 

Site of Special Scientific Interest 

Bumblebee nomenclature follows Prys-Jones and Corbet (1991) and vascular plant nomenclature 

follows Stace (1997). 
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1. Introduction 

1.1 Bumblebee declines and conservation status in Britain 

Many bumblebee species (Hymenoptera: Apidae) have shown serious declines in abundance and 

contractions in range over recent decades, across both Europe and North America (Alford, 1980; 

Williams, 1982; Rasmont, 1988; Buchmann and Nabhan, 1996). The British bumblebee fauna 

consists of25 species, including six species of the subgenus Psithyrus which are brood parasites of 

the 'true' bumblebees known as cuckoo bees. The 19 'true' or social Bombus species, which will 

be the focus of this thesis, are listed in Table 1.1 along with a summary of their current 

conservation status. Relatively comprehensive records collated by Alford (1980) and Williams 

(1982) confirmed that by the 1980's only six species were still regularly found over their pre-1960 

range. Two species are considered to have become extinct (Goulson, 2003), and in response to 

concerns over their population status, five species have been placed on the UK Biodiversity Action 

Plan (BAP) as priorities for conservation, one of which may itself now be extinct (Falk, 1991; 

Anon., 1995; Edwards, 1998; UK Biodiversity Group, 1998). A further three species have been 

proposed for inclusion on the UK BAP due to their apparent decline during the late 20th Century. 

At an international level, concern over these declines and those of other pollinator groups has 

resulted in the International Initiative for the Conservation and Sustainable Use of Pollinators 

(www.biodiv.org/programmes/areas/agro/pollinators).This recognises the urgent need for large

scale efforts to assess the magnitude, mechanisms and consequences of pollinator declines. 

Several factors have been identified as possible contributors to the decline in bumblebee abundance 

and diversity in Britain. These include competition from the honeybee (Apis mellifera), changes in 

climate and the effects of predators and parasites (Williams, 1986). However, it is likely that 

agricultural intensification, changes in land use and farming practices resulting in the 

fragmentation, degradation and loss of semi-natural habitats, has been the single most important 

factor leading to bumblebee declines (Osborne and Corbet, 1994; Edwards, 1998; Goulson et aI., 

2005). For example the area of unimproved lowland grassland, an important habitat for 

bumblebees, declined in Britain by over 90% between 1932 and 1984 (Fuller, 1987). As a 

consequence, bumblebees are now largely confined to small remnants of semi-natural vegetation 

within the fragmented agricultural landscape (Saville et aI., 1997), as well as urban gardens and 

parks which may have aided the survival of several still common species. 

Declines in floral diversity across Britain have been well documented (Haines-Young, 2000; 

Preston et aI., 2002). However, while a decrease in the abundance of suitable forage plants has 

been implicated as the major factor contributing to declines in bumblebee populations (Williams, 

1986; Rasmont, 1988), no quantitative evidence of this decrease has been presented. Changes in 
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abundance of food plants have been suggested as a direct cause for declining trends in abundance 

of both butterflies and farmland birds (Pollard et ai. 1995; Fuller et a!., 1995; Smart et a!., 2000). A 

quantitative approach is taken in this thesis (Chapter 2), using data from the Countryside Surveys 

and New Atlas of the British and Irish Flora (Preston et aI., 2002) in order to assess national scale 

changes in range and abundance of bumblebee forage plants and nesting habitats during the 20th 

Century. 

The loss of bumblebees and other flower-visiting insects from our agricultural landscapes has 

potentially serious implications for the pollination services they provide (Allen-Wardell et aI., 

1998; Steffan-Dewenter et aI., 2005). As such, wild pollinators can be considered as having 

economic, as well as intrinsic value. The yields of entomophilous fruit and field crops, such as 

beans, clovers and raspberries, are significantly enhanced by bumblebee visitation (Corbet et a!., 

1991; Free, 1993; Willmer et aI., 1994). Furthermore, bees pollinate a large number of native plant 

species, many of which are already scarce and threatened by land use changes, and for which a 

reduction in pollinator abundance would be detrimental (Kwak et a!., 1991; Steffan-Dewenter and 

Tschamtke, 1999). Whilst a diverse assemblage of pollinators is considered important to the 

maintenance of this ecological function (Fontaine et aI., 2006), it has been suggested that 

bumblebees could compensate for the losses of other groups such as managed honeybees, 

especially with the recent decline of beekeeping due to diseases and loss of subsidies (Kremen et 

ai.,2002). 

Bumblebees forage under a wider range of temperatures and weather conditions than honeybees, 

can access a wider range of flower types and facilitate pollen transfer by their hairy bodies and 

'buzz-foraging' behaviour. Corbet (2000) identifies the longer-tongued bumblebees (e.g. B. 

hortorum) as a particularly important yet vulnerable compartment in the pollination webs of 

agricultural landscapes. They perform a pollination service for deep-corolla perennial flowers that 

cannot be replaced by other bee species. For example, red clover (Trifolium pratense), which can 

be considered both a crop (with many cultivars) and an important component of semi-natural 

grassland, is entirely dependent on cross-pollination and almost exclusively pollinated by long

tongued bumblebees (Hawkins, 1961). It is therefore critical that habitat restoration measures are 

implemented in Britain and other regions to enhance bumblebee populations and conserve this 

integral component of agricultural and semi-natural ecosystems. 

1.2 Bumblebee ecology and habitat requirements 

In order to formulate methods for the restoration of habitats suitable for bumblebees, knowledge of 

their ecological requirements is essential. These have been well documented over the last century. 

Sladen (1912), Free and Butler (1959) and Alford (1975) describe in detail the biology of the 

12 



British species based on a combination of anecdotal observations and experimentation. More 

recently, the widespread decline in bumblebees and recognition of their ecological and economic 

importance have prompted new additions to the literature (Goulson, 2003; Benton, 2006). These 

publications serve as excellent summaries of recent scientific research as well as highlighting the 

argument for bumblebee conservation. However, there is still much to be discovered and the 

specific habitat requirements of many species, together with the habitat management techniques 

reauired to conserve their populations, have not been quantified in detail. Here I wiII briefly 

describe the annual life cycle of bumblebees in temperate regions and outline the resources and 

habitat components considered to be important during different stages of this cycle. 

The colony is founded in spring by a single mated and overwintered queen. The timing of 

emergence varies from February to May depending on species and geographical location, but all 

queens require an almost immediate supply of pollen and nectar for development of their ovaries 

and to replace body fats lost during hibernation. The queen then searches for a suitable nest site, 

often selecting the abandoned nest of a small mammal, although it is not clear whether there are 

associations between bumblebee species and particular mammal species (Benton, 2006). Nests 

may be underground or on the surface in rough grassland, again depending on the species (Table 

1), but must be suitably insulated and remain free from disturbance throughout the summer. 

Having selected a site, the queen provisions the nest with a wax pot in which she stores nectar, and 

a pollen lump into which she lays her eggs. Over about 4-5 weeks these hatch into larvae which 

are fed with pollen to aid their growth and development, then pupate and emerge as the first batch 

of workers. This period of nest founding is likely to be especially crucial to colony success. 

Therefore spring-flowering plants, such as white and red deadnettle (Lamium spp.) and willows 

(Salix spp.), must be available within the vicinity of nest sites to supply pollen and nectar for 

queens and early workers foraging when the weather allows. 

As colony growth accelerates, additional batches of workers are produced and fed by their sisters 

while the queen remains in the nest laying eggs and incubating broods. The foraging range of 

workers again varies depending on species, and remains a subject of current research, but for most 

it is probably at least 300 metres and may extend to two kilometres or more in some situations 

(Dramstad, 1996; Osborne et aI., 1999; Walther-Hellwig and Frankl, 2000; Knight et aI., 2005). 

However, while foragers are able to exploit a relatively large habitat area within range of the nest, 

they are often restricted to a limited number of forage plants, usually perennials and biennials, 

which provide their preferred pollen and nectar sources and need to be available throughout the life 

of the colony (Heinrich, 1976; Fussell and Corbet, 1992; Goulson and DarviII, 2004). Any loss or 

interruption in these forage sources, such as by overgrazing or regular cutting, can have serious 

consequences, since colonies only store reserves of pollen and nectar to last several days. 
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Towards the end of the season, usually between June and late August when worker density has 

reached a peak, the colony switches to production of males and new queens. The males leave the 

nest to begin patrolling and scent-marking particular features on their route, in search of a mate 

(Goulson, 2003). Young queens leave the nest to forage and build up their fat reserves, 

occasionally returning to the nest for shelter. Eventually they mate and seek out suitable 

hibernation sites which may be north-facing banks, the base of old trees or underground in open 

grasslands. It appears that many colonies do not, however, succeed in producing new queens or 

males due to parasitism, predation or insufficient forage (e.g. Muller and Schmid-Hempel, 1992), 

and there is much yet to be discovered about the causes of colony failure and factors controlling 

fecundity. 

In summary, for an area to support sustainable bumblebee populations, it must provide hibernation 

sites for queens, patrolling sites for males and, most importantly, undisturbed nesting sites and a 

seasonal succession of suitable forage resources. These have been described by Westrich (1996) as 

the four key 'partial habitats' required by most bee species. These habitats may be present within a 

localised site, or in the case of agricultural landscapes, distributed as small fragments of semi

natural vegetation amongst intensively managed fields. Where bumblebees are concerned, the 

challenge for ecologists is to determine the amount, spatial distribution and temporal availability of 

these habitats that are required in order to sustain populations of the different species. 

1.3 The policy context: opportunities for habitat restoration under agri-environment 

schemes 

The restoration or recreation of habitats and reassembly of ecological communities is a relatively 

new branch of ecology which has developed in response to habitat loss and landscape change 

(Jordan, Gilpin and Aber, 1987). Studies documenting different approaches to restoration have 

tended to focus on plant communities and the abiotic factors they require (e.g. Bakker and 

Berendse, 1999; Pywell et aI., 2002). Only recently have interactions with other taxa, such as 

pollinators, in restored communities been considered (Neal, 1998; Dicks, 2002). From the policy 

perspective, however, the need to conserve rare and declining species has driven both national and 

international strategies for the protection and enhancement of biodiversity (UK Biodiversity Group, 

1998; www.biodiv.org!conventionldefault). 

Studies funded under the UK BAP initiative at first concentrated on mapping current distributions 
, 

of the BAP bumblebees and further exploring their habitat requirements at the (mainly) protected 

sites where they had survived (Edwards, 1998; Carvell et aI., 2002). More recently, attention has 

turned to the potential role of agricultural habitats in supporting rare species. This, coupled with 

recognition ofthe need to enhance popUlations of our common and widespread bumblebees, has 
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coincided with recent changes in the European Common Agricultural Policy (CAP). An increasing 

emphasis has been placed on enhancing the environment while maintaining viable agricultural 

production, and provisions have been adopted for EU member states to operate agri-environment 

schemes (EEC regulation 2078/92). The schemes cover a range of objectives which differ 

depending on country or region, but all include measures whereby farmers are paid to manage their 

land for the benefit of particular habitats and species (Oven den et al., 1998). In England, a new 

agri-environment scheme has recently been adopted which takes forward the two largest existing 

schemes, Environmentally Sensitive Areas (ESAs) and the Countryside Stewardship Scheme (CSS) 

(Defra, 2005a, b). Environmental Stewardship (ES) represents a commitment of increased funds 

towards environmental protection, with greater rewards for farmers participating at higher levels. 

It is particularly important that management options within the scheme are both based on sound 

scientific evidence and subject to scientific evaluation such that they are successful in attracting the 

desired species onto farmland (Kleijn and Sutherland, 2003). 

These developments within the UK agri-environment schemes have brought considerable 

opportunities for the restoration of areas of semi-natural habitat on farmland, and these have 

potential to benefit bumblebees. At present, populations of the rarer Bombus species are mostly 

confined to large areas of extensively managed herb-rich grasslands, such as Salisbury Plain in 

Wiltshire, and coastal areas where the impacts of agriculture have been relatively marginal 

(Edwards, 1998). However, as bumblebees are mobile species which appear to operate at a 

landscape scale (Osborne et al., 1999), it is likely that suitable habitat restoration measures applied 

within the farmed landscape could be effective in enhancing populations of both the rarer and more 

widespread species. 

To date, the plant species composition, density and spatial distribution of habitats required by the 

full bumblebee assemblage are not fully understood. Despite the option of sowing perennial 

wildflower mixtures along field margins being available within preliminary agri-environment 

schemes such as Arable Stewardship, within the CSS (Defra, 2001), these were not specifically 

designed to include a range of suitable bee forage plants. In practice, their uptake has been 

minimal due to the costs and difficulties associated with their management. Uptake by farmers has 

tended to be greatest for grass margins or 'beetlebanks' and annual seed mixtures targeted at 

farmland birds, containing seed-bearing crops to provide over-winter food sources and cover 

during the breeding season (Vickery et al.,2002). As part of this thesis, differences in the use by 

bumblebees of annual and perennial field margin options which are relevant to current agri

environment policy will be tested, using single- and multi-site experiments (Chapters 3, 4 and 6), in 

order to contribute to a research-based policy for targeted habitat restoration. 
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1.4 Aims and objectives 

The overall aim of this research is to examine some of the causes of bumblebee declines in Britain, 

and investigate methods of habitat restoration to reverse these declines within intensively managed 

agricultural landscapes. 

Specifically, the PhD will address the following objectives: 

1. Assess and quantifY 20th Century changes in range and abundance of bumblebee forage plants 

and nesting habitats at a national scale in Britain (Chapter 2); 

2. Investigate the response of foraging bumblebees to successional change in newly created field 

margin habitats, using a replicated experiment on arable farmland in northern England (Chapter 3); 

3. Assess the value of annual and perennial forage mixtures for bumblebees by direct observation 

and pollen analysis, using a replicated field margin experiment on arable farmland in northern 

England (Chapter 4); 

4. Investigate the utilisation of pollen resources by bumblebees across an enhanced arable 

landscape (Chapter 5); 

5. Compare the efficacy of agri-environment schemes to enhance bumblebee abundance and 

diversity on arable field margins, using a multi-site experiment conducted over three years (Chapter 

6); 

6. Discuss the potential role of habitat restoration and enhancement for the conservation of 

bumblebee species in Britain (Chapter 7). 

Each chapter is presented in the format of a manuscript either published or in press, with the 

exception of Chapters 5 and 7. 

1.5 Rationale for field methods used 

This section gives a brief rationale for the two main field study methods (transect walks and pollen 

load analysis) used to estimate bumblebee abundance and assess foraging activity in the studies 

presented in Chapters 3 to 6. Detailed accounts ofthe methods used and statistics applied in data 

analysis are given within individual chapters. 
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1. 5.1 Transects 

The transect method was chosen to estimate abundance of foraging bumblebees at different times 

during each season on the various experimental field margins. It involves walking at a steady pace 

along a linear route (such as a field margin) offixed length, recording all bees foraging within a 

fixed distance of the recorder and usually listing the plant species on which each bee is foraging. 

This has become a standard and repeatable approach that is non-destructive and widely recognised 

in the fields of entomology and agro-ecology. The transect method (also referred to as line-transect 

or belt method) was originally proposed by Banaszak (1980) and Teras (1983) who recognised the 

need for a standardised method for achieving quantitative estimates of bee density in different 

habitats. It has since been used in major large-scale studies such as the Farm Scale Evaluations of 

genetically modified herbicide-tolerant crops (Roy et aI., 2003) and in evaluations of the benefits of 

agri-environment schemes for bees across England (Pywell et aI., 2006) and other European 

countries (Kleijn et aI., 2006). The transect method is also used across a variety of habitat types in 

the national Butterfly Monitoring Scheme in Britain (Pollard and Yates, 1993) and elsewhere in 

Europe (van Swaay, 1990). 

Essential criteria include that transect recorders are experienced in field identification, that walking 

speed and transect width remain constant and that transects are conducted under weather conditions 

suitable for bee activity. Maintaining a fixed transect area throughout the season also allows 

estimates of forage availability to be made as this is undoubtedly a major driver of bumblebee 

density and abundance on a given transect. It is important to recognise, however, that as 

bumblebees are central place foragers with colony size varying between species, the abundance of 

foragers on a transect does not necessarily relate to the number of colonies in that area or to their 

reproductive success in terms of queens and males produced (as would determine the effective 

population size). Instead, the transect estimates illustrate how attractive an area is in terms of floral 

resources for bees nesting in the vicinity. This emphasises the importance of only recording 

foraging bees and not bees in flight which may simply be travelling to utilise a habitat patch 

beyond the transect. 

Alternative low-cost methods that are commonly used to sample flower-visiting insects include 

sweep-netting and fixed' quadrat' observations. Sweep-netting can allow for accurate 

identification in the lab, but additional benefits are limited. This method was used to sample 

bumblebees in evaluations of the Arable Stewardship Scheme in England (Allen et aI., 2001) but 

apart from yielding little data, was found to be destructive to both bees and flowers and potentially 

also dangerous to surveyors when large catches were involved. In addition, as originally pointed 

out by Banaszak (1980), sweeping may not capture all bee species (including Bombus spp.) as they 

tend to forage on flowers at different heights within a sward. I have also used fixed 'quadrat' 

observations to investigate the habitat use of bumblebees over large areas of grassland under 
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different management regimes (Carvell, 2002). This approach requires considerable replication to 

counter the heterogeneity of forage patches within an area and is perhaps less suited than transects 

to the assessment of linear habitat features in agricultural landscapes. It should, however, not be 

ruled out in focused studies of bee behaviour or plant-pollinator interactions such as those 

constructing visitation webs (e.g. Gibson et aI., 2006). 

1.5.2 Pollen load analysis 

The foraging behaviour of bumblebees has been extensively studied, in relation to the energetics of 

flight (Heinrich, 1979), their choice of flower species (e.g. Heinrich, 1976; Ranta and Lundberg, 

1980; Fussell and Corbet, 1992) and exploitation of patchy resources in the landscape (Osborne 

and Williams, 2001; Goulson, 2003). Foraging studies looking at flower choice and dietary 

preference for different plant species have, especially in recent years, tended to focus on the flower 

visits of individuals observed on transect walks (as above) or timed observations at forage patches. 

These are likely to reflect the often wide range of plant species visited for nectar, but may not 

identify those species which are particularly important as pollen sources (Ranta and Lundberg, 

1981; Goulson and Darvill, 2004). 

The pollen loads collected by bees are good indicators of flower constancy, the tendency to restrict 

their visits to flowers of a single species (Waser, 1986). They also provide a useful means of 

comparing the foraging specializations of different bee species, which are apparent at most 

foraging sites due to factors such as differences in tongue length and flower handling ability (Ranta 

and Lundberg, 1980). This thesis explores the use of pollen load analysis to supplement measures 

of bumblebee visitation from transect walks (Chapters 4 and 5), particularly in the context of the 

value of restored habitats as sources of nectar and pollen in the farmed landscape. 
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Table 1.1 Summary of the current known distribution and conservation status of British Bombus 

species (excluding subgenus Psithyrus). 

Bombus species 

Bombus lucorum (Linnaeus) 

Bombus terrestris (Linnaeus) 

Bombus pratorum (Linnaeus) 

Bombus lapidarius (Linnaeus) 

Bombus pascuorum (Scopoli) 

Distribution 
in Britain * 

Universal 

Universal 

Universal 

Universal 

Universal 

Bombus hortorum (Unn:aells) [Universal 

Bombus jonellus (Kirby) 

Bombus soroeensis (Fabricius) 

Bombus muscorum (Linnaeus) 

Bombus monticola (Fabricius) 

Bombus distinguendus 
(Morawitz) 

Bombus magnus (Kruger) 

ruderarius (Muller) 

humilis (IlIiger) 

sylvarum (Linnaeus) 

ruderatus (Fabricius) 

local 

Universal, 
local to 
Northern 
Northern, 
high ground 
in south 
Northern, 
local 

Northern 

Southern 

Southern, 
local 
Southern, 
local 
Southern, 
local 
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Conservation 
status/ 
comment 

More frequent 
in south 

Very common 
in gardens 

Scarce in N 
Scotland 

Ecology summary t 

Short-tongued, 
nests underground, 
urban/woodland 
Short-tongued., 
nests underground, 
urban/woodland 
Short-tongued, 
nests variable, 
urban/woodland 
Medium-tongued, 
nests variable-underground, 
urbarJwoodland 
Long-tongued, carder bee nests 
on surface, 
urban/woodland 
Long-tongued, nests variable, 
urban/woodland 
Short-tongued, 
nests variable, urban/woodland 

and moorland 

Short-tongued, often grouped 
with B. lucorum 
Long-tongued, 
nests on surface, 

Long-tongued, carder bee nests 
on 
Long-tongued, 
nests underground, 



Distribution Conservation 
Bombus species cont. status/ Ecology summary t 

in Britain * 
comment 

Bombus cullumanus (Kirby) Extinct since Extinct Medium-tongued, 
1950's open gm",sJllnci 

Bombus pomorum (Panzer) Extinct since Extinct Long-tongued, 
1864 open (damp) grassland 

Bombus hypnorum (Linnaeus) Introduced First recorded Short-tongued, 
2001 urban/woodland edge on 

continent 

* Range descriptions are based on updates of the Bumblebee Distribution Maps Scheme 

(Alford, 1980) and patterns identified by Williams (1982). Some have been compiled by the Bees, 

Wasps and Ants Recording Society and published in recent Newsletters, and others are based on 

current knowledge of the International Bee Research Association, Mike Edwards and Murdo 

Macdonald (personal communication). Most represent the known post-1970 to present distribution 

of each bumblebee (Bombus) species. 

Universal = occurs throughout the British Isles; Universal, local = occurs throughout the British 

Isles but is restricted in abundance, even within main area of distribution; Northern = restricted to, 

or with strong bias to the north of the Humber-Mersey line; Northern, local = restricted to the 

extrer.le north of Scotland; Southern = restricted to, or with strong bias to the south of the Humber

Mersey line; Southern, local = restricted to the southern coastal band running south from Norfolk 

in the east an up to the Isle of Anglesey in the west, having seriously declined since the 1970' s. 

t Based on descriptions from Edwards and Williams (2004) and Benton (2006). 
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2. Declines in forage availability for bumblebees at a national scale 

This chapter has been published as a paper in the journal Biological Conservation: 

Carvell, C., Roy, D., Smart, S., Pywell, R., Preston, C., Goulson, D., 2006. Declines in forage 

availability for bumblebees at a national scale. Biological Conservation (online 

doi: 1 0.1 0 I6/j.biocon.2006.05.008). 

Appendix 2B is included in the thesis to demonstrate additional analyses that were carried out on 

changes in grass species associated with bumblebee nesting habitats. 

Abstract 

We assessed national scale changes in the forage plants of bumblebees in Britain, as a means of 

providing quantitative evidence for the likely principal cause of declines in bumblebee species. We 

quantified the relative value of native and long-established plant species as forage (nectar and 

pollen) resources for bumblebees by collating visitation data from 14 field sites across Britain. 

Twentieth Centmy changes in range and frequency of these forage plants were assessed using data 

from the New Atlas o/the British and Irish Flora (1930-69 to 1987-99) and the Countryside 

Surveys of Britain (1978 to 1998). Forage plants declined in both large-scale range and local-scale 

frequency between the two survey periods. These changes were of greater magnitude than changes 

in other native plant species, reflecting serious reductions in quality of foraging habitats for bees as 

well as a general decline in insect-pollinated plants. Seventy-six percent of forage plants declined 

in frequency within I-km squares, including those (e.g. Trifolium pratense) of particular value for 

threatened bumblebee species. We consider how our findings relate to other recorded changes in 

the British flora, how they may help to explain declines in bumblebees and how they could 

contribute to a conservation strategy. 

Keywords 

Bombus, forage plants, habitat quality, pollinators, conservation 
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2.1 Introduction 

Resource availability is often a critical factor in determining the distribution and abundance of 

species, and it is recognised that reductions in habitat quality as well as quantity are likely to cause 

population declines (Schultz and Dlugosch, 1999). Many social bumblebee (Bombus Latr.) species 

have undergone serious declines in recent decades across Europe and North America (Williams, 

1982; Rasmont, 1988; Buchmann and Nabhan, 1996). Several factors have been suggested as 

possible contributors to these declines, including competition from the honeybee (Apis mellifera), 

changes in climate and the effects of predators and parasites (Williams, 1986). However, the 

principal factor is likely to have been the loss and degradation of habitats and critical food 

resources due to changes in land-use and agricultural practices (Goulson et aI., 2005; Williams, 

2005). 

In Britain, as in other parts of Europe, the intensification of agricultural practices since the 1940s 

has resulted in the fragmentation, degradation and loss of semi-natural habitats (Robinson and 

Sutherland, 2002). For example, the area of unimproved lowland grassland in Britain is reported to 

have declined by over 90% between 1932 and 1984 (Fuller, 1987). Bumblebees forage for the 

colony as well as themselves, but only store several days' worth of reserves, so therefore require an 

almost continuous supply of food resources (nectar and pollen) within foraging distance from the 

nestthroughout the period of colony activity (Prys-lones and Corbet, 1991). Flower-rich, 

extensively managed vegetation is therefore considered an essential component of the agricultural 

landscape for bumblebees, providing foraging resources as well as nesting, mating and hibernation 

sites (Banaszak, 1992; Williams, 1986). 

Analyses of change in the distributional ranges of British bumblebees have highlighted the likely 

extent of declines during the 20th Century. By the 1980s, only six of Britain's 19 Bombus species 

remained throughout their pre- I 960 range (Williams, 1982). Three species are now considered to 

have become extinct, four (Bombus distinguendus, B. humilis, B. ruderatus and B. sylvarum) are 

currently on the UK Biodiversity Action Plan as priorities for conservation and others remain under 

threat (UK Biodiversity Group, 1998). This situation may threaten the pollination of many wild 

flowers and entomophilous crops (such as field bean, clover and various fruits) for which 

bumblebees are especially important (Corbet et aI., 1991). They are therefore a key component of 

agricultural and semi-natural ecosystems that require urgent conservation. 

The causes of rarity and decline among British bumblebees have recently been discussed by 

Goulson et ai. (2005) and Williams (2005). They concluded that a combination of factors 

including a species' proximity to the edge of its European range and degree of food-plant or habitat 

specialization are likely to determine its sensitivity to environmental change, but noted that further 

studies on the rarer bumblebee species are still required. While these ecological factors continue to 

be debated, evidence of specific changes in abundance of essential habitat components, namely 
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forage plants which provide nectar and pollen resources, has been largely anecdotal or derived at 

local scales. At the scale of individual sites, there is a link between the abundance and diversity of 

bumblebees and that of their preferred forage plant species (Backman and Tiainen, 2002; Carvell, 

2002). More specifically, the abundance of the most rewarding forage plants at a site seems to be 

more important for many bee species than overall flowering plant diversity (Williams, 1989). 

Rasmont (1988) suggested that the loss of Fabaceae, historically sown as fodder crops, from 

grassland systems in France and Belgium was the major driver of declines in the longer-tongued 

bumblebees. However, quantitative evidence for declines or increases in forage plant abundance at 

national scales and over relevant time periods is so far lacking. It is important to understand the 

extent and direction of these changes in order to design appropriate measures to conserve 

bumblebee populations. 

Attempts to quantify large-scale changes in biodiversity are often hindered by the quality and 

availability of data on species distributions (Thomas et aI., 2004). However, repeated and 

systematic surveys in Britain over the past 30 to 50 years have generated two datasets which allow 

national changes in range and abundance of vascular plant species to be assessed. The New Atlas 

of the British and Irish Flora can be used to study change in number of occupied 10-km squares 

between 1930-69 and 1987-99 (Preston et aI., 2002). This spans the likely period of most serious 

decline in bumblebee species (Williams, 1982). At a more detailed scale, the Countryside Surveys 

of Britain recorded the changing presence of all vascular plant species in fixed plots within 259 1-

km squares between 1978 and 1998 (Haines-Young et aI., 2000). These changes in species 

frequency have been used to infer changes in plant abundance between the two survey periods 

(Smart et aI., 2005). The Countryside Surveys are likely to have covered the later phase of the 

period of bumblebee declines, but offer the most useful measure of national scale change in habitat 

quality. 

In this paper we collate a number of datasets documenting bumblebee visitation to specified plant 

species in Britain, to produce a list of important nectar and pollen sources. We analyse changes in 

range and frequency of these forage plant species to quantify changes in resource availability for 

bumblebees at a national scale. We also consider whether the magnitude of such changes may help 

to explain 20th Century declines in British bumblebees. The forage species list is not exhaustive, 

and does not include entomophilous crops or garden flowers, but represents the collective findings 

of available surveys which meet particular criteria. Furthermore, the analysis is restricted to native 

species and long-established aliens (archaeophytes) (Preston et aI., 2004), both because the value of 

recently introduced plant species (neophytes) as forage plants is less well known, and because 

numerical estimates of the spread of invasive plant species are influenced to a greater degree than 

natives by changes in recording practice. 
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2.2 Methods 

2.2.1 Collation of bumblebee forage plant data 

A number of datasets containing information on bumblebee forage plant visitation across Britain 

were collated. Data from both published and unpublished studies were used but, in order to ensure 

consistency, the following criteria were applied. 

1. All studies presented data as the number of bumblebee visits to a specified list of flowering 

plant species from one site (where more than one site was sampled during a study, datasets 

were considered separately). Studies conducted in gardens alone were excluded, as were 

those concentrating on crop species. Data was also restricted to flowering plant species 

classified as natives, probable natives or archaeophytes in Britain. 

2. Bumblebee visits were given to species level, but not necessarily separated by caste (we 

assume therefore that plants visited by queens, workers and males were represented in the 

collated data, even if not in all studies). 

3. Bumblebees were recorded using a standardised bee walk transect (Banaszak, 1980) or 

similar method. 

4. All studies were conducted within Britain, and over at least a two week time period up to 

and including the year 2000. 

Datasets from a total of 14 study sites were found to match these criteria (Table 2.1), and were used 

to derive a list of visits by individual bumblebee species to specific forage plants. The studies 

encompassed a wide range of semi-natural habitats (including a limited number within intensively 

farmed landscapes) and geographical locations across Britain. 

To measure the relative value of each plant species as a forage resource, a 'forage index' was 

calculated. A simple average across sites of number of bee visits to each plant species was not an 

appropriate measure of relative importance, as the forage plant species by sites table was 

unbalanced (i.e. many plant species were present at just a few sites and a more limited number 

present at most sites). Also, due to differences in habitat type and quality between study sites, 

overall visitation rates were higher in some datasets than others. To compensate for these effects, a 

general linear model (Ryan et aI., 2000) of the form, 

was applied to the data, where Yii is the number of visits to plant species i at a site j. J1 is a 

constant and the 'coefficients ai and Pj are effects for species and sites respectively. The forage 

index was calculated as a least-squares mean for each plant species; in effect this provides a 

geometric mean number of visits to each plant species, allowing for missing values. 
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Because of difficulties in comparing visitation data from different study sites (Williams, 2005), 

forage indices were not calculated for individual Bambus species. Forage indices were calculated 

for all social Bambus species grouped, and also for two summary classes of longer- and shorter

tongued species. Long-tongued species included B. hartarum, B. pascuarum, B. humilis, B. 

ruderarius, B. sylvarum, B. muscarum and B. distinguendus and short to medium-tongued species 

included B. terrestris, B. pratarum, B. lapidarius, B. lucarum and B. janel/us, based on Williams 

(1989) and Prys-Jones and Corbet (1991). These are not absolute classifications of tongue length 

as this can vary between species and among castes of the same species. 

2.2.2 Quantifying range changes (1930-69 ta 1987-99) 

Changes in the distributional range of bumblebee forage plants were quantified at the 10-km square 

scale using records collated for the periods 1930-69 and 1987-99 (Preston et aI., 2002). In order to 

compensate for variations in recording intensity and geographical coverage, changes in range size 

were assessed using a 'change index' (Telfer et aI., 2002). The full details of this change index are 

already described, but the method is briefly outlined here. The 2788 10-km grid squares which 

were surveyed in both recording periods were defined (excluding Ireland), and the proportion of 

these squares in which each species was recorded was calculated for each period and then logit

transformed. A weighted linear regression model was fitted to the relationship between these 

COUJltS, and the standardised residual for each species taken to represent an index of its change in 

range size relative to the trend across all species (Telfer et aI., 2002). Thus, while the change index 

does not represent species range increases or decreases in absolute terms, it allows an assessment of 

the performance of each species between the two periods in relation to the 'average' species. Plant 

nomenclature follows Stace (1997). 

2.2.3 Quantifyingfrequency changes (1978 ta 1998) 

Changes in forage plant species frequency were based on data recorded at the l-km square scale in 

1978 and 1998 as part of the Countryside Survey (CS) (Haines-Young et aI., 2000). A total of259 

1 x 1 km sample squares were selected at random from 32 land classes representing 

physiographically similar sampling domains across Britain. Within each square, a number of fixed 

plots were established. These plots covered both linear features, including hedgerows, stream sides 

and road verges (all 10m2
) as well as fields and unenclosed land (all 200 m2

). Within each plot 

(n= 1572), the presence (frequency) of all vascular plant species was recorded once in 1978 and 

again in 1990 and 1998. Further information on the CS approach and recording methodology can 

be obtained from Haines-Young et al. (2000) and Smart et al. (2005). 

Changes in plot frequency of individual plant species between 1978 and 1998 for which CS data 

were available were assessed by calculating the percentage change in number of occupied plots 

between the two survey periods (referred to as relative % change). All CS plots that contained a 
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recorded presence for a species in 1978 and 1998 were used, with the minimum sample size for 

analysis set at six occurrences in either year. 

2.2.4 Analysis 

For the CS data on species plot frequency, recorder intensity and geographical coverage were the 

same for each survey, therefore magnitude of change could be assessed. For each species, the 

change in number of occupied plots between 1978 and 1998 as a proportion of the total number of 

plots sampled (1572) was analysed using the Z-test for two proportions. 

Differences between the mean range and frequency change in bumblebee forage plants and the 

mean change in range and frequency of all other non-forage plant species were analysed using two

sample T -tests. Analyses were repeated using randomisation tests that do not make assumptions 

about the distribution of the data (Manly, 1997), but these are not presented here as they did not 

change the results. Only species treated as natives, probable natives or archaeophytes (plants 

believed to have become established before 1500) by Preston et aI. (2002,2004) were included in 

the analyses. Species which had a British range size of less than 500 10-km squares (Preston et aI., 

2002), were removed from the list of non-forage plants to be comparable with the selected bee 

forage species that all occurred in more than 500 lO-km squares. The grasses (Poaceae) were also 

excluded from the list of non-forage plants for this comparison. Relationships between the forage 

indices for all Bombus species, the long- or short-tongued species groups and forage plant species 

change were also assessed, using regression analyses, in order to determine whether the magnitude 

of recorded change was greater for more important forage plants. 

2.3 Results 

2.3.1 Bumblebee forage plants and the 'forage index' 

A total of 145 plant species were identified as forage resources for bumblebees at the 14 study sites 

from which datasets were collated (Table 2.1). Of these species, 43% represented the Fabaceae 

(15%), Asteraceae (15%) and Lamiaceae (13%) and the majority were perennial or biennial. Plants 

with the highest overall forage index included Ballota nigra, Centaurea nigra, Teucrium 

scorodonia and Lamium album, though the latter two species were only visited by bees at one site. 

The long-tongued Bombus species group had high forage index values for Ballota nigra, Trifolium 

pratense and other Fabaceae whereas the shorter-tongued species showed a tendency to visit 

Centaurea nigra, Rubus fruticosus and other Asteraceae, with lower forage indices for the 

Fabaceae (Table 2.2). Data on changes in range and abundance of native and long-established 

forage plant species from the New Atlas and Countryside Survey were available for 97 and 68 

respectively (see Appendix 2A; key species in Table 2.2). These lists included most species visited 

by bees at two or more sites and representatives from the majority of plant families in the full list. 
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2.3.2 Range changes in/orage plants (1930-69 to 1987-99) 

Of the 97 bumblebee forage plant species, 71 % had a negative change index. Forage plants had 

significantly lower change indices than other, non-forage plant species (n = 671) (t = -2.22, df= 

155, P<0.05; Figure 2.1a). Bumblebee forage plants have thus declined in range size between 

1930-69 and 1987-99 relative to other native or long-established species. Forage species with the 

largest negative change index included Leucanthemum vulgare (-1.14) and Lamium purpureum (-

1.09), and the largest positive change index was for Leontodon autumnalis (+ 1.32). There was no 

significant relationship between the forage index of plants for all Bombus species grouped and their 

change index values (Table 2.2). The same was true when this analysis was repeated using the 

forage indices of long- and short- tongued species. 

2.3.3 Frequency changes in/orage plants (1978 to 1998) 

Within Countryside Survey plots, 76% of bumblebee forage plant species declined and 24% 

increased in frequency between 1978 and 1998. Forage plants showed a significantly greater 

decline in CS plot frequency than other, non-forage plant species (n = 257) (t = -3.07, df= 211, 

P<O.Ol; Figure 2.1 b). Summing the total extent of decline in terms of number of plots from which 

a forage species was 'lost' (1012), this far exceeded the number of plots in which a species was 

'gained' (lOS). In terms of magnitude of change for individual species, 26 of the 68 species tested 

showed significant changes in plot frequency (P<0.05), but 24 of these were declines (Appendix 

2A). Notable declines were recorded for Centaurea nigra, Lathyrus pratensis, Leucanthemum 

vulgare, Lotus corniculatus, Rhinanthus minor and Trifolium pratense. Forage species showing the 

greatest relative increase in plot frequency included Ballota nigra and Odontites vernus, though 

1978 frequency was very low for these two species (Table 2.2). There was no significant 

relationship between the forage index of plants for all Bombus species grouped and their relative 

percentage change in plot frequency (Table 2.2). Analysing these data according to bee tongue

length, a positive relationship was found between the forage indices for long-tongued species and 

percentage change in plot frequency (r2 9.8, P<O.Ol), although this trend was influenced by high 

forage indices for the two plant species (Ballota nigra and Odontites vernus) which more than 

doubled in plot occupancy between the two surveys. 

2.4 Discussion 

This study was designed to broadly quantifY 20th Century changes in availability of forage 

resources for bumblebees at a national scale using the best available data. Overall, a large 

proportion of forage plants declined in both large-scale range and local-scale frequency between 

the two survey periods of the New Atlas and Countryside Survey (CS). These changes were of 

greater magnitude than changes in other native and long-established plant species, reflecting 
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serious reductions in the quality of foraging habitats for bees as well as a general decline in insect

pollinated plants. 

The negative impacts of agricultural intensification on particular groups of animals and plants in 

Britain have been well recognised (Rich and Woodruff, 1996; Chamberlain et aI., 2000; Robinson 

and Sutherland, 2002) and our results are consistent with these studies. The general trend for plants 

has been an increase in species characteristic of fertile habitats and decrease in species (often 

specialists) characteristic ofless fertile, semi-natural habitats such as calcareous grassland (Preston 

et aI., 2002). The former include some species which provide forage for bumblebees (e.g. Cirsium 

arvense), as well as the larval food plants (e.g. Urtica dioica) of certain butterfly species which 

have also increased since the 1970's (Smart et aI., 2000). However, the majority of bumblebee 

forage plants are nectariferous perennials or biennials, often typical of established semi-natural 

vegetation receiving infrequent disturbance. It is therefore perhaps not surprising that as a group, 

they have declined relative to the 'average' native or archaeophyte species. These declines in range 

and abundance reflect the degradation of quality of foraging habitats for bumblebees in British 

landscapes which apparently persisted into the latter part of the 20th Century. Such changes can 

also be explained by recorded trends in specific management practices across England and Wales. 

Between 1962 and 1995 for example, large increases in silage production and autumn-sown cereals 

were accompanied by decreases in hay production, temporary clover leys and undersowing of 

legumes (Chamberlain et aI., 2000). 

A decline in forage resources is likely to impact upon bumblebees by affecting both the fitness of 

individual colonies within each season and persistence of populations between years, depending on 

the scale at which it is considered. At the local scale, a reduction in nectar and pollen availability 

within the foraging range of the nest limits colony growth and, ultimately, the reproduction of 

sexuals (Goulson et aI., 2002; Pelletier and McNeil, 2003). Our results from the CS dataset suggest 

that native forage species important during all stages of colony activity declined between 1978 and 

1998. Significant decreases in plot frequency were found for spring forage plants such as Ajuga 

reptans, Lamium purpureum and Salix cinerea and mid- to late-season forage plants such as 

Centaurea nigra, Lathyrus pratensis, Lotus corniculatus, Rhinanthus minor and Trifolium 

pratense. The total extent of these declines in terms of the likely loss of forage was not 

compensated for by the increases shown by some species, although we discuss some of the caveats 

associated with these data below. 

Given their relatively large foraging ranges (Darvill et aI., 2004), bumblebees might be expected to 

be capable of adapting to these local-scale reductions in forage, if sufficient resources persisted 

elsewhere within their population range. However, our results at the larger scale, represented by 

change in number of occupied 10-km squares from the New Atlas, suggest that on the whole this 

may not have been possible. Since the 1940s, despite being geographically widespread species, 
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bumblebee forage plants have been lost from a significant number of 10-km squares within their 

range (assuming, as seems likely, that the relative change in forage plants represents an absolute 

decline). As well as contributing to reduced colony densities at the local to regional scale, this may 

have restricted the dispersal distances of new queens from their natal colonies, either before or after 

hibernation, and thereby affected their capacity for population expansion. A much greater 

understanding of the dispersal abilities of bumblebees (Mikkola, 1978) is required to fully assess 

the potential of popUlations to track the changing distribution of forage resources at different spatial 

scales. 

The general response to reduced forage resources suggested above is likely to vary considerably 

between species, as evidenced by the different patterns of response to 20 th Century environmental 

change shown by bumblebee species in Britain and elsewhere (Goulson et aI., 2005; Williams, 

2005). This may be due to a combination of ecological, behavioural and morphological factors. 

For example, the effect of local decreases in forage abundance may be stronger for those species 

with shorter foraging ranges or more specific dietary preferences. Although we did not distinguish 

between pollen and nectar provision, the Fabaceae are thought to be especially important pollen 

sources for the longer-tongued species (Goulson et aI., 2005), as reflected here by higher forage 

indices. The loss of Fabaceae within semi-natural vegetation may have particularly affected this 

grO\lp of bumblebees, some of which have been suggested to have relatively short foraging ranges 

(Knight et al., 2005). These inter-species differences, combined with the dIfficulties in measuring 

preference for particular forage plants (e.g. Williams, 2005), may explain why our forage index did 

not relate to the recorded changes in plant species. The studies from which visitation data were 

collated to produce the forage index represented a variety of semi-natural habitats at sites with and 

without the rarer Bombus species, with only heathlands (and to an extent farmland) being 

underrepresented. But we could not allow for the super-abundance of particular forage plants at 

certain sites, or for patterns of flower visitation which might have been revealed by studies 

conducted in the early 20th Century, prior to bumblebee declines. The forage index provides a 

useful measure of the relative value of plant species to long- vs short-tongued species, and of 

certain groups of plants to all species, but it should not be interpreted as a definitive measure of 

floral preference by all bumblebees. 

By focusing on native and long-established plant species associated with semi-natural habitats, our 

analysis did not consider the potentially positive effect that introduced plant species, including 

garden exotics and entomophilous crops, could have on bumblebee populations. For example, the 

increase in area of oil-seed rape in England and Wales since the 1970s (Chamberlain et aI., 2000) 

has probably beaefited shorter-tongued species such as Bombus terrestris (Westphal et aI., 2003). 

Exotic species within gardens, such as Pulmonaria officinalis and Nepeta x jaassenii, may also be 

important in some situations where native sources of forage are scarce or temporally unavailable 

(Macdonald, 1998). There is also evidence that urban areas support higher concentrations of nests 
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of the short-tongued B. terrestris than arable or mixed farmland (Chapman et ai., 2003; Knight et 

ai., 2005) and that nests of this species grow more quickly in gardens than in mixed farmland 

(Goulson et ai., 2002). 

In drawing conclusions, we note the caveats associated with comparing the results of two large 

surveys conducted across different spatial and temporal scales (Preston et aI., 2002; Wilson et ai., 

2004). The direction of change detected by each survey was not the same for every plant species, 

although the general pattern of forage declines was consistent. Declines in local or regional plant 

abundance could go undetected at the 10-km scale. Likewise the CS plot data may underestimate 

the degree of habitat degradation, as plant frequency has some shortcomings as a functional 

measure of the quality of floral resources available to bumblebees. For example, changes in the 

cutting management of permanent grassland might reduce the number of flowers and alter sward 

structure but would not necessarily be detected as changes in plant abundance or plot frequency. 

We have not considered changes in availability of bumblebee nesting sites here, as it is difficult to 

quantifY the variety of characteristics associated with nest site preferences of the different species 

(but see Appendix 2B for supplementary analyses of change in grass species associated with 

bumblebee nesting habitats). However, many species rely on undisturbed grassy vegetation with a 

tussocky structure, often using the abandoned nests of small mammals (Kells and Goulson, 2003). 

The response of vole numbers to intensification and the loss of suitable grasslands (Gorman and 

Reynolds, 1993) is an indication that nesting sites for bumblebees may have declined alongside 

forage plants, and should be considered in the design of conservation measures. 

2.4.1 Conclusions: towards effective conservation and further research 

This study has produced the first quantitative evidence for 20th Century declines in resource 

availability for bumblebees at a national scale in Britain, yet there is scope for much further work 

of this nature, such as that applied to British butterflies (Wilson et ai., 2004). Analyses of changes 

in plant species range at a regional level suggest that certain forage species declined more seriously 

in East Anglia (representing much of Williams' (1982) 'central impoverished region' of England) 

than in other UK regions (Preston et ai., 2003). Yet populations of some rare Bombus species still 

persist in central and eastern England, albeit at apparently low densities (Carvell et ai., 2006). The 

question of whether declines in bumblebee populations have depressed crop productivity or the 

reproductive potential of wild plants in Europe is still under debate (Ghazoul, 2005). However, bee 

diversity and proximity to natural habitats have been shown to enhance both crop productivity 

(Kremen et ai., 2002) and seed set of isolated plants (Steffan-Dewenter and Tscharntke, 1999), 

strengthening the conservation argument. Declines in a large number of insect-pollinated native 

plant species in Britain, as evidenced here, combined with declines in bumblebee species are 

undoubtedly a cause for concern. More detailed studies of recorded changes in bumblebee 

distribution and plant abundance and the functional links between plants and pollinators are 

required to address these questions. 
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An opportunity now exists to use knowledge from this and other studies to inform targeted habitat 

restoration, to reintroduce important forage plants to the farmed landscape through agri

environment schemes (Carvell et aI., 2004; Pywell et aI., 2005). A delay in this reintroduction of 

resources could further threaten populations of the rarer bumblebees which are mainly restricted to 

designated sites (Carvell, 2002). We recommend species such as Trifolium pratense, Lotus 

corniculatus and Centaurea nigra as components of wildlife seed mixtures. As well as the 

evidence that these are important forage plants to a range of Bomb us species which have declined 

in the countryside, they have also been shown to perform well during restoration experiments 

(Pywell et aI., 2003). Sympathetic management of vegetation along hedgerows and woodland 

edges should also encourage plants such as Ajuga reptans and Lamium album to provide spring 

forage. These recommendations are summarised in Table 2.3. Furthermore, it will be important to 

implement these practical measures which increase resources for bumblebees at scales and in 

regions which will influence national trends. This highlights the need for experimental and 

monitoring approaches focused up to the landscape scale, and on the population responses of rare 

as well as common Bombus species. 
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Appendix 2A. Supplementary data 

A supplementary appendix with forage index and change data for the full list of forage plant 

species considered in the analyses. 

Appendix 2B. Analyses of change in bumblebee nesting habitats. 

Notes and data on analyses of change in grass species associated with nesting habitats for 

bumblebees are presented here but were not included in the published version of this chapter. 
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Table 2.1 Sources of data on bumblebee forage plant visitation. 

No. of No. of 
Year forage social 
of plants Bombus 
study UK Site Location Habitat !r~es surveyed visited * s~ecies Reference 

1999 Salisbury Plain Training Area, Wiltshire Unimproved calcareous grassland 20 8 Carvell (2002) 

2000 Castlemartin Range, Pembrokeshire, SW Wales Unimproved mesotrophic grassland 9 10 Carvell (2000) 

2000 Ken fig NNR, Glamorgan, SWales Mesotrophic and dune grassland 22 10 Carvell (2000) 

1999 Shelfanger, Norfolk Ancient hay meadow 13 6 Dicks et ai. (2002) 

1999 Hickling Broad NNR, Norfolk Restored hay meadow 12 6 Dicks et ai. (2002) 

1998 South Uist, Western Isles, Scotland Machair dune grasslands II 5 Hughes (1998) 

1998 Western Isles, Scotland Machair dune grasslands 9 5 Macdonald, unpublished 

1997 Strathpeffer, Highland Region, Scotland Village edge and farmland 63 4 Macdonald (1998) 

2000 Malton, North Yorkshire Arable farmland, field margins 7 6 Pickett (2000) 

1978 Wicken Fen, Cambridgeshire Fen meadow 34 7 Prys-Jones (1982) 

1990 Madingley Wood, Cambridgeshire Woodland 24 6 Saville (1993) 

1990 Croxton, West Cambridgeshire Woodland and arable farmland 21 6 Saville (1993) 

1982 Dungeness, Kent Dune ridge grasslands 13 12 Williams (1989) 

1983 Shoreham, Kent Arable fannland and woodland edge 17 7 Williams (1989) 

* a few species were excluded from the analysis if there was insufficient data from both plant surveys, or ifthey were considered recently established alien 

species (neophytes). 
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Table 2.2 Forage index and change data for bumblebee forage plant species for which both New Atlas and Countryside Survey (CS) data were available, 

and which were visited by bumblebees at two or more study sites. 

Plant species 
Ajuga reptans 
A'rctium agg 

Ballota nigra 

Bryonia dioica 

Centaurea nigra 
Chamerion angustifolium 

Cirsium arvense 

Cirsium palustre 

Cirsium vulgare 
Convolvulus arvensis 

Epilobium hirsulufll 

Filipefl{/ula ulmaria 
Glechoma hederacea 

Iris pseudacorus 

Lamias/rum galeobdolon 

Lathyrus pratensis 

Leucanthemllm vulgare 
Lotus coruiculatus 
Lychnis flos-cuculi 

Mentha aquatica 

Odontites vernus 
Prunella vulgaris 
Ranunculus acris 

Rhinal/thus minor 
Rubus fruticosus agg 

Senecio jacobaea 

Stachys sylva/ica 

Trifolium dubiufIl 

Trifolium pratellse 

Forage 
index all 
Bombus 

2,17 

148 
3.85 
1.03 
3,82 

2.50 
2,85 

3.36 
2.82 

2.65 
3.75 

1.55 

1.70 
1.36 

1.25 

2.38 
2.79 

2.89 
1.62 

2.80 

2.92 
2.00 

0.78 

2.85 

347 

2.29 

1.89 

1.19 

3.31 

Forage 
index long

tongued 
2.08 
1.35 

3.56 
0.74 

2.66 

145 

1.69 
2.79 
2.24 

0.85 
3.14 

-0.05 

1.33 
1.05 

-0.20 

2.21 

0.97 

2.23 

1.64 
2.26 

2.43 

1.80 

0.76 

2.39 
2.45 

0.70 

1.81 

0.76 

3.26 

Forage Number of 
index short- study sites 

tongued with bee visits 
0.89 2 

0.14 2 

0.89 2 

040 3 

3.32 7 

2.27 7 

247 8 
2.19 3 

1.90 8 

2.76 3 

2.65 4 

1.74 3 

0.74 2 
040 2 

1.53 2 
0.75 5 

2.28 3 

1.86 9 

0.19 2 

1.09 

1.70 

0.57 

0.01 

1.67 
3.29 
2.34 

0.19 

0.50 

0.91 

2 

5 

7 

2 

7 

6 

5 

2 

8 

New Atlas Change 
index (1930-69 to 

1987-99) 
-0.56 

0.05 

-0.37 
-0.50 

-0.25 
-0.01 

0.47 

0.15 
0.80 
-0.70 

0.12 

-0.10 

-0.56 
0.16 
1.07 

-0.17 

-1.14 

1.09 
-0.79 
-0.11 

-0.46 

0.60 

0.30 
-0.49 
-0.29 

0.11 
-049 

-0.11 

-0.18 

CS plot 
frequeucy 

1978 

32 

16 

5 

11 

135 
65 

319 

131 

228 

78 
41 

110 

65 
12 

6 

101 

20 
134 

13 
38 

6 
178 

205 
29 

279 
\09 

50 

43 

153 

CS plot 
frequency 

1998 

18 
15 

14 

5 

73 

46 
311 

117 
163 

87 
32 

84 
57 

13 

5 

56 

7 

98 
11 

23 

16 

145 

191 
6 

275 
115 

51 

35 

93 

CS Relative 
% change 78· Z-test t 

98 significance 
-43.75 * 
-6.25 ns 

180.00 * 
-54.55 ns 

-45.93 *** 
-29.23 ns 

-2.51 ns 

-\0.69 ns 

-28.51 *** 
11.54 ns 

-21.95 ns 

-23.64 * 
-12.31 ns 

8.33 ns 
-16.67 IlS 

-44.55 *** 
-65.00 ** 
-26.87 ** 
-15.38 ns 
-39.47 

166.67 

-18.54 

-6.83 
-79.31 
-1.43 
5.50 
2.00 

-18.60 

-39.22 

* 
IlS 

*** 
IlS 

ns 

ns 
ns 

*** 
Trifoliumrepens 2.36 1.64 1.79 10 1.31 576 507 -11.98 ** 
Vicia cracca 2.65 244 0.53 6 -0.37 30 35 16.67 ns 

t the Z-test assessed change in the number of occupied CS plots between 1978 and 1998 as a proportion of the total number of plots sampled: ns = not 
significant; * P<O.05; ** P<O.Ol; *** P<O.OOI. Species in bold type showed a significant decline in CS plot frequency. 

41 



Table 2.3 Recommended forage plant species for wildlife seed mixtures and other restoration 

schemes in agricultural landscapes. 

Plant species 
Ajuga reptans 

Anthyllis vulneraria 

Ballota nigra 

Centaurea nigra 

Centaurea scabiosa 

Cirsium vulgare 

Dipsacus fullonum 

Echium vulgare 

Glechoma hederacea 

Hypochaeris radicata 

Knautia arvensis 

Lamium album 

Lamium purpureum 

Lathyrus pratensis 

Leucanthemum vulgare 

Lotus corniculatus 

Odontites vernus 

Prunella vulgaris 

Rhinanthus minor 

Rubus !ruticosus agg. 

Salix cinerea 

Stachys officinalis 

Stachys sylvatiea 

Succisa pratensis 

Symphytum officinale 

Thymus polytrichus 

Trifolium pratense 

Vicia cracca 

Rank performance * 

11 

5 

15 

6 

14 

8 

1 

3 

4 

7 

12 

13 

10 

2 

9 

* Species ranked in order of decreasing performance based on measures of relative success in 

establishment and persistence in grassland restoration experiments from Pywell et al. (2003), 

updated to include more recent studies (unpublished). Species with no ranking can be encouraged 

along hedgerows and woodland edges, particularly to provide spring forage. Note that other plant 

species not listed here may be equally valuable to bumblebees in certain regions. 
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Figure 2.1 Changes in range size (a) and frequency (b) of bumblebee forage plants vs all other 

native and long-established plant species in Britain. 

Range changes from 193 0-69 to 1987-99 were measured by the Atlas change index for 10-km 

squares. Frequency changes from 1978 to 1998 were measured as relative % change in frequency 

of occupied Countryside Survey plots within 1-km squares. 
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Appendix 2A. Forage index and change data for the full list of native and long-established bumblebee forage plant species considered in the 

analyses. New Atlas data were available for 97 species and Countryside Survey (CS) data for 68 species. -r the Z-test assessed change in the number of 

occupied CS plots between 1978 and 1998 as a proportion of the total number of plots sampled: ns = not significant; * P<O.05; ** P<O.Ol; *** P<O.OOI. 

Forage index No. study New Atlas CS CS 
Forage index Forage index short- sites with Change plots plots CS relative % Z-test t 

Plant S{lecies all Bombus long-tongued tongued bee visits Index 1978 1998 change 78-98 significance 

i1juga reptans 2.17 2.08 0.89 2 -0.56 32 18 -43.75 

Anthyllis vulneraria 2.73 2A8 1.39 3 OA5 
Arctium minus 1A9 135 0.14 2 -OAI 16 15 -6.25 ns 

Ballota nigra 3.85 3.56 0.89 2 -0.37 5 14 180.00 * 
Bryonia dioica 1.03 0.74 OAO 3 -0.50 11 5 -54.55 ns 

Ca[funa vulgaris 1.60 0.67 1.81 -0.64 332 297 -10.54 ns 

Caltha palustris 0.90 0.33 0.64 -0.26 17 11 -35.29 ns 

Campanula latifolia 131 0.95 1.11 -0.23 

Cardamine pratensis 0.78 0.72 0.15 1 OA2 93 92 -108 ns 

Carduus crispus 3.02 2.51 1.93 3 -0.18 

Centaurea cyanus 706 306 6.90 -0.39 

Centaurea nigra 3.82 2.66 3.32 7 -0.25 135 73 -45.93 *** 
Centaurea scabiosa 2.65 1.55 1.90 -0.49 

Chaerophyllum temulum 139 0.77 1.l0 1 -0.64 

Chamerion angustifolium 2.50 1A5 2.27 7 -0.01 65 46 -29.23 ns 

Cirsium arvense 2.85 1.69 2A7 8 0.47 319 311 -2.51 ns 

Cirsium dissectum 3.04 2.47 0.64 I -0.14 

Cirsiuln palustre 3.36 2.79 2.19 3 0.15 13l 117 -10.69 ns 

Cirsium vulgare 2.82 2.24 1.90 8 0.80 228 163 -28.5 I *** 
Clematis vitalba 2.98 1.00 336 0.00 11 7 -36.36 ns 

Clinopodium vulgare 1.27 1.30 0.00 2 -0.67 

Convolvulus arvensis 2.65 0.85 2.76 3 -0.70 78 87 11.54 ns 

Crataegus Inonogyna 0.78 0.72 0.15 -0.76 201 206 2A9 IlS 

Cytisus scoparius 2.57 -0.43 3.06 0.00 13 5 -61.54 * 
Digitalis purpurea 339 3.44 0.01 1 0.72 70 86 22.86 IlS 

Dipsacus fullonuln sens.lat. 2.00 1.71 0.95 3 0.82 

Echium vulgare 4.07 3A7 3.02 3 -0.24 

Epilobium hirsutum 3.75 3.14 2.65 4 0.12 41 32 -21.95 IlS 

Erica tetralix 2.61 1.65 2.72 -0.91 199 162 -18.59 
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Forage index No. study New Atlas CS CS 
Forage index Forage index short- sites with Change plots plots CS relative % Z-test t 

Plant Species all Bombus long-tongued tongued bee visits Index 1978 1998 change 78-98 significance 

Eupatorium cannabinum 3.47 1.58 3.64 I -0.15 3 6 100.00 ns 
Filipendula ulmaria 1.55 -0.05 1.74 3 -0.10 110 84 -23.64 

Frangula alnus 4.04 3.19 3.13 1 -0.16 

Geum urbanum 0.78 0.72 0.15 -0.53 41 42 2.44 ns 
Qlechoma hederacea 1.70 1.33 0.74 2 -0.56 65 57 -12.31 ns 
Helianthemum nummularium 2.01 1.51 1.81 -0.70 

Heracleum sphondylium 1.48 0.72 1.25 0.08 269 191 -29.00 *** 
Hyacinthoides non-scripta 1.19 0.72 0.85 -0.41 44 31 -29.55 ns 
Hypericum hirsutum 0.98 0.77 0.41 -0.18 

Hypochaeris radicata 1.99 0.97 1.30 2 0.61 

Iris pseudacorus 1.36 1.05 0.40 2 0.16 12 13 8.33 ns 
Knautia arvensis 1.81 0.47 1.25 2 -0.88 

Lamiastrum galeobdolon 1.25 -0.20 1.53 2 1.07 6 5 -16.67 ns 
Lamium album 4.40 3.81 1.34 -0.65 48 51 6.25 ns 
Lamium purpureum 0.91 0.95 0.01 -1.09 46 23 -50.00 ** 
Lapsana communis 0.98 0.07 1.10 -0.47 47 45 -4.26 ns 
Lathyrus pratensis 2.38 2.21 0.75 5 -0.17 101 56 -44.55 *** 
Leontodon autumnalis 0.96 0.29 1.06 1 1.33 

Leucanthemum vulgare 2.79 0.97 2.28 3 -1.14 20 7 -65.00 ** 
Linaria vulgaris 2.91 2.84 0.23 -0.80 

Lonicera periclymenum 2.41 2.46 0.01 1 -0.11 33 27 -18.18 ns 
Lotus corniculatus 2.89 2.23 1.86 9 1.09 134 98 -26.87 ** 
Lotus pedunculatus 3.26 2.87 1.94 -0.06 30 29 -3.33 ns 

Lychnis jlos-cuculi 1.62 1.64 0.19 2 -0.79 13 11 -15.38 ns 

Lythrum salicaria 4.43 3.86 0.64 -0.08 

Melitotus altissimus 3.31 2.57 2.31 2 0.73 

Mentha aquatica 2.80 2.26 109 2 -0.11 38 23 -39.47 * 
Odontites vernus 2.92 2.43 170 5 -0.46 6 16 166.67 * 
Ononis repens 2.87 1.87 187 2 -0.45 

Ononis spinosa 0.85 1.15 -0.40 1 -0.82 

Orchis morio 0.94 1.34 -0.13 -0.98 

Origanum vulgare 3.41 2.03 3.56 -0.10 
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Forage index No. study New Atlas CS CS 
Forage index Forage index short- sites with Change plots plots CS relative % Z-test t 

Plant S~ecies all Bombus long-tongued tongued bee visits Index 1978 1998 change 78-98 significance 

Papaver rhoeas 132 0.29 1.19 -0.41 19 9 -52.63 * 
Pilosella officinarum 2.24 1.15 1.54 I -0.59 46 13 -71.74 *** 
Potenlilla palustris 151 0.34 1.30 -0.21 6 1 -83.33 

Potenlilla replans 0.78 0.72 0.15 -0.62 87 69 -20.69 ns 

Primula veris 134 0.65 0.97 -0.32 9 4 -55.56 liS 

Prunella vulgaris 2.00 1.80 0.57 7 0.60 178 145 -18.54 

Prunus avium 2.23 -0.43 2.72 1.29 

Ranunc1l11ls acris 0.78 0.76 0.01 2 0.30 205 191 -6.83 liS 

Ranunc1l11ls repens 4.18 2.43 4.07 1 0.55 561 501 -10.70 * 
Rhinanthus minor 2.85 2.39 1.65 7 -0.49 29 6 -79.31 *** 
Rubus caesius 2.68 2.08 2.00 4 -0.34 

Rubusfruticosus agg. 3.47 2.45 3.29 6 -0.29 279 275 -1.43 liS 

Rubus idaeus 3.73 2.86 3.73 -0.09 19 8 -57.89 * 
Salix cinerea 4.08 1.25 4.43 0.84 22 7 -68.18 ** 
Scrophularia nodosa 0.98 0.77 0.41 -0.37 9 3 -66.67 liS 

Senecio jacobaea : 2.29 0.70 2.34 S 0.11 109 115 S.50 liS 

Sinapis arvensis 2.51 0.38 2.23 -1.76 16 10 -37.50 liS 

Solanum dulcamara 1.09 0.95 0.28 2 -0.11 

Sonchus arvensis 1.60 1.02 0.64 1 -0.12 22 13 -40.91 liS 

Stachys officinalis 2.S6 2.40 1.21 1 -0.62 6 7 16.67 liS 

Stachys palustris 4.02 3.42 IJ4 1 0.01 7 8 14.29 liS 

Stachys sylvatica 1.89 1.81 0.19 3 -0.49 SO 51 2.00 liS 

Succisa pratensis 5.60 5.01 2.03 -0.S7 109 133 22.02 ns 

Symphytum officinale 6.05 5.37 4.23 0.34 

Taraxacum agg. 1.60 1.02 0.64 OA3 431 441 2.32 liS 

Teucrium scorodonia 6.67 4.33 6.77 -0.69 34 26 -23.53 liS 

Thalictnan jlavum 1.60 0.33 1.74 -0.S3 

Thymus polytrichus 3.26 0.38 2.98 I -0.64 42 35 -16.67 liS 

Trifolium dubium 1.19 0.76 0.50 2 -0.11 43 35 -18.60 liS 

Trifolium pratense 3.31 3.26 0.91 8 -0.18 153 93 -39.22 *** 

Trifolium repens 2.36 1.64 1.79 10 1.31 576 S07 -11.98 ** 

Ulex europaeus 0.91 -0.43 lAO 1 -0.34 

Vicia cracca 2.65 2.44 0.53 6 -0.37 30 35 16.67 liS 

Vicia sativa 1.18 I.S7 -0.27 0.19 31 18 -41.94 liS 

Vicia sepium 3.66 3.71 O.oJ -0.43 67 39 -41.79 ** 

-1.52 10 -90.00 ** 
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Appendix 2B. Analyses of change in bumblebee nesting habitats. 

It is important when assessing patterns of habitat loss for any species to consider their full range of 

habitat requirements, and for bumblebees this includes nesting, mating and hibernation sites as well 

as the forage resources (arguably the most limiting habitat component) considered in this chapter. 

Mating and male patrolling sites are typically linear features with established vegetation and open 

flowers so the results already presented suggest that these are likely to have declined along with 

nectar and pollen sources. Nest site characteristics are highly variable, both between and within 

species (e.g. Kells and Goulsan, 2003), and the same is probably true for hibernation sites although 

less is known about these (Alford, 1975). Hence it is difficult to quantify these habitat components 

to the same degree as foraging habitats. Nevertheless, the two national datasets on plant species 

change allowed us to consider a subset of grass species as indicators of potential increases or 

decreases in availability of nest sites, particularly for the carder bees such as Bomb us pascuorum. 

These bee species tend to nest above ground within established vegetation using dried grasses and 

moss to construct the nest and regulate brood temperature, as opposed to other species such as B. 

lapidarius which nest below ground in a variety of sheltered situations. Change was assessed, 

using the same approach as in the main paper, for 11 species of fine-leaved and tussock-forming 

grasses associated with established vegetation such as might be found along banks, hedgerows and 

verges and used either directly by queen bumblebees founding nests in the spring or by small 

mammals whose holes or nests are subsequently used by bumblebees (Alford, 1975). 

Results and discussion 

Ofthe 11 grass species, 45% had negative and 55% had positive change index values (see table). 

Their mean change index (+0.51 ±0.29) did not differ significantly from that of all other native 

grass species (+0.34 ±0.10, n = 56) (t = 0.55, df= 12, P>0.05), suggesting that grasses associated 

with nesting habitat have not declined in 10-km range size between the two periods 1930-69 and 

1987-99 relative to other grass species of comparable native status and range. Two of the 11 grass 

species showed significant declines in CS plot frequency, and the remaining nine species increased 

between 1978 and 1998, though this increase was only significant for Festuca rubra (Table 3). 

There was no significant difference between mean % change in occupied plots for the 11 nesting 

grasses (12.74 ±8.6) and all other native grass species (11.6 ±15.0, n = 39) (t = 0.07, df= 47, 

P>0.05). 



Changes in range and CS plot frequency for grass species associated with bumblebee nesting 

habitats. t the Z-test assessed change in the number of occupied CS plots between 1978 and 1998 

as a proportion of the total number of plots sampled: ns = not significant; * P<O.05; ** P<O.O 1; *** 
P<O.OOI. 

New Atlas 
Change index CS plot CS plot CS Relative 

(1930-69 to 1987- frequency frequency % change 78- Z-test t 
Grass species 99) 1978 1998 98 significance 
Anthoxanthum odoratum 0,90 362 366 1.10 ns 
Arrhenatherum elatius 0.37 307 319 3,91 ns 
Bromopsis erecta -001 4 5 25,00 ns 
Cynosurus cristatus 0,02 202 203 0,50 ns 
Dactylis glome rata -0,06 583 503 -13.72 ** 
Elytrigia repens -0,01 239 271 13.39 ns 
Festuca pratensis -0.16 8 15 87,50 ns 
Festuca rubra agg 2,96 317 409 29,02 *** 
Holcus lanatus 1.34 664 675 1.66 ns 
Phleum pratense sens,lat, -0.33 213 174 -18.31 * 
Poa pratensis sens,lat, 0,60 256 282 10,16 ns 

Based on these results it appears that, in contrast to forage plants, grasses associated with 

bumblebee nesting habitats did not in general experience significant declines during the 20th 

Century. However, the decline shown for the tussock-forming species Dactylis glomerata in both 

surveys is an indication that vegetation structure and availability of sites for surface-nesting species 

have been reduced, as seems likely given changes in agricultural practice. Again, it is important to 

note that plant frequency and occupancy of 10-km squares may not be an effective functional 

measure of sward structure or habitat quality for nesting. Four of the five predominantly surface

nesting bumblebee species which are probably more susceptible to the effects of mechanical 

disturbance in grasslands are rare and declining (e.g. Bombus sylvarum), so the potential influence 

of nest site limitation should not be dismissed in the design of restoration schemes. 
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3. The response of foraging bumblebees to successional change in newly 

created arable field margins 

This chapter has been published as a paper in the journal Biological Conservation: 

Carvell, C., Meek, W.R., Pywell, R.F., Nowakowski, M., 2004. The response offoraging 

bumblebees to successional change in newly created arable field margins. Biological Conservation 

118,327-339. 

Abstract 

Agricultural intensification is likely to have been a major factor leading to serious declines in 

bumblebee abundance and diversity in the UK and elsewhere over recent decades. Opportunities to 

restore habitat for bumblebees on uncropped arable field margins are now available, although the 

methods by which this restoration can be achieved have not been fully investigated. We present 

the results of a three year study undertaken to investigate the response of foraging bumblebees to 

five different arable field margin treatments (sown and unsown), as part of a replicated field 

experiment on arable farmland in northern England (UK). Bumblebee abundance was closely 

linked to successional changes in availability of suitable forage plant species. Field margin 

treatments sown with a 'grass and wildflower' mixture had the highest bumblebee abundance, and 

provided a consistent supply of forage species, with different components cfthe seed mixture 

flowering in each year. The unsown natural regeneration treatment attracted foraging bumblebees 

in only the second year due to the local abundance of thistles, so we consider this option to be both 

inconsistent in terms of forage provision and agronomically unacceptable. Our results are 

discussed in terms of developing suitable measures to achieve the restoration of habitats for 

bumblebees on arable farmland. 

Keywords: Bumblebees; Field margin; Foraging; Wildflower mixture; Succession 
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3.1 Introduction 

Modern intensive farming is perceived to be the principal cause of declining biodiversity in the 

European countryside (Stoate et aI., 2001), and this decline has been especially marked for 

bumblebees (Bombus spp.) (Williams, 1982; Rasmont, 1988; Banaszak, 1996). In the UK, many 

bumblebee species that were once widespread and common have shown serious reductions in 

density and contractions in range over recent decades (Alford, 1980; Williams, 1982; Edwards, 

2001). This is thought to be largely due to the fragmentation and loss of foraging and nesting 

habitats (Osborne and Corbet, 1994), and in particular, declines in abundance of key forage plants 

such as Centaurea nigra, Lotus corniculatus and Trifolium pratense in the British countryside 

(Carvell et aI., 2001). These declines have serious implications for the pollination of numerous 

crop and wild flower species, for which bumblebees are especially important (Corbet et aI., 1991; 

Free, 1993). Their roles in enhancing the yields of many entomophilous crops (e.g. Holm, 1966; 

Willmer et aI., 1994) and in maintaining small fragmented populations of wild plant species (Kwak 

et aI., 1991; Steffan-Dewenter and Tscharntke, 1999) have been well documented, highlighting the 

need to prevent further bumblebee declines in agricultural and semi-natural ecosystems. 

In recent years there have been attempts to restore and maintain habitats which enhance 

biodiversity in the agricultural landscape (Bignal, 1998). Policy developments within the UK agri

environment schemes (e.g. the Countryside Stewardship Scheme (DEFRA, 2003)) offer increased 

opportunities to achieve this restoration, particularly on arable field margins which are a key 

feature of British farmland (Marshall, 1998; Marshall and Moonen, 2002). Bumblebees are known 

to benefit from the presence of flowering perennial herb species, ideally in unfragmented species

rich grasslands (Carvell, 2002). However, they can also utilize forage resources in patches of 

established semi-natural vegetation such as field margins, green lanes (Croxton et aI., 2002) and 

other habitat islands, due to their ability to fly considerable distances from the nest (Fussell and 

Corbet, 1991; Saville et aI., 1997; Osborne et aI., 1999; Backman and Tiainen, 2002). In addition 

to a season-long supply of suitable forage resources, bumblebees also require nesting sites, mating 

and hibernation areas, although there is little information describing the latter two requirements 

(Alford, 1969; 1975). Forage and nesting sites are currently more accessible targets for habitat 

restoration, and although in this paper we focus on foraging bumblebees, it is likely that, once 

established, suitable foraging habitats in non-cropped areas also have the potential to support nest 

sites (Svensson et aI., 2000). 

The addition of native perennial flower species (referred to here as 'wildflowers') to sown grass 

mixtures on arable field margins has become an increasingly attractive option, providing both 

conservation and agronomic benefits (e.g. Smith et aI., 1993; Marshall, 1998; Miller and Lane, 

1999; Thomas and Marshall, 1999; Meek et aI., 2002). Such margins can enhance numbers of 

nectar- and pollen-feeding insects, including butterflies, bumblebees, honeybees and hoverflies 
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during the flowering season, particularly if mixtures contain suitable forage species (Lager16f et a!., 

1992; Feber et a!., 1996; Carreck et a!., 1999). In addition, Feber et a!. (1996) have highlighted the 

importance of subsequent management actions in maintaining suitable habitats for the different 

life-cycle stages of insect pollinators. Alternative options for arable field margins in the UK 

include the sowing of a mixture of tussocky grasses, or allowing natural regeneration on an 

'uncropped wildlife strip', which may be allowed to establish, or be regularly cultivated to provide 

conditions for rare arable plants (Marshall, 1998; DEFRA, 2003). 

Research to date suggests that many of these field margin habitat creation options are likely to 

contribute to the conservation of bumblebee populations on arable farmland, either through the 

provision of foraging or nesting sites. However there has been a lack of fully replicated field 

experiments to support this hypothesis. In particular, most studies have been conducted over 

limited time periods, such that the effects of successional changes in newly created habitats, and 

their potential longevity for bumblebees and other taxa in agricultural systems are unknown (e.g. 

Corbet, 1995). This is surprising given that many options for biodiversity enhancement in arable 

landscapes are intended to establish semi-permanent habitats. Agreements under the UK 

Countryside Stewardship Scheme, for example, are often expected to run for ten years (DEFRA, 

2003). 

This study aims to address the following questions: can sown mixtures provide foraging habitats of 

greater value to bumblebees than unsown areas of natural regeneration on field margins, and which, 

if any, of these options are sustainable in the arable system over time? We present the results of a 

three year study undertaken to investigate the response of foraging bumblebees to five different 

arable field margin treatments, as part of a replicated field experiment on arable farmland in 

northern England (UK). Our results are discussed in terms of developing measures that are both 

agronomically acceptable and biologically suitable to achieve the restoration of habitats for 

bumblebees and other insect pollinators on arable farmland. 

3.2 Methods 

3.2.1 Site description and margin treatments 

Three cereal field margins were selected on Manor Farm, Eddlethorpe, near Malton, North 

Yorkshire (Lat. 54°05'N, Long. 0049'W), all situated along hedgerows on a variable sandy clay 

loam. In September 1999, each margin (or replicate) was divided into five contiguous plots, 72m 

long and 6m wide, and each plot was subject to one of five different treatments: 

1. Natural regeneration, unsown, 6m wide; 

2. Sown 'tussocky' grass mixture, 6m wide; 
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3. Sown 'grass and wildflower' mixture, 6m wide (referred to as 'wildflower'); 

4. 'Split' treatment with 3m sown 'tussocky' grass mixture adjacent to hedge and 3m sown 'grass 

and wildflower' mixture adjacent to the crop; and 

5. Cropped to the edge. 

Details of the sown mixtures are given in Table 3.3. Plant species nomenclature follows Stace 

(1997). In April 2000, a selective graminicide was applied at 6.25 g ailha (= 0.5 lIha Fusilade-5) to 

the 'wildflower' treatments and the wildflower half of the 'split' margin treatments to control 

blackgrass, Alopecurus myosuroides and sterile brome, Anisantha sterilis. Following 

establishment, all plots (except those cropped to the edge) were cut and the herbage removed using 

a forage harvester in May 2000. In late August 2000 the two treatments containing wildflowers 

were cut to around 10cm, with the cuttings removed. In late August 2001, the natural regeneration 

plots were cut as a means of controlling a developing thistle problem (see discussion), with the 

cuttings left. Subsequent management was focused on the 'wildflower' treatments, and wildflower 

half of the 'split' plots, which received an annual cut during late August 2001 and 2002, with 

cuttings removed. 

The 'cropped to the edge' treatment received conventional management as per the rest of the field 

concerned. During 2000 two of the margins were adjacent to winter wheat and one to winter 

barley, during 2001 two were adjacent to oil-seed rape and one to winter wheat, and in 2002 all 

were adjacent to winter wheat. It should be noted that the rape crops had finished flowering prior 

to sampling for this study. 

3.2.2 Bumblebee monitoring 

Bumblebee activity was recorded on transects along the central line of all three margin replicates, 

using an adapted form of the standard 'bee walk' methodology (Banaszak, 1980). In the 

establishment year (2000), walks were carried out 12 times throughout July. In 2001, ten sampling 

visits were made from 25th June to 24th August, and in 2002, 11 visits were made from 27th May 

to 20th August. Walks were only carried out in dry conditions between the hours of 09.30 and 

17.00, when the ambient temperature was above 15°C. The direction in which each margin 

replicate was walked was varied with each visit. Foraging bumblebees were recorded to species 

level (following Prys-Jones and Corbet, 1991) but not separated to caste, within 3m to each side of 

the observer to cover the entire margin strip. The flowering plant species which each bee was first 

seen to visit was also noted (i.e. if a bumblebee was seen flying to visit a second plant species that 

observation was not recorded). Bombus terrestris and B. lucorum workers cannot always be 

reliably distinguished in the field (Prys-J ones and Corbet, 1991), so these species were collectively 

recorded as B. terrestrisllucorum as in other studies (e.g. Fussell and Corbet, 1991). The cuckoo 

bumblebees (sub-genus Psithyrus) were also recorded, but only results for the social bumblebees 

are presented here. 
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3.2.3 Flower abundance scores 

In order to gain a measure of forage availability, and to assess successional change in flowering on 

the different treatments, the number of flowers/inflorescences of each plant species that were 

present within each plot was estimated using a 5-point scale (modified from Feber et aI., 1996), as 

follows: 

1. 1-25 flowers 

2. 26-200 flowers 

3.201-1000 flowers 

4. 1001 - 5000 flowers 

5. Superabundant - more than 5000 flowers. 

One flower 'unit' was counted as an umbel (e.g. Daucus carota), head (e.g. Trifolium repens), 

spike (e.g. Rhinanthus minor) or capitulum (e.g. Centaurea nigra). Flower identification follows 

Stace (1997). Flower abundance scores were measured on every sampling date, immediately 

following bumblebee transects, during 2001 and 2002. 

3.2.4 Data Analysis 

Bumblebee counts from each treatment in all three years were calculated and expressed as mean 

values per plot, per sampling date, and these data were normalised by log transformation. 

Differences in the abundance of bumblebees between the field margin treatments were tested by 

two-way Analysis of Variance (ANOVA), following the randomized block design, including 

replicates and treatments. Tukey's Honest Significant Difference test was also performed to assess 

pairwise comparisons between treatments. This analysis was carried out to detect differences 

within each year, and differences between years, in abundance of all bumblebees grouped. The 

same analysis was applied to individual Bombus species for 2001 and 2002 only, as the shorter 

sampling period during 2000 was less representative of the flight season for each species. 

Differences in mean flower abundance scores between the margin treatments in 2001 and 2002 

were also compared using ANOVA and Tukey's pairwise tests, as the data conformed to the 

normal distribution. Finally, changes in the number of bumblebees and availability of forage 

resources over the length of the experiment were examined, to detect any successional change in 

bee activity or flowering in the different treatments. 
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3.3 Results 

3.3.1 Differences in bumblebee abundance between field margin treatments 

Over the duration of this study, a total of2,241 foraging bumblebees were recorded, with the 

average number of individuals per plot on each sampling date remaining fairly consistent across the 

years (4.6 in 2000; 5. I in 2001 and 4.0 in 2002). There were significant differences between field 

margin treatments in terms of mean total bumblebee numbers in each year, and across all years 

combined (Figure 3.1: ANOVA, F 4.g= 25.67, p<O.OOI in 2000; F4,g = 10.07, p<O.Ol in 2001; F 4,8 

= 5.15, p<0.05 in 2002 and F 4,8 =18.92, p<O.OOI for all years). However, the preferred treatments 

were not the same each year, as confirmed by Tukey's pairwise comparisons. In 2000, 

significantly more bumblebees were recorded in the wildflower and 'split' tussocky grass & 

wildflower treatments than in all others (p<O.O 1), but in 2001, the natural regeneration treatment 

was preferred, attracting significantly more bumblebees than the tussocky grass and cropped 

treatments (p<O.OI). The pattern in 2002 was similar to that of2000, with highest numbers in the 

two treatments sown with the 'wildflower' mixture, although there were no significant pairwise 

comparisons (p>0.05). When the mean number of bumblebees per plot was calculated across all 

years, abundance was highest in the wildflower and 'split' plots, and significantly different in these 

compared to only the tussocky grass and cropped plots (p<O.Ol). 

Differences between years were tested for each margin treatment in turn. Significance was only 

detected for the natural regeneration treatment (F2,4 = 20.06, p<O.OI), where many more bees were 

recorded during 2001 (Figure 3.1) in response to the increased thistle population (see section 3.3.3). 

In all other treatments bumblebee numbers were relatively consistent over the three years. In 

general, no significant differences between the three replicates were apparent, although the high 

numbers in the natural regeneration treatment in 2001 were mainly biased towards two replicates. 

3.3.2 Bumblebee species 

Six social bumblebee species were recorded, all known to be fairly widespread across the UK 

(Williams, 1982). Table 3.1 shows differences in abundance of each species between the margin 

treatments in 2001 and 2002. Bombus lapidarius accounted for around 50% of observations in 

each year, followed by B. pascuorum. B. terrestrisllucorum and B. hortorum were observed less 

frequently, and B. pratorum was scarce, accounting for less than 1 % of observations. Patterns of 

abundance across treatments were generally consistent between species, with the natural 

regeneration treatment being preferred in 2001 (though never significantly different to those sown 

with the 'wildflower' mixture p<0.05), and the wildflower, followed by 'split', treatment preferred 

in 2002. Statistical significance between treatments was not always achieved for species recorded 

in lower numbers (Table 3.l). 
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3.3.3 Differences injlower abundance between field margin treatments 

Both the mean flower abundance score for all species grouped and the species richness of plants in 

flower over the sampling period differed significantly between field margin treatments (Table 3.2). 

As expected, abundance and species richness were higher in plots featuring the sown 'wildflower' 

mixture than in all other treatments (Tukey's pairwise comparisons; p<O.OI). This response was 

consistent in 2001 and 2002. 

Lists of sown and unsown flowering plant species recorded on the field margins in 2001 and 2002 

are given in Table 3.4, with mean abundance scores shown to indicate relative flowering in each 

year. Species were grouped according to various characteristics (ie. their life history, whether 

sown in the mixtures or visited by foraging bumblebees) in order to examine patterns of occurrence 

across the margin treatments (Table 3.2). As expected, sown species were significantly more 

abundant in the 'wildflower' and 'split' plots than in all others, and achieved notably higher mean 

abundance scores in 2002, the third year after establishment. This group consisted mostly of 

perennials, except Rhinanthus minor which accounts for the flowering annuals occurring in the 

sown treatments. In contrast, flowers of unsown species were significantly more abundant in the 

natural regeneration treatment than in all others except the crop in 2001. This was due to patches 

of Cirsium vulgare (a biennial), flowering during 2001, but mainly absent during 2002 (Table 3.4) 

when there was no significant difference in unsown species between the treatments. 

3.3.4 Forage plant preferences 

The flowering plant species receiving the most foraging visits differed in each year of this study 

(Figure 3.2), reflecting the relative abundance of those species flowering on the field margin 

treatments. In 2000, more than 90% of visits were to the annual species Centaurea cyanus (during 

the restricted July sampling period), whereas in 2001 and 2002 visits were more evenly spread 

across several species, with concentration on C. vulgare and Lotus corniculatus respectively. It is 

interesting to note that some species scoring highly in terms of flower abundance (e.g. 

Leucanthemum vulgare) received a low proportion of bumblebee visits. Figure 3.3 shows the 

flower visits of three Bombus species in 2001 and 2002. Despite the dominance of C. vulgare in 

2001 and L. corniculatus in 2002, some differences in other utilized forage species are apparent. 

For example, B. lapidarius (the shorter-tongued species here) visited Senecio jacobaea and L. 

vulgare, whereas the longer-tongued B. pascuorum and B. hortorum visited R. minor and Prunella 

vulgaris and in 2002, Lathyrus pratensis. 

3.3.5 Temporal changes in bumblebee andjlower abundance 

Patterns of bumblebee activity throughout each season clearly reflected temporal changes in flower 

abundance on each margin treatment (Figure 3.4a - d). During 2001, the increase in bumblebees 

on the natural regeneration treatment towards the end of the season reflected the increase in 
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flowering (mainly of Cirsium vulgare) in that treatment, although the wildflower and split 

treatments provided a more continuous supply offorage plants (Figure 3.4a and b). For 2002, the 

data demonstrate a continuous supply of flowers in the wildflower and split treatments, with little 

influence from the natural regeneration plots (Figure 3.4c and d). 

Significant associations were found between change in bumblebee numbers and temporal variation 

in flowering of forage plants, and this effect was strongest in 2002 (regression analysis on total bee 

numbers vs flower abundance offorage species per sampling date across all treatments: R-sq = 

16.5%, p<0.05 in 2001; R-sq = 81.3%, p<O.OOI in 2002). 

3.4 Discussion 

Effects of field margin habitat type on the abundance of foraging bumblebees can be explained to a 

large extent by the temporal availability of suitable flowers. Similar effects of flower abundance 

on numbers of bumblebees, butterflies and other pollinating insects have been demonstrated by 

several authors, in arable and semi-natural areas (e.g. Fussell and Corbet, 1991; LagerIof et aI., 

1992; Dramstad and Fry, 1995; Feber et aI., 1996; Kells et aI., 2001; Carvell, 2002; Backman and 

Tiainen,2002). Our study adds valuable information to this debate, as it investigates both the 

biological and agronomic implications of different methods of habitat creation in arable systems 

over three years. It is also one of the few randomized, replicated studies comparing the value of 

different habitats included in the first tranche of the UK Countryside Stewardship Scheme (MAFF, 

1999) for foraging bumblebees within intensively managed landscapes. 

The two margin treatments containing the sown 'grass and wildflower' mixture were of value to 

bumblebees in all three years after establishment. Most of the seed mixture components flowered 

between May and late August, with a few exceptions (e.g. Geranium pratense and Malva 

moschata) which failed to establish well at this site. Despite the absence of flower abundance 

scores from 2000, the data on foraging preferences and from additional vegetation surveys (Meek 

et aI., 2002), combined with these results from 2001 and 2002 show a clear pattern of succession on 

the sown treatments. The annual Cornflower (C cyanus), thought to be an important pollen source 

(Engels et aI., 1994), was the dominant forage species in year one, with the perennial sward 

developing and flowers such as Centaurea nigra, L. corniculatus and L. pratensis increasing in 

abundance over the second and third years. In addition to providing attractive forage species for 

bumblebees, it is likely that the sown wildflower treatments significantly reduced the cover of 

pernicious annual weeds as observed elsewhere (Marshall and Nowakowski, 1995; Meek et aI., 

2002). 
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The natural regeneration treatment, although less costly than the sown mixture option, was 

inconsistent both between years and across replicates in terms of flowering plant and bumblebee 

abundance. Patches of flowering thistles, Cirsium vulgare and to a lesser extent C. arvense, were 

prominent in 2001 on two replicates and attracted foraging bumblebees of several species. Male 

bumblebees emerging towards the end of the season are particularly attracted to their flowers which 

appear at this time (e.g. Barrow, 1983). Whilst being attractive nectar sources (see also Feber et 

aI., 1996), these thistles are pernicious weeds and are not considered agriculturally acceptable, 

requiring control under the UK Injurious Weeds Act of 1959 

(www.defra.gov.uklenvironlweedsactldefault.htm). In our experiment, cutting at the end of August 

prevented C. vulgare from re-occurring the following year, as would be expected from this 

monocarpic biennial. Subsequently however, few other species in the developing perennial sward 

of the regeneration treatment produced flowers that were attractive to foraging bees. There is 

therefore no guarantee that field margins left to natural regeneration will provide a sustained supply 

of suitable forage for bumblebees, unless detailed knowledge of the seed or bud bank is available. 

Furthermore, natural regeneration may take at least five years to produce the equivalent diversity 

and density of perennial forage plants to sown swards, as suggested by Corbet (1995) when 

considering Schmidt's analysis ofa 10-year succession (Schmidt, 1976, as listed in Ellenberg, 

1988). 

The six Bombus species recorded during this study all belonged to the 'mainland ubiquitous group' 

(Williams, 1982), which is the usual assemblage found on arable farmland in the UK (Fussell and 

Corbet, 1991; Kells et aI., 2001). B. pratorum accounted for a low proportion of records in both 

2001 and 2002, but this is perhaps not surprising as the species tends to be observed more 

frequently in gardens (Prys-Jones and Corbet, 1991), possibly due to its agility in foraging at a 

range of flower depths and angles such as might be found in horticultural situations. B. pratorum is 

also known to establish its colonies early so worker numbers peak in advance of the other species. 

This highlights the importance of the sampling period which, in this study, could have been 

brought forward to early May to assess whether the margin treatments provided resources for 

queens and early workers during colony initiation. The results suggest that this could be the case 

for the treatments containing sown wildflowers, but not for the natural regeneration, tussocky grass 

or cropped treatments. 

In terms of forage plant visitation, the results of our study support the general hypothesis that 

bumblebees utilize flowers with corolla lengths most closely corresponding to their tongue lengths 

(Ranta and Lundberg, 1980). Further analysis of the flower visitation data might have included the 

calculation of preference indices, as defined by Murdoch (1969) and modified by Cowgill et aI. 

(1993), which account for the relative numbers of flowers available from each species. This 

calculation was not compatible with the simplified flower abundance scores recorded here, and 

hence absolute preferences for particular species must be interpreted with caution. Nevertheless, 
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the majority of visits were to perennials as would be expected for bumblebees requiring high nectar 

and pollen rewards per flower (Fussell and Corbet, 1992a). The potential for including additional 

such species (e.g. Trifolium pratense or other legumes) in semi-permanent wildflower mixtures on 

farmland requires further investigation. Carreck and Williams (2002) have demonstrated that 

mixtures of certain nectar- and pollen-producing annuals can also attract a variety of insect 

pollinators, and may be more practical for farmers with short-term opportunities. In all cases, the 

requirements of the full assemblage of pollinator groups should be considered. Whilst there is 

substantial overlap between the key nectar source species of adult butterflies and those of 

bumblebees (e.g. flowers in the Fabaceae and Asteraceae families) (Feber et aI., 1996), the 

hoverflies and solitary bees often visit more open-flowered composites or umbellifers (Apiaceae) 

(Cowgill et aI., 1993) and might be excluded if only long-corolla flowers were sown. 

The relative merits of different field margin management treatments, and conflicts between them, 

have been reviewed previously (e.g. Smith et aI., 1993; Marshall and Moonen, 2002). As we have 

shown, newly created field margin treatments differ in their value as bumblebee foraging habitats 

but likewise, they may differ in terms of providing suitable nesting habitats. Nest-seeking queens 

have been shown to prefer patches of undisturbed tall grassland with a tussocky structure 

(Svensson et aI., 2000). These tend to attract the small mammals whose disused nests or holes are 

often used by bumblebees (Fussell and Corbet, 1992b). The sown 'tussocky grass' treatment in 

this experiment, together with the grass half of the 'split' plots, had almost developed its intended 

structure by the third year having been left uncut since year one. With continued minimal 

intervention, we would expect this treatment to have much potential for the provision of bumblebee 

nesting sites, and propose the 'split' treatment as a means of restoring both foraging and nesting 

components together. 

Conserving viable bumblebee populations in the agricultural landscape will undoubtedly involve a 

number of complex factors, and we do not attempt here to provide solutions to habitat provision for 

all life-cycle stages. It should be remembered that the abundance of workers (which contributed to 

the majority of records in this study) may in itself be a poor indication of population viability in the 

social Hymenoptera. These issues need to be addressed at the landscape scale, where measures of 

nest density and colony success may be the best means of evaluating different methods of habitat 

creation or enhancement (Goulson et aI., 2002). Future research should also consider the spatial 

distribution of newly created habitats as their influence probably extends beyond individual farm 

boundaries, and the implications of their siting for any nearby semi-natural vegetation (Swash and 

Belding, 1999). 

Conclusions 

Our study highlights one of the key practical conflicts involved with enhancing biodiversity on 

uncropped arable field margins: the need to control agriculturally unacceptable weeds (e.g. Cirsium 
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spp.) without compromising the long-term establishment of beneficial species. The recent 

Countryside Survey of the UK confirms that agricultural changes have favoured tall, competitive 

plants associated with fertile conditions, particularly on field boundaries, at the expense of 

herbaceous perennials such as Lathyrus pratensis and Trifolium pratense (Haines-Young, 2000). 

Such perennials and their associated vegetation communities are favoured by the longer-tongued 

bumblebee species, most of which have shown serious declines and represent an essential 

pollinator compartment (Corbet, 2000). This reinforces the benefits of sowing carefully selected 

perennial mixtures on arable field margins where knowledge of the seed bank for natural 

regeneration is lacking. As we have demonstrated, these mixtures can be established and 

maintained to provide a continuity of forage resources for at least three years with minimal 

herbicide application under a simple cutting regime. It should now be possible to develop rapid 

and cost-effective indicators offield margin quality for bumblebees, which could be identified from 

this, and other research (e.g. Firbank et aI., 2001; Kells et aI., 2001). This approach to monitoring 

will be needed in order for measures that enhance bumblebee populations in arable landscapes to 

be applied across Britain and the rest of Europe. 
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Table 3.1 Bumblebee abundance by species on the different margin types. 

Field margin type ANOVA 2001 

a) Bombus species % of all Natural Tussocky & 

2001 records regeneration Tussocky grass Wildflower wildflower Cropped F 4,8 Sig. level 

B. terrestris/lucorum 15.1 183 ±0.62 b 0.10 ±0.06 a 0.93 ±0.41 ab 0.97 ±0.35 ab Oa 5.52 

B.. iapidarius 49.8 6.53 ±3.51 c 0.27 ±0.27ab 4.20 ±197 be ISO ±O.SI ac 0.170,0.12 a 7.45 *' 
B..pra/arum 0.5 0.07 ±0.07 0.00 0.07 ±0.03 0.00 0.00 102 ns 

B.. pascuarum 22.7 3.23 ±199 b 0.30 ±0.25 a 1.27 ±0.47 ab 0.97 ±0.30 ab 0.00 a 5.91 ** 
B. haria/11m 119 137±0.72 0.23 ±0.19 0.870,0.38 0.53 ±0.26 0.03 ±O.03 3.60 ns 

Field margin type ANOVA 2002 
b) Bombus species % of all Natural Tussocky & 
2002 records regeneration Tussocky grass Wildflower wildflower Cropped F 4,8 Sig. level 

B. terreslrisiiuGorum 7.5 000 0.03 ±003 0.79 ±0.42 0.67 ±0.34 0.00 3.66 ns 

B. iapidarius 54.2 0.00 0.03 ±0.03 6.88 ±3.44 3.76 ±184 0.03 ±0.03 4.65 

B.pr%rum 0.8 0.00 0.00 0.09 ±0.05 0.06 ±0.03 0.00 3.16 ns 

B.. pascuorum 29.2 0.09 ±O.OO 0.12 ±0.12 3.45 ±L73 2.09 ±0.77 0.00 4.87 

B. hortorum 8.3 0.00 0.00 0.94 ±0.69 0.67 ±0.42 0.03 ±0.03 2.47 ns 

Numbers represent mean number of bumblebees per plot, per sampling date, with ± standard errors. 

Means within a row followed by different letters (a, b, c) are significantly different (p<O.05) 

following Tukey's Honest Significant Difference tests. * p<O.05; ** p<O.Ol; *** p<O.OOl; ns, not 

significant. 
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Table 3.2 Abundance of flowers, grouped by various ecological characteristics, on the different 

margin treatments. 

Field margin type ANOVA 2001 

Natural Tussocky & Sig 

a) Flower 'group' 2001 regeneration Tussocky grass Wildflower wildflower Cropped F 4,8 level 

Annuals OA7 ±0.33 ab 0.07 ±0.03 a 2.93 ±O.35 c 2.57 ±0.18 be 1.97 ±0.78 ac 8.63 ** 

Perennials & Biennials 5.77 ±1.18 b 2.03 ±0.95 ab 11.10 ±1.23 c 10.07 ±1.30 c 1.37 ±0.72 a 26.59 *** 

Sown species 0.57 ±0.26 a 0.83 ±0.39 a 12.57 ±1.14 b 10.97 ±0.94 b 0.10 ±0.10 a 105.05 *** 
Unsown species 5.67 ±1.42 b 1.27 ±0.58 a 1.47 ±0.34 a 1.67 ±OA7 a 3.23 ±J.16 ab 5.19 

Bee forage species f 4.73 ±0.94 a 1.60 ±0.78 a 11.73 ±1.58 b 1 OAO ± 1.27 b lAO ±0.68 a 32.25 *** 

Non-bee forage species 1.50 ±0.61 ab 0.50 ±0.29 a 2.30 ±0.15 b 2.23 ±0.09 b 1.93 ±0.59 ab 4.81 * 

Abundance score all flowers 6.23 ±1.31 a 2.10 ±0.97 a 14.03 ±IA7 b 12.63 ±1.24 b 3.33 ±L24 a 24.87 *** 

Species richness of plants in flower 3.80 ±0.76 ab 1.83 ±0.94 a 6.30 ±0.35 b 5.90 ±0.68 b 1.93 ±OA7 a 10.99 ** 

Field margin type ANOVA 2002 

Natural Tussocky & Sig. 

b) Flower 'group' 2002 regeneration Tussocky grass Wildflower wildflower Cropped F 4,8 level 

Annuals 0.09 ±0.05 0.03 ±0.03 2.33 ±0.90 2.52 ±1.06 2.36 ±145 2.88 ns 

Perennials & Biennials 3.27 ±0.52 a 197 ±0.84 a 15.03 ±2.52 b 1300±2A1 b 1.73 ±0.93 a 19.60 *** 

Sown species 0.79 ±0.36 a 1.18 ±0.66 a 16.00 ±3.14 b 14.00 ±3.10 b 0.06 ±006 a 25.73 *** 

Un sown species 2.58 ±0.41 0.82 ±0.19 1.36 ±0.28 1.52 ±0.31 4.03 ±185 2A2 ns 

Bee forage species 1.76 ±0.53 a 1.39 ±0.74 a 11.88 ±3.68 b 10.97 ±3.09 b 1.03 ±0.37 a 10.49 ** 

Non-bee forage species 161 ±0.08 ac 0.60 ±0.12 a 5.48 ±0.43 b 4.55 ±0.33 bc 3.06 ±1.43 ab 7.87 ** 

Abundance score all flowers 3.36 ±0.55 a 2.00 ±0.84 a 17.36 ±3.41 b 15.55 ±3.40 b 4.09 ±1.79 a 14.34 *** 

Species richness of plants in flower 2.52 ±0.44 a 1.61 ±0.63 a 7.18 ±O.82 b 6.61 ±0.99 b 2.94±1.16 a 13.32 *** 

Numbers represent the mean flower abundance score per plot, per sampling date, ± standard errors. 

Letters and significance levels as in Table 3.1. 

64 



Table 3.3 Details of sown mixtures established on the replicated field margin experiment in 1999. 

GRASS AND WILDFLOWER MIXTURE 
Species 
Agrostis capillaris 
Anthoxanthum odoratum 
Briza media 
Cynosurus cristatus 
Festuca rubra spp. commutatus 
Festuca rubra spp. juncea 
Hordeum secalinum 
Phleum bertolonU 
Trisetum jlavescens 
Achillea millefolium 
Centaurea nigra 
Galium verum 
Geranium pratense 
Knautia arvensis 
Lathyrus pratensis 
Leontodon hispidus 
Leucanthemum vulgare 
Lotus corniculatus 
Malva moschata 
Plantago lanceolata 
Primula veris 
Prunella vulgaris 
Ranunculus acris 
Rhinanthus minor 
Rumex acetosa 
Centaurea cyanus 

Total seed rate: 

% of total 
10.0 

1.0 
3.0 

36.0 
10.0 
12.0 

1.0 
5.0 
2.0 
0.5 
0.5 
1.5 
1.0 
1.0 
1.5 
0.5 
1.0 
0.5 
1.0 
2.0 
1.5 
2.0 
2.5 
2.0 
1.0 

<0.1 

37.1 kg/ha 

TUSSOCKY GRASS MIXTURE 
Species 
Dactylis glomerata 
Festuca pratensis 
Festuca rubra spp. commutatus 
Deschampsia caespitosa 
Phleum pratense 
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% of total 
37.5 
35.0 
25.0 
1.25 
1.25 

19.8 kg/ha 



Table 3.4 List of flowering plant species recorded on the field margins in 2001 and 2002. 

Mean flower abundance scores across all treatments are shown. 

Bee (b) or Bee (b) or 
non-bee non-bee 

Score Score (n) forage Score Score (n) forage 
Sown s(!ccies 2001 2002 s(!ccies* Unsown s(!ccies 2001 2002 s(!ccics* 
Achillea millefolium 4.4 4.2 n Anthriscus sylvestris 0.1 n 

Centaurea cyanus 1.1 0.5 b Brassica napus 0.1 0.0 n 

Centaurea nigra 3.0 3.0 b Calystegia silvatica 0.2 0.0 n 

Galium verum 0.1 0.0 n Cerastium fontanum 0.1 n 
Knautia arvensis 0.3 0.3 n Chamerion angustifolium 0.1 0.0 n 

Lathyrus pratensis 1.7 5.3 b Cirsium arvense 2.7 2.1 b 
Leontodon hispidus 0.5 0.4 n Cirsium vulgare 6.2 2.7 b 
Leucanthemum vulgare 12.8 12.7 b Crepis capillaris 1.1 0.3 b 
Lotus corniculatus 11.5 14.1 b Daucus carota 0.9 0.1 n 

lvlalva moschata 0.2 0.7 n Epilobium ciliatum 1.1 0.3 n 

Plantago lanceolata 12.2 n Epilobium hirsutum 2.5 0.8 b 
Prunella vulgaris 4.3 5.3 b Epilobium obscurum 1.0 n 

Ranunculus acris 0.6 2.5 n Epilobium parviflorum 0.3 n 

Rhinanthus minor 9.7 9.2 b Epilobium tetragonum 0.1 n 

Fallopia convolvulus 0.1 n 

Fodder radish 0.2 n 

Galium aparine 0.5 n 

Geranium dissectum 0.1 0.2 n 

Geum urbanum 0.1 n 

Heracleum sphondylium 0.3 0.5 n 

Hypochoeris radicata 1.0 2.3 n 

Lapsana communis 1.0 0.8 b 
Matricaria disco idea 0.5 0.1 n 

Matricaria recutita 1.7 0.9 n 

Myosotis arvensis 0.8 0.5 n 

Papaver rhoeas 0.3 0.8 n 

Persicaria maculosa 0.3 n 

Polygonum aviculare 0.5 n 

Pulicaria dysenterica 0.1 0.1 n 

Ranunculus repens 0.1 0.3 n 

Raphanus raphanistrum 0.3 0.7 b 
Rubus fruticosus 0.1 0.2 n 

Rumex crispus 0.1 n 

Rumex obtusifolius 2.0 n 

Senecio jacobaea 1.7 0.7 b 
Senecio vulgare 0.5 n 

Sonchus asper 0.3 0.2 n 

Taraxacum oificinale 0.1 n 

Trifolium dubium 0.1 0.0 n 

Trifolium hybridum 0.9 0.0 b 
Trifolium pratense 0.9 0.1 b 
Trifolium repens 0.7 1.1 b 
Tripleurospermum inodorum 0.1 0.3 n 

Vicia tetrasperma 0.3 0.9 n 

Viola arvensis 0.4 0.0 n 
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Figure 3.1 Change in total bumblebee abundance on the different margin treatments over three 

years. 
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Figure 3.2 Flower preferences of foraging bumblebees (all species) across all margin treatments in 

each year, for species receiving 30 or more visits in total. 
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Figure 3.3 Flower visits of three bumblebee species during a) 2001 and b) 2002. 

Key to plant species as follows: Cni, Centaurea nigra; Car, Cirsium arvense; Cvu, Cirsium 

vulgare; Lpr, Lathyrus pratensis; Lvu, Leucanthemum vulgare; Leo, Lotus corniculatus; Pvu, 

Prunella vulgaris; Rmi, Rhinanthus minor; Rra, Raphanus raphanistrum; Sja, Senecio jacobaea; 

Thy, Trifolium hybridum. 
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Figure 3.4 Temporal changes in abundance of a) bumblebees in 2001, b) flowers of bumblebee 

forage species in 2001, c) bumblebees in 2002 and d) flowers of forage species in 2002, across the 

different field margin treatments. 

a) Bees 2001 

2,-----------------------------------------------------~ 

2 3 4 
25 June 

b) Forage 2001 

5 6 7 
Visit nuni:Jer 

8 9 10 
24 Aug 

18 ,-----------------------------------------------------------, 
16 

2 3 4 5 6 7 8 9 10 

25 Jun Visit number 24 Aug 

c) Bees 2002 
2,-----------------------------------------------------------, 

2 3 4 5 6 7 8 9 10 11 

27 May Visit nuni:Jer 20 Aug 

d) Forage 2002 

18 ,------------------------------------------------------------, 

2 3 4 5 6 7 8 9 10 11 
27 May Visit nuni:Jer 20 Aug 

-+- Nat Regen --III- Tussocky -7IE- Wildflower --*- Split -A-- Crop 

69 



4. Assessing the value of annual and perennial forage mixtures for 

bumblebees by direct observation and pollen analysis 

This chapter has been published as a paper in the journal Apidologie: 

Carvell, C., Westrich, P., Meek, W.R., Pywell, RF., Nowakowski, M., 2006. Assessing the value 

of annual and perennial forage mixtures for bumblebees by direct observation and pollen analysis. 

Apidologie 37, 326-340. 

Abstract 

The value of introduced seed mixtures in providing forage for bumblebees on farmland was 

assessed by direct observation of individuals and analysis of pollen loads. Two mixtures of 

perennial grasses and wildflowers were compared with an annual mix of mostly seed-bearing crops 

over three years. Foraging bees showed contrasting patterns of visitation depending on species. 

Longer-tongued Bombus species preferred the perennial mixtures in which Trifolium pratense was 

dominant, whilst shorter-tongued Bombus and honeybees, Apis mellifera, visited mainly Borago 

officinalis in the annual mix. These patterns were supported by analysis of pollen loads £i·om B. 

pascuorum and B. terrestris, both species showing a high degree of flower constancy to sown 

species. The relative specialisation of different bee species towards certain plant families, and the 

flowering phenology of seed mix components, must be considered in the design of agri

environment measures to conserve these and other pollinators. 

Keywords: bumblebees/ foraging/ pollen! seed mixture/ restoration 
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4.1 Introduction 

Bumblebees (Bomb us spp.) provide an essential pollination service for many entomophilous crops 

and wild flowers, and are therefore an integral component of agricultural and semi-natural 

ecosystems (Kevan, 1991; Free, 1993). However, evidence suggests that bumblebees have 

declined dramatically across Europe and North America in recent decades (Rasmont and Mersch, 

1988; Kosior, 1995; Buchmann and Nabhan, 1996). Of the assemblage of25 Bombus species in 

the UK, three species have become extinct and several more have shown marked contractions in 

range, four of which are on the UK Biodiversity Action Plan as priorities for conservation 

(Williams, 1982; Anon., 1995). These declines are thought to be largely due to the intensification 

of agriculture, which has also affected many other wild pollinators (Kevan, 1991). Changes in land 

use and agricultural practices have resulted in the loss of both nesting and foraging habitats, in 

particular the abundance of key forage plant species associated with semi-natural habitats (Fuller, 

1987; Corbet et aI., 1991; Haines-Young, 2000). Thus, there is an urgent need to restore and 

maintain habitats of value for bumblebees and other pollinating insects in intensively managed 

agricultural landscapes. This has been recognised at a global level by the launch of the 

International Pollinator Initiative (Dias et aI., 1999). 

Although they can be seen on a number of different flowers, many bumblebee species 

preferentially visit perennials from the Fabaceae, Lamiaceae and Asteraceae such as Trifolium 

pratense, Lamium album and Centaurea nigra (eg. Fussell and Corbet, 1992; Goulson and DarvilI, 

2004). The flowers of certain annuals such as Borago officinalis (borage), Centaurea cyanus 

(cornflower), and Raphanus sativus (fodder radish) can also be attractive to some species (Carreck 

et aI., 1999). Recent developments in European agri-environmental policy have encouraged the 

introduction of such species to uncropped areas on farmland (Marshall and Moonen, 2002). For 

example, in England, legumes (Fabaceae) have been recommended as components of a new option 

for arable land under the Environmental Stewardship Scheme, referred to as the 'pollen and nectar 

flower mixture'. Annual species, such as R. sativus, are often included in mixtures of seed-bearing 

crops under the 'wild bird seed mixture' option to provide winter food and cover for farmland birds 

(http://www.defra.gov.uklerdp/schemes/es/default.htm). 

Uncropped field margins sown with perennial wildflower mixtures have been shown to 

significantly enhance the abundance and diversity of nectar- and pollen-feeding insects compared 

with margins sown with tussocky grass mixtures, conventional crops, treated as conservation 

headlands or ploughed and left to regenerate naturally (Meek et aI., 2002; Carvell et aI., 2004; 

Pywell et aI., 2005). However, the flowering component of these mixtures has not been 

specifically designed to provide the range and succession of forage plants required by bumblebees 

(Bombus spp.). Nectar and pollen are required throughout the colony's active period from late 

April to September, and any gap in flowering due to management actions or flowering phenology 

in components of the sown mixture could be detrimental to colony development. In addition, 
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bumblebees have varying tongue lengths depending on species which, amongst other factors, 

determine their preferences for certain forage plants (Pyke, 1982; Prys-Jones and Corbet, 1991). 

Within species the different sexes may also visit different flowers. Therefore conservation of the 

full bumblebee assemblage (in terms of foraging resources) requires a range of flowers from which 

nectar and pollen are accessible (Ranta and Lundberg, 1980; Harder, 1985). 

The aim of this study was to assess the relative value of three contrasting seed mixtures (all 

available as options under the Environmental Stewardship Scheme) in providing resources for 

foraging bumblebees on an arable farm. Most studies of foraging bees tend to focus on the flower 

visits of individuals observed on localised transect walks, and sometimes note whether nectar, 

pollen, or both are being collected (e.g. Fussell and Corbet, 1992; Goulson and Darvill, 2004). No 

studies to date have examined the value of restored habitats by analysing the composition of pollen 

loads collected by foraging workers, although these can give us useful information about the 

flowers from which they are obtaining pollen, and about their relative importance based on the 

proportion of species in each sample (e.g. Brian, 1951; Westrich and Schmidt, 1986). Bumblebees 

require pollen for their reproduction as it is the sole protein source for developing larvae, and 

recent evidence suggests that adult workers have an ongoing need for pollen throughout their lives 

(Smeets and Duchateau, 2003). It is therefore important to assess whether newly restored habitats 

on farmland are providing this resource, if they are to promote conservation of the bumblebee 

fauna. In this study, we supplemented direct observations of foraging individuals on the three 

sown mixtures with the collection and analysis of pollen loads from two Bombus species, B. 

pascuorum and B. terrestrisllucorum, to represent both the long- and short-tongued species guilds 

respectively. 

4.2 Methods 

4.2.1 Study site and experimental design 

Research was conducted on an intensively managed arable farm of 164 ha, in North Yorkshire, UK 

(Lat. 54°05'N, Long. 0049'W; 40m above mean sea level). This is a demonstration farm which 

aims to show that practical wildlife conservation and profitable farming can be effectively 

integrated (http://www.f-e-c.co.uk). Three seed mixtures were sown along the margin of a large 

arable field on 17th April 2001. Plots were 30m long x 6 m wide, each replicated five times 

following a randomised block design. The treatments comprised two mixtures of native perennial 

grasses and wildflowers (one 'basic' with three herbaceous species and one 'diverse' with 18 

herbs) and one of predominantly seed-bearing cover crops sown annually (Table 4.1). In terms of 

seedbed preparation, plots containing the two perennial mixtures were ring rolled (levelled), and 

those with the annual mixture were ring rolled and harrowed prior to sowing. Subsequent 

management involved an application of slug pellets and insecticide (to control weevils on the 

Trifolium pratense) during the second month of establishment. The perennial plots were cut three 

times during 200 1, with the cuttings removed, to ensure successful establishment, and again in 
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early April and late August 2002. The annual treatments were ploughed and re-sown with the same 

mixture in March 2002 and again in March 2003. 

4.2.2 Bumblebee activity 

During 2001, bumblebee activity was recorded on 24th and 25th July, to obtain preliminary data on 

the use of the different mixtures in the establishment year. In 2002, records were made on 12 

sampling dates between 28th May and 20th August. In 2003, records were made on 7 dates between 

14th May and 11 th August. All sampling was conducted between 0930 and 1700h, and during dry 

weather when the ambient temperature was above 15°C. On each sampling date, transects were 

walked along the centre of all plots, recording foraging bumblebees and honeybees, and the flower 

species on which each bee was first seen, within 2 m to each side ofthe observer. Bombus 

terrestris (L.) and B. lucorum (L.) workers cannot always be reliably distinguished in the field 

(PrSs-Jones and Corbet, 1991), if considered as two species, so were collectively recorded as B. 

terrestrisllucorum. We refer to this species pair as B. terrestris from here. Males were recorded 

separately from females for Bombus lapidarius only, as sex separation of other species in the field 

can be unreliable. The cuckoo bumblebees (subgenus Psithyrus spp. auct.) were recorded together 

as a group for analysis. 

4.2.3 Flower abundance 

In order to gain a measure of forage availability and the success in establishment and flowering of 

sown species, the number of flowers/inflorescences of each plant species present within each plot 

was estimated using a 5-point scale: 1= 1-25 flowers; 2= 26-200 flowers; 3= 201-1000 flowers; 4= 

1001-5000 flowers; 5= > 5000 flowers (as in Carvell et aI., 2004). One flower 'unit' was counted 

as an umbel (e.g. Daucus carota), head (e.g. T pratense), spike (e.g. Ononis spinosa) or capitulum 

(e.g. Centaurea nigra). Plant species nomenclature follows Stace (1997). Flower abundance 

scores were recorded on every sampling date, immediately following bumblebee transects. 

4.2.4 Collection and analysis of pollen loads 

Pollen loads were collected from two species commonly occurring at the study site; B. pascuorum 

(Scopoli) and B. terrestris, on three dates: 10th, 11th and 12th July 2002, approaching the peak of 

colony activity in these species (PrSs-Jones and Corbet, 1991). Within each plot, the first ten 

workers of either B. terrestris or B. pascuorum that were observed to be carrying pollen loads were 

caught. A single complete pollen load was removed from each bee using a fresh cocktail stick, 

whilst the bee was restrained using a marking cage with soft plunger. The Bombus species, flower 

species on which it was foraging, plot number and treatment were recorded on a label which was 

placed with the pollen load in a sample tube, and this was cooled at 5 °C for preservation prior to 

analysis. Weather conditions were noted, but remained fine throughout the three sampling days. 

73 



All pollen samples were processed by mixing and embedding as a thin layer in glycerine jelly and 

mounting on a microslide (Westrich and Schmidt, 1986). Samples were analysed using a light 

microscope to identifY a) the pollen genera and where possible the most likely plant species from 

which they were collected according to the exine morphology and grain size, and b) an estimate of 

the percentage species composition of each pollen load based on a count of 200 grains per sample. 

Species present in trace amounts comprising less than 1 % of a load were regarded as possible 

contamination and were excluded from the analysis. Pollen identifications were made with the aid 

of reference collections and a full list of plant species in flower at the study site during the period 

of pollen collection. Where the determination of pollen types to species level was not possible, 

they were identified to species 'group' or plant family level (e.g. Trifolium repens/ hybridum). 

4.2.5 Data analysis 

Bumblebee and honeybee counts were summed for each year to calculate seasonal averages (ie. the 

mean number observed by direct observation per sample date on each plot). These bumblebee 

means were log-transformed to stabilise the variance prior to analysis. Flower scores of individual 

plant species were also summarised as seasonal averages, giving a mean score per plot. To 

compare the total estimated flower abundance of all species in flower between treatments, species 

abundance scores were expressed as the median value for each range as follows: Score 1 = 13 

flowers; 2 = 113 flowers; 3 = 600.5 flowers; 4 = 3000.5 flowers; 5 = 15000 flowers. These data 

were combined into two variables according to whether species had been sown or un sown in the 

seed mixtures. Differences in bumblebee abundance, flower abundance and species richness 

(number of species in flower) between the three treatments in each year were tested by two-way 

ANOVA, including replicates and treatments as factors. Tukey's Honest Significant Difference 

test was performed on all analyses to assess pairwise differences between the treatments. To 

examine the possible effects of flower density on differences in bumblebee abundance between 

treatments, ANCOVAs were performed with 'total number of flowers per plot' (sown and unsown) 

as the covariate. Changes in flower abundance of key forage species over each sampling season 

were also examined. Standard deviations on the mean flower scores for each date were calculated 

as a measure of continuity in forage supply. 

The data on pollen load composition were assessed in terms of the total number of species 

represented within each load (species richness) and the relative proportions of each plant species 

present. Differences in species richness and percentage of each pollen species per load as sampled 

from the three treatments were tested by two-way ANOVA, again with Tukey's test for pairwise 

differences between treatments. 
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4.3 Results 

4.3.1 Flower abundance 

Many species sown in the mixtures established well during their first year (2001; Table 4.2). By 

2002, all three herb species in plots sown with the basic perennial mix had established, and 12 of 

the 18 herbs sown in the diverse perennial mix were recorded (though not always in flower). The 

two perennial treatments contained a significantly higher number of un sown flowers (annuals such 

as Capsella bursa-pastoris, Matricaria spp. and Myosotis arvensis) than the annual treatment 

during 2001. This proportion of unsown species decreased in 2002, and flower abundance of sown 

species increased, with no significant difference between treatments indicating similar flower 

abundance within each plot (Table 4.2). A similar pattern was shown during 2003, although 

statistical significance was achieved with a higher number of sown flowers in the diverse perennial 

than basic and annual treatments, as expected from the composition of the seed mixtures. 

Flower scores for individual species differed significantly between treatments according to the 

mixtures in which they were sown (Table 4.3). The occurrence of a few flowers in plots where a 

species was not sown is likely to be due to occasional spread of material, including flower heads, 

by machinery during cutting at the end of the season. Of the dominant flowering components, red 

clover, Trifolium pratense had similarly high mean abundance scores in both perennial mixtures, 

whereas borage, Borago officinalis had mean scores of2.5 and 1.9 in 2002 and 2003 respectively 

in the annual mixture. These means (calculated as seasonal averages) are lower than expected 

given the high density of B. officinalis flowers observed, but are explained by changes in flower 

abundance over each sampling season (Figure 4.2). T. pratense flowers were relatively abundant 

on all sampling visits from late May to August, with a relatively low standard deviation on the 

mean scores per plot for each year indicating a continuous forage supply (2002 = 0.7,2003 = 1.4). 

B. officinalis only began flowering around late June, and the results suggest a decrease in flowering 

towards the end of August, with higher standard deviations than T pratense (2002 = 2.1, 2003 = 

2.0). 

Climatic conditions within the region of the study site (Northeast England) were relatively stable 

during the study, with average yearly temperatures of 8.9°C , 9.5°C and 9.6°C and a total rainfall of 

786 mm, 905 mm and 616 mm in 2001,2002 and 2003 respectively 

(http://www.metoffice.com/climate/ukl). These patterns were similar to the UK average, perhaps 

with the exception of a lower rainfall during the winter of 2001-2002. This had no apparent 

detrimental effect on establishment of the seed mixtures. 

4.3.2 Bumblebee abundance 

Six social Bombus species were recorded, representing the assemblage most commonly found in 

the UK. There were significant differences in the total number of bumblebees (altogether 4,925 
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individuals) visiting the three mixtures in all sampling years (see Table 4.2). Abundance was 

highest on the annually sown mixtures in each year, with numbers in the perennial treatments 

increasing as the mixtures established. Honeybees were restricted almost entirely to the annual 

mixture, although numbers fell in 2002 and 2003 (hive density in the surrounding landscape was 

not recorded). Abundance of each Bombus species differed significantly between treatments 

(Figure 4.1). While B. terrestrisllucorum, and B. pratorum (shorter-tongued species) and 

honeybees visited the annual mixture almost exclusively, B. lapidarius (also a relatively short

tongued species) visited all mixtures and was the most commonly recorded species. B. pascuorum 

and B. hortorum (longer-tongued species) preferred the two perennial treatments, but there were no 

significant differences between the number of visits to the basic and diverse mixtures. Few cuckoo 

bumblebees visited the margins, but those that were recorded (Bambus (P.) vestalis and Bombus 

(P.) barbutellus) showed a significant preference for the annual mixture in 2002 only. When the 

'total number of flowers per plot' was added as a covariate to the analysis of differences in 

bumblebee abundance between treatments, there was no significant effect of this covariate, and the 

treatment differences described above were unaffected. Thus bumblebee abundance was 

apparently more strongly related to seed mixture composition than total flower abundance. 

4.3.3 Bee activity 

Patterns of forage plant visitation as recorded by direct observation suggest a preference for Borago 

officinalis flowers by the shorter-tongued bumblebees (B. terrestris and B. pratorum) and 

honeybees, though these visits were restricted mainly to July and August (Table 4.4). The longer

tongued species (B. pascuorum and B. hortorum) showed a preference for Trifolium pratense, with 

visits recorded on all sampling dates from May to August. As suggested by the abundance data, B. 

lapidarius was intennediate in its flower preferences, visiting a range of species but particularly 

Centaurea nigra in 2003. More than 50% of these visits to C. nigra were by males. Of the 

additional species sown in the diverse perennial mixture that were not included in the basic mix, 

only Ononis spinosa was visited more than five times by foraging bumblebees. 

4.3.4 Pollen load analysis 

A total of 149 pollen load samples were analysed; 44 from B. terrestris and 105 from B. 

pascuorum, this difference being due to the tendency for B. terrestris to forage from the annual 

mixture and B. pascuorum from both perennial mixtures. Overall, a high proportion of the pollen 

collected was from plant species sown in the experimental mixtures (88% of all loads in B. 

pascuorum and 73% in B. terrestris) rather than from other farm habitats. Barago officinalis and 

Trifolium pratense were the only two plant species for which the mean percentage per load of 

pollen differed significantly between the three mixtures. They tended to dominate loads sampled 

from the mixtures in which they were sown (Table 4.5). 
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The typical composition of pollen loads collected by each bee species revealed contrasting 

preferences for certain plant species (Tables 4.5 and 4.6). B. terrestris loads contained pollen from 

nine species, but only 32% of loads were of mixed species. Borago officinalis pollen dominated 

70% of samples, often being the sole pollen type present. Pollens from the unsown species 

Papaver rhoeas and Rubusjruticosus were also present in some samples, and, where they occurred, 

constituted up to 90% or 100% of the load. In contrast, B. pascuorum loads represented 13 plant 

species, but contained mainly T. pratense pollen, which occupied a significantly higher percentage 

per load sampled from the perennial than the annual mixtures (Table 4.5). Many of these loads 

were of mixed species (53%), containing additional pollen from Lathyrus pratensis and the unsown 

Trifolium repens/ hybridum and Stachys sylvatica. 

The composition of a bumblebees' pollen load did not always relate to the forage plant species on 

which it had been caught. Of the seven loads from B. pascuorum workers sampled on B. officinalis 

in the annual mixture, only three were dominated by B. officinalis pollen, with others comprising 

mainly Trifolium species (Table 4.5) and one with 90% Linaria vulgaris pollen. The information 

on forage plant preferences that was gained from pollen load analysis is compared with that from 

direct observations during July 2002 in Table 4.6. 

4.4 Discussion 

4.4.1 Annual and perennial mixtures 

This study confirms that British bumblebee species show marked differences in their choice of 

forage plants and highlights some important factors to be considered in the future management of 

habitats for bumblebees in agricultural areas. When annual and perennial flower mixtures 

composed of different species were offered together at the same site patterns of visitation, 

especially for pollen collection, contrasted between bee species. The mixture comprising annual 

seed-bearing crops attracted all six Bombus species, but particularly the short-tongued Bombus 

terrestris/lucorum, and it was virtually the only treatment in which honeybees were recorded. This 

reflected the abundance of Borago officinalis (borage), which has been shown both to dominate 

within annual mixtures and attract short-tongued bumblebees and honeybees in other studies, along 

with the non-native species Phacelia tanacetifolia (phacelia) (Williams and Christian, 1991; 

Carreck et aI., 1999; Walther-Hellwig and Frankl, 2000). Additional species sown in the annual 

mixture (eg. Linum usitatissimum and Melilotus officinalis) contributed little to flower abundance 

or bumblebee diversity, so could be excluded from the mix in future or replaced with other nectar 

rich annuals such as Centaurea cyanus or Vicia sativa which may improve its value for longer

tongued bumblebees. However, the primary function of these annual mixtures as an agri

environmental measure is to provide winter food and cover for seed-eating farmland birds (Stoate 

et aI., 2003). The design of such mixtures could be improved to benefit both groups, by providing 

winter seed for birds and summer pollen and nectar sources for bumblebees and other pollinators. 
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Previous observations of foraging bees on Borago officinalis have indicated that it may be visited 

mainly for nectar and not for pollen (Engels et aI., 1994; Carreck and Williams, 1997), hence 

although agronomically viable in the UK, it may be a less valuable forage species than certain 

perennials. From our results, this was not the case for the short-tongued B. terrestris, as Borago 

officinalis pollen constituted a large part of its pollen diet. However, pollen sampling was only 

carried out during a limited period in July, and our counts of flower abundance showed that during 

both years, B. officinalis flowers were unavailable during May and June, thus restricting bee 

visitation at these times. This suggests that annual mixtures should either be sown sequentially 

(Carreck and Williams, 2002) or include a wider range of forage species to benefit bees and other 

pollinators throughout their individual and colony lifespans. Furthermore, due to its annual nature, 

this option does not allow the establishment of vegetation suitable as nesting habitat for 

bumblebees (Svensson et aI., 2000). 

Treatments containing the perennial mixtures were visited mainly by the two longer-tongued 

bumblebee species, Bombus pascuorum and Bombus hortorum. This reflected the large number of 

Trifolium pratense flowers, particularly in 2002 when the proportion of unsown species in the 

sward had decreased. The lower number of these bumblebees recorded on average in 2003 may 

have been due to the reduction in availability of T pratense flowers from July onwards (Figure 4.2) 

or an increase in forage supply elsewhere within their foraging range, although we cannot account 

for the latter. Bombus lapidarius also visited the perennial treatments to forage mainly on 

Centaurea nigra, T pratense and Lotus corniculatus. These patterns generally follow the well 

documented tendency for bumblebees to utilize flowers with corolla lengths which correspond to 

their tongue length (e.g. Ranta and Lundberg, 1980; Fussell and Corbet, 1992), with B. lapidarius 

showing a tendency to be intermediate in its forage preferences between the longer- and shorter

tongued groups (as in Goulson et aI., 2005). Furthermore, that B. lapidarius males visited C. nigra 

almost exclusively suggests that purely legume-based forage patches may not cater for the 

requirements of both bumblebee sexes. 

The importance of T pratense as a pollen source for B. pascuorum was evident in our study, as 

shown by Brian (1951) in the UK, and Anasiewicz and Warakomska (1977) in Poland. Analyses 

of pollen loads and the pollen collecting behaviour of the rare long-tongued bumblebee species B. 

sylvarum and B. humilis in the UK also revealed a strong preference for pollens from the Fabaceae, 

particularly Trifolium spp. (Edwards, pers. comm.; Goulson and Darvill, 2004). This may reflect 

the nutritional quality of Fabaceae pollen for bumblebees, which is yet to be determined. As the 

need to re-introdllce T pratense to farmland areas and enhance bumblebee populations increases, 

native seed sources are becoming costly and difficult to obtain. Mixtures with agricultural varieties 

of this and other legume species are currently being tested by the authors alongside other agri-
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environmental measures within a multi-site experiment, and show potential to benefit the longer

tongued bumblebee assemblage in particular. 

In terms of the relative value of the 'basic' and 'diverse' perennial mixtures tested in this study, 

both the direct foraging observations and pollen data suggest that the additional species in the 

'diverse' mixture contributed little to bumblebee activity, at least during the first three years of 

development. Lathyrus pratensis may be an important component of sown perennial mixtures as it 

is likely to develop and prolong the value of this restored habitat for bumblebees (e.g. Carvell et aI., 

2004). Considering the costs of native wildflower seed, some other species could be excluded from 

the mix, but a proportion of open-flowered composites (Asteraceae, ego Leontodon hispidus) or 

umbellifers (Apiaceae, ego Daucus carota) should remain to provide resources for other social or 

solitary bees, butterflies and hoverflies (eg. F eber et aI., 1996; Westrich, 1996). In addition, the 

potential for perennial mixtures or other measures to provide early season forage plants for 

bumblebee queens has yet to be realised and requires further investigation. 

4.4.2 Pollen analysis vs direct observation methods 

Differences between the preferred forage plants of B. terrestris and B. pascuorum as identified by 

direct observation were further emphasized by differences in the pollen loads they collected. It is 

not surprising that most of the pollen types identified were from flower species in the sown 

mixtures (eg. B. officinalis and T pratense), as these were the species which bumblebees were 

visiting when caught (as in Yalden, 1982). Still, this highlights the functional importance of the 

introduced mixtures in providing forage resources relative to the existing farmed landscape. A 

high degree of flower constancy during each foraging trip was evident from the many single

species samples, as well as fidelity to the experimental treatments, suggesting that many 

bumblebees were foraging exclusively on the sown mixtures, at least during the peak of colony 

activity. 

Several plant species from beyond the experimental area were present in the pollen loads, including 

Papaver rhoeas, Stachys sylvatica and Rubusfruticosus. That these species had been visited was 

not apparent by direct observation alone. Mapping the locations and flowering times of these 

species relative to the experimental margin would in future allow us to examine farm-scale 

movements of bumblebees, based on the pollen types collected by each individual in a foraging 

trip. Our data also suggest that, in suitable habitats, B. pascuorum may be able to exploit a 

similarly wide range of plant species for pollen as B. terrestris. Although B. terrestris is 

considered the most polylectic of bumblebee species, this may be primarily an artefact of its high 

relative abundance throughout much of Europe (Goulson, 2003). That B. pascuorum has the 

potential to obtain pollen from a wide range of species (although it prefers to specialise on the 

Fabaceae) may explain why it is one of only two longer-tongued Bombus species remaining 

common in the UK (Williams, 1982; Goulson, 2003). 
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4.4.3 Conclusions and implications for bumblebee conservation 

The effects of habitat change in many European agricultural landscapes have resulted in bumblebee 

communities dominated by relatively short-tongued species such as B. terrestris and B. lapidarius 

(Walther-Hellwig and Frankl, 2000; Pywell et aI., 2005). These species may well benefit from 

temporary forage resources such as mass flowering crops, as suggested by Westphal et aI., (2003), 

or annually sown mixtures including Borago ojficinalis, as in this study. However, we argue that 

these foraging resources alone are not sufficient to conserve the full bumblebee assemblage in 

agricultural ecosystems. Perennial forage plants such as Trifolium pratense are highly valuable, 

particularly as pollen sources, for the long-tongued species. These bumblebees are required to 

perform a pollination service that cannot be replaced by short-tongued species or honeybees 

(Corbet,2000). Our study provides useful evidence offoraging by long- and short-tongued 

bumblebee species in habitats created from carefully selected perennial and annual seed mixtures. 

Further research at a larger scale is now required to fully assess the impacts of introduced foraging 

habitats on bumblebee populations, rather than simply on the abundance or activity of individuals. 

In conclusion, we recommend two key factors which should be considered in the design of agri

environmental schemes aiming to conserve bumblebees and other pollinators in agricultural 

ecosystems: i) the relative specialisation of different bumblebee species towards certain plant 

families for nectar and pollen collection, in particular the association of long-tongued species with 

the Fabaceae, and ii) the flowering phenology of species chosen as seed mixture components for 

habitat restoration. 
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Table 4.1 Seed mixture details (* Wildflower seed was of native lowland UK provenance, 

purchased from a commercial seed house) 

Basic Diverse 

Mixture type pereunial perennial 
Annual cover crop 

Grass & Grass & 
wildflower* wildflower* 

Recommended seeding rate 37 kg/ha 37 kglha 5.5 kgfha 

Common name % % Common name % 
Scientific name (UK) composition composition Scientific name (UK) composition 

Centaurea cyanus Cornflower 0.2 Borago officinalis Borage 34 

Centaurea nigra Black Knapweed 2 1.5 Raphanus sativus Fodder Radish 22 

Daucus carota Wild Carrot Linum usitatissimum Linseed 11 

Knautia arvensis Field Scabious 1.5 Sinapis alba Mustard 11 

Lathyrus pratensis Meadow Vetchling 0.5 Melilotus officinalis Yellow-blossom 22 

Leontodon hilipidus Rough Hawkbit I Clover 

Leucanthemum vulgare Oxeye Daisy 2 

Linaria vulgaris Common Toadflax 3 

Lotus corniculatus Bird's-foot Trefoil 3 1.5 

Odontites verna Red Bartsia 0.2 

Ononis spinosa Spiny Restharrow 0.5 

Primula veris Cowslip 0.5 

Pnmella vulgaris Selfheal 0.3 

Silene latifolia White Campion 

Stachys officinalis Betony 

Ranunculus acris Meadow Buttercup 2.5 

Taraxacum officinalis Dandelion 0.5 

Trifolium pratense Red Clover 15 2 

Agrostis capillaris Common Bent 5 5 

Cynosurus cristatus Crested Dogstail 30 30 

Festuca rubra ssp commuata Chewing's Fescue 10 10 

Festuca rubra ssp juncea Slender Red Fescue 20 20 

Poa pratensis Smooth Meadow GraE 15 15 

Number of herb species 3 18 

Number of grass species 5 5 

Total no. of species 8 23 5 
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Table 4.2 Differences in number of bumblebees, honeybees, mean total number of flowers and 

richness of species in flower per sampling date on the three seed mixtures in each year (ns, not 

significant; * P<O.05; ** P<O.Ol; *** P<O.OOl; Means within a row followed by different letters 

are significantly different at P<O.05) 

Basic Diverse ANOVA 

Year Perennial Perennial Annual F 2,8 Sig. 

2001 All bumblebees 5.1 ab 3.8 a 12.5 b 5.5 * 

(July only) Honeybees 0.0 a 0.0 a 17.l b 58.7 *** 

Total number sown flowers 2093.5 a 1578.7 a 15000.0 b 362.1 *** 

Sown species richness 2.0 b 2.4 b 1.0 a 26.0 *** 

Total number unsown flowers 26697.0 b 19430.2 b 143.0 a 17.4 *** 

Unsown species richness 5.6 b 6.4 b 3.0 a 33.9 *** 

2002 All bumblebees 12.6 a 10.8 a 24.9 b 58.5 *** 

(whole season) Honeybees 0.0 a 0.0 a 7.0 b 322.9 *** 

Total number sown flowers 7540.5 6063.5 6245.9 4.1 ns 

Sown species richness 3.1 b 5.2 c 1.5 a 499.1 *** 

Total number unsown flowers 313.3 ab 156.2 a 670.3 b 4.7 * 

Unsown species richness 2.0 1.9 2.2 2.0 ns 

2003 All bumblebees 16.4 a 13.3 a 20.6 b 15.6 ** 

(whole season) Honeybees 0.2 a 0.2 a 4.5 b 71.5 *** 

Total number sown flowers 5133.2 a 11030.1 b 5274.3 a 33.9 *** 

Sown species richness 3.0 b 5.7 c 0.7 a 554.2 *** 

Total number unsown flowers 122.1 79.6 215.8 0.8 ns 

Unsown species richness 1.4 1.3 1.6 0.4 ns 
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Table 4.3 Differences in mean flower abundance scores of sown species per sampling date for the 

three sown mixtures (treatments) in 2002 and 2003. (Figures are in bold where a species was sown; 

ns, not significant; * P<0.05; ** P<O.Ol; *** P<O.OOl; Means within a row followed by different 

letters are significantly different at P<0.05) 

2002 2003 

Basic Diverse ANOVA Basic Diverse ANOVA 

Sown species Perennial Perennial Annual F 2,8 Sig.2002 Perennial Perennial Annual F 2,8 Sig.2003 

Borago officinalis 0.00 a 0.00 a 2.50 b 1800.0 *** 0.00 a 0.00 a 1.91 b 1122.3 *** 

Centaurea nigra 0.65 b 0.58 b 0.00 a 230.2 *** 1.03 b 1.09 b 0.00 a 686.0 *** 

Daucus carota 0.02 a 0.88 b 0.00 a 93.5 *** 0.03 a 0.83 b 0.00 a 69.2 *** 

Knautia arvensis 000 a 0.12 b 0.00 a 5.4 000 a 0.26 b 0.00 a 13.5 ** 

Lathyrus pratensis 000 a 0.10 b 0.00 a 6.0 0.00 a 0.80 b 0.00 a 120.6 *** 
Leucanthemum vulgare 0.15 a 2.15 b 0.00 a 312.8 *** 0.00 a 2.66 b 0.00 a 455.2 *** 

Lotus corniculatus 1.87 b 1.90 b 0.02 a 131.0 *** 2.46b 2.54 b 000 a 1393.3 *** 

Melilotus officinalis 0.00 a 0.00 a 0.65 b 9.9 ** 0.00 0.00 0.11 4.6 

Ononis spinosa 0.00 a 0.60 b 0.00 a 152.5 *** 0.00 a 0.83 b 000 a 8410 *** 

Plantago lanceolata 0.67 b I. 13 c 0.05 a 59.1 *** 0.89 b 1.29 c 0.00 a 99.4 *** 

Pnmella vulgaris 0.03 a 0.38 b 0.00 a 513 *** 0.00 a 0.26 b 0.00 a 23.1 *** 

Raphanus sativus 0.03 a 0.00 a 1.00 b 7Ll *** 0.00 a 0.00 a 1.57 b 93.1 *** 

Silene latifolia 0.28 b 0.20 ab 0.05 a 6.1 0.29 b 0.09 ab 0.00 a 6.2 

Sinapis alba 0.02 a 0.00 a 1.42 b 80.7 *** 0.00 a 0.00 a 1.14 b 213.3 *** 
Trifolium pratense 4.15 b 3.97 b 0.08 a 1156.8 *** 3.09 b 3.09 b 0.00 a 1138.0 *** 
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Table 4.4 Foraging visits of bumblebees and honeybees recorded by direct observation. 

(Plant species receiving fewer than 5 visits in both years were excluded; (s) = species sown in the 

experimental mixtures; Flowering periods refer to presence of flowers across all mixtures for both 

years in half-months as follows: 5.0 = 1-15 May; 5.5 = 16-31 May; 6.0 = 1-15 June; 6.5 = 16-30 

June etc.) 

Bee species (% of total visits to each plant species across all mixtures and all dates within each year) 

Flowering B. terrestris/luc B. lapidarius B.prato/7./m B. pascuorum B. hortorum Honeybees 

Forage plant species period 2002 2003 2002 2003 2002 2003 2002 2003 2002 2003 2002 2003 

Borago officinalis (s) 6.5-8.5 97.6 87.4 6L4 28.2 99.3 93.2 LO 5.7 0.6 98.4 57.7 

Centaurea nigra (s) 7.0-8.5 0.2 8.0 17.4 59.1 2.4 9.0 1.4 6.0 

Cir,ium vulgare 7.0-8.5 0.3 0.8 2.4 0.7 0.4 0.8 

Lotus corniculatus (s) 5.5-8.5 0.2 4.3 2.4 0.9 27.1 0.2 

Ononis spinosa (s) 7.5-8.5 1.5 0.3 LO 7.4 0.6 

Raphanus sativus (8) 60-85 0.3 1.1 4.0 6.9 6.2 0.8 0.8 0.3 12 35.7 

Sinapis alba (s) 6.0-8.5 0.6 

Trifolium pratense (s) 5.0-85 0.9 0.4 6.6 1.4 0.9 92.0 45.2 99.2 98.6 0.2 

Trifolium repens 5.0-8.5 0.6 0.8 3.3 0.9 1.4 4.1 

Table 4.5 Differences in mean species richness of pollen loads and mean % of B. officinalis and T. 

pratense pollen per load sampled from the three mixtures in 2002. (ns, not significant; * P<0.05; 

** P<O.OI; *** P<O.OOI; Means within a row followed by different letters are significantly 

different at P<0.05) 

Basic Diverse ANOVA 
Perennial Perennial Annual F 2,8 Sig. 

B. terrestris Pollen load species richness 0.00 0.60 1.35 3.6 ns 

% Borago officinalis pollen 0.00 a 0.00 a 70.76 b 283.6 *** 
% Trifolium pratense pollen 0.00 0.00 2.22 I ns 

B. pascuorum Pollen load species richness 1.59 1.59 2.14 0.1 ns 

% Borago officinalis pollen 1.02 a 0.00 a 42.86 b 9.9 ** 
% Trifolium pratense pollen 75.53 b 85.41 b 18.57 a 22.3 *** 
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Table 4.6 Comparison of forage plant preferences as derived from pollen analysis and direct 

observation methods. Data represent mean % per pollen load from July 2002 pollen analysis ± SE, 

and % of visits from direct observations during July 2002 only ((s) = species sown in the 

experimental mixtures). 

B. terrestris B. pascuorum 

Pollen analysis Direct observation Pollen analysis Direct observation 

Pollen I Forage plant species n= 44 loads n= 595 visits n= 105 loads n= 562 visits 

Borago officinalis (s) 69.55 ± 6.26 9932 3.30 ± 1.58 1.07 

Centaurea nigra (s) 0.18 

Chamaenerion angustifolium 0.19±0.19 

Cirsium vulgare 0.02 ± 0.02 0.57 ± 0.35 

Hypericum spp. 0.38 ± 0.38 

impatiens glandulifera 0.38 ± 0.38 

Lathyrus pratensis/ Vicia cracca (s) 5.26 ± 1.64 

Linaria vulgaris (s) 0.45 ± 0.45 1.54 ± 0.94 

Lotus corniculatus (s) 0.16 1.68 ± 0.90 0.89 

Papaver rhoeas 10.91 ± 4.20 

Rubus fruticosus 11.36 ± 4.28 1.84 ± 1.02 

Sinapis/ Raphanus (s) 2.02 ± 1.82 

Stachys sylvatica 1.36 ± 1.01 1.37 ± 0.57 

Trifolium pratense (s) 2.27 ± 2.27 75.62 ± 3.17 9698 

Trifolium repens/ hybridum 0.45 ± 0.45 0.50 6.73 ± 1.77 0.89 

Viola arvensis 0.05 ± 0.05 
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Figure 4.1 Abundance of different bumblebee species and honeybees on each forage mixture in 

2002 and 2003. Treatment differences are shown above each species as follows (ANOV A, df = 

2,8): ns, not significant; * P<0.05; ** P<O.Ol; *** P<O.OOl. 
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Figure 4.2 Flowering phenology of red clover, Trifolium pratense (mean of scores from basic and 

diverse perennial mixtures) and borage, Borago officinalis (scores from annual mixture) in 2002 

and 2003. 

5 

4 

3 

.2 2 
Q. 
.... 
<I.) 
Q. 

W 1 
Cf) 

~ 
o 
u 
en 
<I.) 
u 
c 
ro 
"0 
c 
::::J 
.0 
ro .... 
<1.) .. 5 
:s: o 

'i= 
c 
ill 4 
:2 

3 

2 

--@I- Trifolium pratense~ Borago officinalis 

28 6 
May Jun 

11 17 25 
Jun Jun Jun 

14 May 30 May 11 Jun 

8 
Jul 

12 
Jul 

24 Jun 

Sampling date 

90 

16 
Jul 

9 Jul 

26 
Jul 

5 14 20 
Aug Aug Aug 

2003 

28 Jul 11 Aug 



5. Utilisation of pollen resources by bumblebees in an enhanced arable 

landscape 

Abstract 

Pollen is an essential resource for bumblebees, yet this is often overlooked in studies of their 

foraging requirements. The decline of bumblebees across the UK and rest of Europe has prompted 

conservation measures to consider the provision of pollen as well as nectar resources, particularly 

in intensive agricultural landscapes. This study was carried out to investigate the utilisation of 

pollen from different forage plants by two bumblebee species with contrasting ecologies (Bambus 

pascuarum and Bombus terrestrisllucorum) across an enhanced arable landscape. An area of 1.96 

km2
, centred on an arable farm in northeast England, was divided into grid squares of 100m x 

100m. Pollen loads were sampled from foraging workers in eight random squares within the centre 

ofthis grid, and every square was surveyed in detail to map the distribution and abundance of all 

plants in flower. 

The two bumblebee species showed specialization towards pollen from contrasting species. B. 

pascuarum visited flowers of 23 different species to collect pollen, but many loads were dominated 

by species from the Fabaceae, especially Trifolium pratense. B. terrestrisllucarum loads contained 

pollen from 17 species, with fewer mixed loads, and Baraga officinalis was the dominant pollen 

type. The majority of pollen loads of both bee species were dominated by species which had been 

sown in mixtures under the Countlyside Stewardship Scheme. Although several unsown species 

were visited for pollen, they were only present in a few loads and at low proportions, thus pollen 

load diversity was not related to flowering plant diversity within squares. Calculation of a 

pollination probability index (PPI) showed that bumblebees tended to collect largest amounts of 

conspecific pollen from their preferred pollen forage plants (ie. Trifolium pratense, Baraga 

afficinalis). Maps of flower abundance and distribution showed that the study landscape contained 

many diverse patches of flowering plants, particularly of the Fabaceae. Knowledge of the locations 

of these relative to the pollen-sampled squares and composition of pollen loads provided evidence 

of spatial foraging patterns which could not have been gained by field observation alone. 
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5.1 Introduction 

Bumblebees depend heavily on nectar and pollen resources from flowers in order to develop and 

maintain their colonies. Nectar provides a source of carbohydrates for energy, and pollen is the 

colony'S only source of protein and is essential for the development oflarvae. The foraging 

behaviour of bumblebees has been extensively studied, in relation to the energetics of flight 

(Heinrich, 1979), their choice of flower species (Free, 1970; Heinrich, 1976; Ranta and Lundberg, 

1980; Fussell and Corbet, 1992a) and exploitation of patchy resources in the landscape (Osborne 

and Williams, 2001; Goulson, 2003). The majority offoraging studies on flower choice have, 

particularly in recent years, tended to focus on the flower visits of individuals observed on localised 

transect walks. These are likely to reflect the often wide range of plant species visited for nectar, 

but may not identify those species which are particularly important as pollen sources (Ranta and 

Lundberg, 1981; Carvell et aI., 2006; Goulson and Darvill, 2003). 

Analysis of the pollen loads carried by foraging bees can give us useful information about the 

flowers from which they are obtaining pollen, and about their relative importance based on the 

proportion of species in each sample (Brian, 1951; Westrich and Schmidt, 1986). The pollen loads 

collected by bees are good indicators of flower constancy, the tendency to restrict their visits to 

flowers of a single species (Waser, 1986; Ne' eman et aI., 1999). They alsC' provide a useful means 

of comparing the foraging specializations of different bee species, which are apparent at most 

foraging sites due to factors such as differences in tongue length and flower handling ability (Ranta 

and Lundberg, 1980). 

The loss of nectar and pollen sources from the countryside is likely to have been a major factor 

causing the declines suffered by many bumblebee species in the UK (Williams, 1982; Corbet et aI., 

199 I). A recent analysis of change in abundance of selected bumblebee forage plant species during 

the 20th Century found that more than 70% declined in both IO-km range and frequency of 

occupied l-km sample squares (Carvell et aI., 2001). Declining species included Trifolium 

pratense which is often cited as a major pollen source for the rarer bumblebees (Edwards, 2001). 

As bumblebees are key pollinators of many entomophilous crops and native plant species, their 

decline has serious implications for the yields and conservation of these (Corbet et aI., 1991; Free, 

1993). It is therefore critical that habitat restoration measures such as those now available in 

Europe within the agri-environment schemes (Defra, 2002) offer options to restore both nectar and 

pollen resources in order to maintain and enhance bumblebee populations in the agricultural 

landscape. 

Arable field margins sown with wildflower seed mixtures have been shown to significantly 

enhance the local abundance and diversity of nectar and pollen-feeding insects, especially 

bumblebees (eg. Meek et aI., 2002; Carvell et aI., 2004). A preliminary analysis of pollen loads 
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from bees foraging at such margins suggested that each Bombus species may have strong 

preferences for certain flower species in terms of the pollen types it collects (Carvell et aI., 2006). 

Plant species in sown mixtures also constituted a high proportion of most pollen loads, suggesting 

that newly created habitats can have an important functional role in providing pollen as well as 

nectar for bumblebees on farmland. However, the relative value of these, compared to other newly 

created or existing semi-natural habitats on the farm, in terms of providing pollen resources, has 

not been tested. Furthermore, bumblebees are known to forage over wide areas which are likely to 

extend beyond field and even farm boundaries (Osborne et aI., 1999; Goulson and Stout, 2001). 

With this in mind, foraging studies still rarely seek to map the abundance of every species in flower 

within the foraging range of the bumblebees under study. Sampling pollen loads from bumblebees 

foraging at known locations, together with knowledge of pollen availability in the local landscape, 

allows us to assess spatial foraging patterns in such a way that cannot be achieved by field 

observations alone. 

The aims of this study are as follows: 

1. To investigate the utilisation of pollen from different forage plant species by two bumblebee 

species with contrasting ecologies (Bombus pascuorum and Bombus terrestrisllucorum) across an 

enhanced arable landscape; 

2. To record the distribution and abundance of flowering plants in the landscape as a means of 

mapping availability of pollen resources, and 

3. To use pollen load analysis to assess spatial foraging patterns of B. pascuorum and B. 

terrestrisllucorum across the farmed landscape. 

5.2 Methods 

5.2.1 Study area 

This study was conducted on Manor Farm and surrounding farmland, Eddlethorpe, near Malton in 

North Yorkshire (Lat. 54°05'N, Long. 0049'W), over a total area of 1.96km2 (196ha). Manor 

Farm is a modem, intensively managed arable enterprise of 164ha where the 'Manor Farm Project' 

was established in 1998 to demonstrate that practical wildlife conservation and profitable farming 

can be effectively integrated. Many areas of the farm have been enhanced with newly planted field 

margins, blocks or comers either as part of the Countryside Stewardship Scheme or ongoing 

experiments. These provide a variety of flower-rich foraging habitats for bumblebees, together 

with existing semi-natural habitats at field and woodland edges, and a species rich meadow to the 

west of the farm. 
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5.2.2 Experimental design and sampling 

The study area of 1. 96km2 was divided into 196 grid squares, each 100m x 100m (Figure 5.1). The 

sampling of bumblebee pollen loads and mapping of pollen availability were carried out during the 

week of 14th - 18th July 2003. 

Mapping pollen availability 

In order to create a detailed map of pollen availability within the study area, each grid square was 

surveyed to identifY and score all plant species in flower. Flowers were scored according to their 

coverage of the entire square (the 'widespread' score) and then according to their local abundance 

in patches where they occurred in that square (the 'local' score, based on the DAFOR system) as 

follows: 

Widespread flower scores Local flower scores 
1 1-6 % coverage 1 Rare 
2 7-12% coverage 2 Occasional 
3 13-25% coverage 3 Frequent 
4 26-50% coverage 4 Abundant 
5 51-100% coverage 5 Dominant 

Of the 196 grid squares, 154 contained plant species in flower at the time of the survey. These data 

on flower abundance within each square were spatially referenced onto the OS map and sampled 

grid using ArcView GIS 3.2 software, to give a distribution and abundance map for each species in 

flower within the study area. 

Sampling pollen loads 

Pollen loads were sampled from bumblebees within a central area of the larger grid, measuring 

0.36 km2
. A systematic random sample of eight grid squares which contained adequate forage 

resources to attract pollen-collecting bumblebees (either Bombus pascuorum (Scopoli) or B. 

terrestrisllucorum (L.)) was selected (Figure 5.l). This left a minimum distance of 400m (or 300m 

in one case) from any 'pollen-sampled' square to the limit of the pollen availability map. B. 

terrestris and B. lucorum workers cannot be reliably distinguished in the field, so are treated as a 

species pair which is referred to as B. terrestris from here. Within each of the eight squares, the 

first 15 workers of either species encountered with full pollen baskets were caught. A single 

complete pollen load was removed from each bee using a clean cocktail stick, whilst the bee was 

restrained using a marking cage with softplunger. The species of bee, plant species on which the 

bee was foraging when caught and grid square location were recorded on a label which was placed 

with the pollen load in a small sample tube, and this was cooled for preservation prior to analysis. 

For squares in ,,:hich a full sample of 15 workers could not be seen, the observer continued 

searching for up to 60 minutes until no further pollen-collecting bumblebees were encountered, and 

then moved on to the next square. Pollen sampling was undertaken between 10.00hrs and 18.00hrs 

during dry, sunny weather (weather conditions were noted during sampling). 
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5.2.3 Analysis and interpretation a/pollen samples 

Each pollen sample was processed by embedding as a thin layer in glycerine jelly and mounting on 

a micro slide (Westrich and Schmidt, 1986). Samples were analysed using a light microscope to 

identifY a) the pollen genera and where possible the most likely plant species from which they were 

collected according to exine morphology and grain size, and b) an estimate of the percentage 

species composition of each pollen load based on a count of 200 grains per sample. Species 

present in trace amounts comprising less than 1 % of a load were regarded as contamination and 

were excluded from the subsequent data. For each load, any pollen species occupying a proportion 

greater than 50% was defined as dominant. Pollen identifications were made with the aid of 

reference collections and a full list of plant species in flower at the study site during the period of 

pollen collection. Where the determination of pollen types to species level was not possible, they 

were identified to plant family level. 

5.2.4 Data Analysis 

The data were analysed in four stages; firstly, we examined the distribution and abundance of 

different flowering plant species across the study landscape. Secondly, the pollen load 

characteristics of B. pascuorum and B. terrestris were compared by looking at both the number of 

loads in which different plant species were present, and the mean proportion of each pollen species 

per load across all loads. Thirdly, differences between the sample squares in terms of the diversity 

of pollen loads collected by bumblebees, and the relationship between flowering plant diversity and 

pollen load diversity per square were examined. Finally spatial relationships between flowering 

plants and the pollen loads collected by bumblebees were examined. To assign a single flower 

abundance score for further analysis, the relationship between the mean 'local' and 'widespread' 

flower scores per square for each species was examined. Simple linear regression showed these 

two variables to be highly correlated (FJ,163= 1953.52, P<O.OOI, r2 = 0.92), with perhaps a tendency 

for local scores to be higher where species had been sown in field margins or corners. The local 

scores were applied for subsequent analysis as we considered these to be a more biologically 

relevant unit of forage availability to a bumblebee. Several of the analyses involved assessments of 

species diversity which were represented by calculating Simpson's diversity index, taking into 

account both the number and relative proportion of every plant species in a sample, as explained 

below. 

Simpson's diversity index 

The species diversity of each pollen load was represented by calculating Simpson's diversity index 

(Begon et aI., 1990): 
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Simpson's index = 

where S is the total number of species in the poilen load, and Pi is the proportion of the load 

occupied by the ith species. Larger values indicate higher diversity. 

For each of the Bombus species studied, the mean proportion of each pollen type per load across all 

loads was calculated. In order to compare the breadth of the pollen diets of B. pascuorum and B. 

terrestris, Simpson's index was calculated from these means to represent the diversity of pollen 

types collected overall. 

Simpson's index was also calculated for the diversity of plant species in flower in each sample 

square, with S equal to the total number of flowering species in the square, and Pi as the proportion 

ofthe summed 'local' abundance scores occupied by the ith species. 

The diversity (Simpson's index) of pollen loads collected by bumblebees from each forage plant 

species on which those bees were caught was also calculated. These values were compared using a 

one-way ANOVA. Tukey's honest significant difference test was also performed to assess 

differences between species. 

Differences between sampled squares 

Differences in the mean diversity of pollen loads of each Bombus species sampled from each of the 

eight grid squares were tested using a one-way ANOVA, with Tukey's honest significant 

difference test. The effect of flowering plant diversity on pollen load diversity was examined by 

simple linear regressions, with both diversity of all plant species per square and diversity of 

bumblebee pollen forage species per square as explanatory variables. 

Differences betweenjorage plant species 

To examine the relationship between the forage plant species on which a bumblebee was caught 

and the composition of its pollen load, we calculated the Pollination Probability Index (PPJ) as 

proposed by Ne'eman et al. (1999). This index for pollen load analysis aims to reflect flower 

constancy at the pollinator population level, and may also serve as an estimation for pollination 

probability. For each forage plant species on which bumblebees were caught during sampling, the 

mean proportion of conspecific pollen per load was calculated (PCP). The proportion of bees (out 

of the total number observed) carrying conspecific pollen was also calculated for each forage plant 

species (PBP). The pollination probability index was then calculated as follows: PPJ = PCP x PBP. 

The PPJ varies from 0 in cases where bees did not collect any con specific pollen, to 1 in cases 

where all bees collected only conspecific pollen from that particular forage species. 
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Spatial relationships between bumblebee pollen loads and plant species in flower 

The test whether the proportion of a pollen species collected was related to flower abundance of 

that plant species across the whole study area (1.96 km2
) simple linear regression was used. For 

further analyses, we attempted to relate the proportion of each pollen type in the 'average' bees' 

load with flower abundance within a radius of Om (ie. the sample square), 100m, 200m, and so on, 

from where that load was sampled, using regressions. However, problems were encountered in the 

interpretation of these data due to the heterogeneity of the local landscape in terms of flowering 

plant distribution, and small sample sizes for several pollen types. Furthermore, the majority of 

pollen loads contained species flowering in the sample square, so the regression models were most 

significant at a radius of zero metres. 

Further analyses therefore focused on the two preferred major pollen sources for B. pascuorum and 

B. terrestris in our study area: Trifolium pratense and Borago officinalis respectively. A Chi

squared test was used to test for significant differences between the proportion of bumblebees 

carrying each pollen species at different distances from the nearest known flowering patch of that 

plant species. Distances between sampled squares were calculated as centre-to-centre distance to 

the nearest 100m, using Pythagoras calculations for diagonals. 

All statistical analyses were performed using Minitab 13 statistical software (Ryan et al., 2000). 

5.3 Results 

In total, 107 pollen samples were analysed, with a few missing data points due to a lack of pollen

collecting bumblebees at certain forage patches. Workers of Bomb us pascuorum were more 

numerous than Bombus terrestris at the study site, probably as a result of the plant species 

composition of the relevant forage patches being more preferable to the former species. Hence, 79 

pollen samples were collected from B. pascuorum and 28 from B. terrestris. 

5.3.1 The pollen landscape' of Manor Farm 

The distribution and relative abundance of key bumblebee forage plant species in flower within the 

study area during sampling are shown in Figure 5.2. Many species occur along boundary features 

of the landscape such as field margins, particularly where they have been sown on the farm (eg. 

Borago officinalis and Lotus corniculatus). Where they appear to flower in the centre of fields, 

species have often been sown either as part of a wild bird mix (eg. Dipsacus fullonum), a 

wildflower' island' disconnected from the margin (eg. Lathyrus. pratensis) or as part of an organic 

grass ley (eg. T. pratense to the north-west of the sample grid). In total, 165 plant species were 
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recorded in flower across the study area during the sampling week. A full species list of these, 

along with their mean flower abundance scores per square, is given in Appendix 5A. 

5.3.2 Pollen load characteristics of B. pascuorum and B. terrestris 

Pollen load analysis showed that B. pascuorum had visited flowers of at least 23 different species, 

assuming that pollen grains only classified to genus level or of 'unknown' identity were from 

single species (Table 5.1a). Seventy-six per cent of B. pascuorum pollen loads were mixed, but 

many of these mixed loads were dominated by one species. Species from the Fabaceae were 

present in 95% of all loads, notably Trifolium pratense, Lotus corniculatus, Lathyrus pratensis and 

Trifolium repenslhybridum, and where present, these occupied on average between 46% and 70% 

of the load. T. pratense was present in 14 loads at over 90%, and is referred to from here as the 

preferred pollen species for B. pascuorum. Other pollen sources were members of the 

Scrophulariaceae, Lamiaceae and Asteraceae, each present in 17% ofloads (Table 5.la), but only 

on average at between 5% and 30%. Overall, the Simpson's diversity index for the pollen diet of 

B. pascuorum in this study was 6.1. 

Pollen loads from B. terrestris were from 17 species overall, with a Simpson's index of 4.5 

indicating a narrower diet breadth than for B. pascuorum. Thirty-two per cent of the 28 loads were 

of mixed species. Borago officinalis was the dominant pollen source (Table 5.lb), present in 46% 

of loads occupying an average of 87% per load (referred to as the preferred pollen species of B. 

terrestris). Other notable pollen sources were from the Fabaceae (mainly T. repenslhybridum), 

Asteraceae and Dipsacaceae (Dipsacus fullonum) present in 36%, 18% and 11 % of all loads 

respectively. Of the pollen species only present in single loads, Ononis spinosa, Filipendula 

ulmaria and Rubus fruticosus constituted over 50%, and Mentha spp. was the only pollen type in 

one particularly large load. Others, such as T. pratense, Chamerion angustifolium and Arctium 

minus were present at less than 20% of the load. 

In terms of whether pollen sources had been sown on or around the farm in mixtures as part of the 

Countryside Stewardship Scheme or other habitat enhancement, the data show that both bumblebee 

species visited a similar number of un sown and sown species to collect pollen (Tables 5.la and b). 

However, the unsown species tended to be present in only a few loads and at low proportions. 

5.3.3 Differences between forage plant species 

The forage plant species on which a bumblebee was caught during sampling did not necessarily 

relate to the composition of the pollen load carried by that bee (Figure 5.3). There were significant 

differences betw,een the number of B. pascuorum workers caught on a plant species and the number 

of pollen loads in which that plant species was dominant at over 50% (Chi-squared value = 35.68, 

df= 6, P<O.OOI; excluding species with counts less than 5). This difference was not significant for 

B. terrestris (Chi-squared value = 2.53, df= 2, ns). 
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Pollen loads sampled from bees foraging at their preferred pollen species tended to contain a lower 

diversity of pollen types than less preferred species, such as B. pascuorum on Trifolium pratense 

and B. terrestris on Borago officinalis (Table 5.2). This tendency was just not significant for B. 

pascuorum (ANOVA on mean Simpson's index per load sampled from each forage plant species F 

10,68 = 1.91, P = 0.059) but was significant for B. terrestris (F 6,21 = 17.36, P<O.OOl). Furthermore, 

the PCP, PBP and PPI values presented in Table 5.2 were generally highest for the preferred pollen 

species of each Bombus species. 

5.3.4 Differences between sampled squares 

There were no significant differences in the diversity of B. pascuorum pollen loads collected from 

the eight sample squares (ANOVA on Simpson's index; F 7,71 = 1.37, ns). B. terrestris pollen loads 

were of significantly different diversity between the sampled squares (ANOV A F 5,22 == 5.34, 

P<O.Ol), but this appeared to relate more to the presence of Baraga officinalis from which single 

species loads were collected rather than to the overall diversity of forage plants per square. Linear 

regressions showed that there was no significant effect of flowering plant diversity per square, 

either of all plant species or only bumblebee pollen forage species, on the diversity of pollen loads 

of either bee species. 

5.3.5 Spatial relationships between bumblebee pollen loads and plant species inflawer 

Overall, there was a significant positive relationship between the mean proportion of pollen species 

in B. pascuarum loads and their flower abundance across the study area (F 1,17 = 1953.52, P<O.O 1, r2 

= 0.30). This relationship was not significant for B. terrestris pollen loads, suggesting that 

preferred pollen sources of these species were not generally abundant across the landscape. 

For each plant species from which bees collected pollen, counts were made of the number of 

conspecific loads which had been sampled from bees foraging in squares where its flowers were 

absent (Table 5.1 a and b). All squares within which B. pascuarum loads were sampled were within 

200m of the nearest flowering T. pratense patch. However, our data show that of the 27 loads 

containing T. pratense pollen, six were sampled from bees at least 100m from the nearest patch and 

nine were sampled from bees at least 200m from the nearest patch of flowers (Figure 5.4). There 

were significant differences between the proportion of B. pascuarum carrying T. pratense pollen at 

Om, 100m and 200m from the nearest known patch of flowers (Chi-squared value = 30.07, df= 2, 

P<O.OOl). 

All squares in which pollen-collecting B. terrestris were sampled were within 200m of the nearest 

flowering Barago officinalis patch. The majority of loads sampled were from bees within the same 

square as a patch of B. officinalis flowers (ie. at Om), and two loads were from bees in squares at 
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100m from the nearest patch. These differences were significant (Chi-squared value = 15.45, df= 

2, P<O.OOl). 

Further interesting patterns of forage utilisation are revealed by examining the distribution of 

flower species only present in a small number of pollen loads. For example, of the four loads of B. 

pascuorum containing Lamium purpureum, two were sampled at 400m from the nearest patch of 

flowers, and two at 500m from the nearest patch. This is the furthest pollen-foraging distance for 

which we have evidence for B. pascuorum from this study, although of course we cannot be 

certain that the L. purpureum pollen was collected from the flower patches mapped within the 

study area. For B. terrestris, a single load sampled from a worker foraging at Dipsacusfollonum 

contained 100% pollen from Mentha spp., the nearest flowering patch of which was 600m away. 

5.4 Discussion 

The bumblebees in our study area appear to collect the majority of their pollen from a few plant 

species ('majors') and much smaller amounts from many others (,minors', as referred to by 

Heinrich, 1976). This tendency is well recognised in the literature, as is the tendency for the major 

pollen species to differ between bumblebee species (eg. Brian, 1951; Free, 1970; Heinrich, 1976). 

Boinbus pascuorum pollen loads contained an overwhelming amount of pollen from the Fabaceae, 

particularly Trifolium pratense. Brian (1951) found that pollen from T pratense was the major 

constituent of larval cells in B. pascuorum nests in Scotland, and other studies have revealed 

similar preferences for this and other Fabaceae by the longer-tongued Bombus species (Anasiewicz 

and Warakomska, 1977; Edwards, 2001; Carvell et aI., 2006). Bombus terrestris (and B. lucorum), 

both short-tongued species, tended to collect pollen from Borago officinalis, and Trifolium 

repenslhybridum could also be considered a major pollen source as it constituted a high proportion 

of loads where present. Species from the Asteraceae, Dipsacaceae, Rosaceae and an unidentified 

pollen type were present as minors. These preferences to plant family are similar to those 

suggested in other studies, although the species may differ according to local abundance (Brian, 

1951; Carvell et aI., 2006). 

Simpson's index for the diversity of pollen types collected was higher for B. pascuorum (6.1) than 

for B. terrestrisllucorum (4.5), suggesting that at this site B. pascuorum has a broader pollen diet. 

That the index has low sensitivity to sample size (Magurran, 1988) is important here as the greater 

abundance of B. pascuorum led to a larger sample of pollen loads for this species. However, it is 

interesting that these findings compare with those of Goulson and Darvill (2003) who examined the 

flower visits of several bumblebee species across a large area of diverse unimproved grassland and 

found a positive relationship between worker abundance and diet breadth. Even though our results 

come from a relatively small sample of loads from B. terrestris, these are likely to represent the 

100 



behaviour of most individuals. According to Free (1970), bumblebees tend to exhibit day-to-day 

constancy as well as constancy during a foraging trip. Free (1970) also found that although pollen 

collecting behaviour of B. lucorum workers was fairly similar within one colony, workers of 

another colony made different use of the surrounding flora, suggesting that the colony may 

influence an individual's choice of forage. This should be noted when interpreting analysis of 

pollen loads from bees in the field, rather than from the nest. 

The forage plant species on which a bumblebee was caught did not always relate to the 

composition ofthe pollen load carried by that bee, highlighting the value of the pollen analysis 

method in studying bumblebee forage preferences. For example, B. pascuorum was often seen 

foraging at Dipsacus follonum and Prunella vulgaris, yet these species barely featured in the pollen 

loads, so may be visited primarily for nectar. Considering this, it is not surprising that pollen loads 

sampled from the major pollen plants of both Bombus species tended to contain a lower diversity of 

species than those from their minors. Furthermore, the diversity of pollen loads sampled from any 

one square was not related to flowering plant diversity within that square, indicating that pollen 

collection at the local scale does not follow the general tendency for diversity of visited plants to be 

correlated with plant species richness, at least where preferred forage plants are present (eg. 

Carvell, 2002). 

The pollination probability index (PPI) (Ne'eman et aI., 1999) allowed us to examine these patterns 

more closely. The PPI was higher for bumblebees caught foraging at their preferred pollen forage 

plants, suggesting that in the landscape around Manor Farm they may be more efficient as 

pollinators of these plant species than other less favoured pollen source species. Care should be 

taken with the use and interpretation of this index, as bumblebees may not serve as legitimate 

pollinators of all plant species visited for pollen (Westrich, pers. comm.). However, this result 

could have implications for plant conservation. If preferred pollen source species such as T 

pratense are sown as part of a mixture of either native wildflower species (as in the current UK 

Countryside Stewardship Arable option R3 with GX supplement) or agricultural legumes (as in 

Arable option WM2, the pollen and nectar mix; Defra, 2002) they may themselves have a high 

probability of pollination, but may in tum reduce the chances of other species in the mixture or in 

adjacent habitats being pollinated by bumblebees. Further research is required in this area. We 

would expect the average UK farm to support an assemblage of five or six Bombus species with a 

range of flower preferences, along with other insect pollinators, so if chosen carefully then most 

species in a sown mixture could have equal pollination probability. 

The quality of our study landscape for foraging bumblebees, at least during the July sampling 

period, was evident from the mapped abundance and distribution of preferred forage plant species. 

The presence of a species-rich meadow and organic farm to the north-west, combined with the 

network of sown flower-rich habitats on Manor Farm itself make it atypical of the arable landscape 
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of the UK (Meek et aI., 2003). This landscape clearly favours B. pascuarum to a greater extent 

than B. terrestris in terms of available pollen sources (especially during mid to late summer), as all 

four Fabaceae species were sown in several mixtures. It is therefore no surprise that the proportion 

of pollen species in B. pascuarum loads was related to their flower abundance both across the study 

area, and also, for the majority of loads, in the square from which they were sampled. Most 

squares in which T. pratense flowers were absent contained one of the other favoured Fabaceae 

species, although several B. pascuorum pollen loads (15) in these squares contained T. pratense 

pollen, possibly collected from up to 200m away. Further evidence of non-local foraging activity 

in B. pascuorum came from the presence of Lamium purpureum pollen in loads sampled up to 

500m from the nearest known patch of its flowers. Taken together, these results suggest that many 

B. pascuarum workers may have been undertaking short foraging flights with guaranteed rewards, 

thus increasing colony efficiency and fecundity. Some individuals, however, may have been 

travelling larger distances over several fields in order to profit from forage plants in the sown 

mixtures. Our 500m distance concurs with the minimum estimate of maximum foraging distance 

of 449m for B. pascuorum recently found using microsatellite markers by Knight et aI. (2005). 

For B. terrestris, the greater proportion of un sown species collected in pollen loads and lack of 

pollen-foraging workers in several sample squares, suggest that apart from Barago afficinalis sown 

into a seed-bearing mixture for wild birds, enhancement on this particular farm was less favourable. 

B. terrestris and other short-tongued bumblebee species have been less affected than longer

tongued species by the loss of semi-natural habitats in agricultural landscapes (Williams, 1982; 

Edwards, 2001). This may be partly due to their wide foraging ranges, as evidenced here (up to 

600m) and in other studies to be potentially greater than for B. pascuorum (Walther-Hellwig and 

Frankl, 2000; Knight et aI., 2005). B. terrestris also emerge from hibernation early in spring, when 

mass-flowering crops such as oilseed rape can provide valuable forage resources (Westphal et aI., 

2003) which may boost colony development. However, suitable pollen resources must be made 

available to these species throughout their seasonal development, particularly in areas with few 

mass-flowering crops or existing semi-natural habitats. 

In summary, this study has confirmed that bumblebees have clear preferences for certain pollen 

types which vary between species. The distribution and abundance of preferred pollen types across 

a landscape are likely to affect the observed pattern of flower visitation to these and other forage 

plant species. Our approach could be greatly enhanced with knowledge of the nest locations of the 

sampled bees, although these are difficult to find (Fussell and Corbet, I 992b). From the limited 

evidence available, bumblebee colonies do appear to attain larger size and forage closer to the nest 

in areas with a greater density and diversity of suitable flowers (Brian, 1954; Goulson et aI., 2002). 

Thus in an arable landscape with spatially and temporally patchy resources, workers may regularly 

forage at plants separated by hundreds of meters in a single foraging trip, in order to fill their pollen 

baskets. 
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Further research is required to ascertain how pollen species differ in their quality or nutritional 

value for bees, which may be related to protein content (Cook et aI., 2003). Utilisation and 

availability of pollen sources early in the season should also be considered, although at present no 

other study has mapped the local landscape in terms of its pollen resources to this level of detail. 

We stress the importance of considering the pollen requirements of different bumblebee species in 

the design of restoration measures to conserve populations and retain their important pollination 

service across agricultural landscapes. 
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Table S.la Composition of pollen loads collected by Bombus pascuorum (n=79), ranked in 

descending order by the mean percentage of each pollen type per load. 

(s = species sown on the farm; u = species not sown and naturally occurring; b = both sown and 

naturally occurring; note that Trifolium repens and T hybridum pollen types could not be 

distinguised during analysis) 

Number of 
Mean Number loads from 

Sown % of loads squares 
on pollen containin where 

Manor per ±SE g pollen pollen 
Pollen s~ecies or ty~e Family Farm? load mean s~ecies absent 
Trifolium pratense Fabaceae s 22.18 4.28 27 15 
Lotus corniculatus Fabaceae b 21.58 4.23 27 0 
Lathyrus pratensis Fabaceae b 18.78 3.48 32 2 
Trifolium repens/ 
hybridum Fabaceae b 16.65 3.58 25 4 
Rhinanthus minor Scrophulariaceae s 4.44 1.59 13 0 
Unknown Unknown u 2.97 1.71 3 
Vida cracca Fabaceae b 2.59 1.78 3 0 
Ononis spinosa Fabaceae s 1.77 1.30 2 
Stachys officinalis Lamiaceae u 1.65 1.28 9 
Centaurea nigra Asteraceae s 1.50 0.71 10 0 
Lamium purpureum Lamiaceae u 1.46 1.15 4 4 
Dipsacus follonum Dipsacaceae s 0.70 0.52 3 
Chamaenerion 
angustifol ium Onagraceae u 0.63 0.63 0 
Rubus fruticosus Rosaceae u 0.63 0.45 2 2 
Rosaceae type Rosaceae u 0.51 0.51 
Fabaceae type Fabaceae s 0.51 0.51 
Centaurea cyanus Asteraceae s 0.25 0.25 
Geranium spp. Geraniaceae u 0.25 0.25 
Hypericum spp. Hypericaceae u 0.25 0.25 
Lathyrus pratensis/ Vida 
cracca Fabaceae b 0.25 0.25 1 
Prunella vulgaris Lamiaceae s 0.25 0.25 1 0 
Cirsium vulgare Asteraceae u 0.17 0.13 3 
Impatiens gJandulifera Ba1saminaceae u 0.01 0.01 
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Table 5.1b Composition of pollen loads collected by Bombus terrestris (n=28), ranked in 

descending order by the mean percentage of each pollen type per load. 

(s = species sown on the farm; u = species not sown and naturally occurring; b = both sown and 

naturally occurring) 

Number 
of loads 

Number from 
of loads squares 

Sown on Mean 0/0 containing where 
Manor pollen per ±SE pollen pollen 

Pollen s~ecies or ty~e Family Farm? load mean s~ecies absent 
Borago officinalis Boraginaceae s 40.57 9.28 13 2 
Trifolium repens/ 
hybridum Fabaceae b 17.50 7.23 5 
Unknown Unknown u 9.32 4.98 5 
Dipsacus follonum Dipsacaceae s 8.93 5.18 3 f\ 

V 

Centaurea cyanus Asteraceae s 6.43 4.49 2 2 
Mentha spp. Lamiaceae u 3.57 3.57 1 
Lotus corniculatus Fabaceae b 3.32 2.41 2 0 
Ononis spinosa Fabaceae s 2.86 2.86 0 
Cirsium vulgare Asteraceae u 1.96 1.79 2 0 
Filipendula ulmaria Rosaceae u l.79 1.79 1 0 
Rubus fruticosus Rosaceae u 1.61 1.61 0 
M?lilotus altissima Fabaceae u 0.71 0.71 
Trifolium pratense Fabaceae s 0.64 0.64 0 
Impatiens glandulifera Balsaminaceae u 0.36 0.36 1 
Chamaenerion 
angustifolium Onagraceae u 0.18 0.18 0 
Ericaceae type Ericaceae u 0.18 0.18 
Arctium u 0 
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Table 5.2 Simpson's diversity index and calculation of the Pollination Probability Index for each 

forage plant species on which bumblebees were caught. 

PCP = the mean proportion of conspecific pollen in each pollen load 

PBP = the proportion of bumblebees (out ofN caught) carrying con specific pollen 

PPI = the calculated pollination probability index (see section 2.4.2) 

B. pascuorum 

N Simpsons 
Forage plant species caught mean ±SE PCP PBP 
Centaurea nigra 2 2.11 0.89 0.17 0.50 
Chamaenerion angustifolium 1 2.00 * 0.50 1.00 
Dipsacus fullonum 12 1.32 0.11 0.04 0.17 
Lathyrus pratensis 17 1.81 0.27 0.41 0.82 
Lotus corniculatus 14 1.25 0.09 0.62 0.64 
Prunella vulgaris 9 2.33 0.38 0.02 0.11 
Rhinanthus minor 2 1.94 0.84 0.23 1.00 
Stachys officinalis 7 1.38 0.27 0.17 0.86 
Trifolium pratense 9 1.19 0.11 0.76 0.89 
Trifolium repens 3 1.53 0.43 0.80 1.00 
Vida cracca 3 1.03 0.03 0.68 l.00 

B. terrestris 

N Simpsons 
Forage plant species caught mean ±SE PCP PBP 
Arctium minus 1 l.04 a * 0.02 l.00 
Borago officinalis 12 l.Ola 0.01 0.92 0.92 
Chamaenerion angustifolium 1 2.20b * 0.05 1.00 
Dipsacus fullonum 7 l.l6 a 0.14 0.36 0.43 
Lotus corniculatus 2 2.69b 0.31 0.47 1.00 
Ononis spinosa 1 1.49 a * 0.80 l.00 
Trifolium rep ens 4 1.12 a 0.12 0.75 0.75 

PPI 
0.083 
0.500 
0.006 
0.335 
0.396 
0.002 
0.225 
0.146 
0.680 
0.800 
0.683 

PPI 
0.020 
0.840 
0.050 
0.153 
0.465 
0.800 
0.563 

ANOVA on mean Simpsons index per load from each forage plant species; F 10.68 = 1.91, P = 0.059 

for B. pascuorum and F 6,21 = 17.36, P<O.OOl for B. terrestris. Means with different letters are 

significantly different (Tukey's test P<0.05). 
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Figure 5.1 Map of Manor Farm and the surrounding landscape showing the study area within 

sampled grid squares (n=196) and squares selected for pollen load sampling (n=8). 

OS Grid Reference for the south-western corner of the study area is SE763649. 

• 

I,', 
" , , 

Pollen-sampled squares 

Fann buildings 

Woods 
/\ , . 

' . 

109 

. .....1I11III .. ~-~ 
'. 

Roads r 
Field bOlmdaries/tracks North 

Watercourses I 200m I 

© Crown copyright. All rights reserved. 



Figure 5.2 Maps showing the distribution and relative abundance of plant species in flower within 

the study area between 14th - 18th July 2003. Scores relating to the 'local' abundance of flowers in 

patches where they occurred are shown for key bumblebee pollen sources; a) Borago ojficinalis, b) 

Centaurea nigra, c) Dipsacus follonum, d) Lathyrus pratensis, e) Lotus corniculatus, f) Rubus 

jruticosus, g) Trifolium repenslhybridum, h) Trifolium pratense. (s = species sown on the farm; u = 

species not sown and naturally occurring; b = both sown and naturally occurring; see methods 

section 2.2.1 for explanation of flower scores; key to map symbols and scale as in Figure 1) 
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b) Centaurea nigra (s) 
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f) Rubus fruticosus (u) 
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b) Trifolium pratense (s) 
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Figure 5.3 Comparison of forage plant species as observed during sampling with those dominating 

pollen loads for a) B. pascuorum and b) B. terrestrisllucorum. 

(the unknown category refers to pollen loads which contained no dominant species (>50%) or in 

one case which was dominated by an unknown pollen species) 
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Figure 5.4 Relationship between the percentage of Trifolium pratense pollen in pollen loads of 

Bombus pascuorum and distance to the nearest patch of flowering T pratense (each point 

represents the mean % per pollen load sampled from one grid square, ± stand errors). 
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Appendix SA. Species list of plant species in flower within the study area, 14th - 18th July 2003. 

Values represent mean 'local' and 'widespread' scores per square, with standard deviations to 

indicate variability across the site; garden varieties and crops are shown with common names. 

Local Score VVidespread Score 
Flowering plant species Mean StDev Mean StDev 
Achillea millefolium 0.58 1.12 0.34 0.78 
Aegopodiwn podagraria 0.01 0.14 0.01 0.07 
Aethusa cynapium 0.01 0.10 0.01 0.10 
A:Qostemma f!,ithaf!,o 0.01 0.14 0.01 0.07 
Alchemilla mollis 0.01 0.07 0.01 0.07 
Alliaria petiolata 0.01 0.07 0.01 0.07 
Anagallis arvensis 0.02 0.21 0.01 0.07 
Anchusa arvensis 0.03 0.21 0.04 0.33 
Anthriscus sylvestris 0.01 0.07 0.01 0.07 

Arctium minus 0.13 0.51 0.08 0.27 

Ballota nigra 0.01 0.07 0.01 0.07 
Barbarea intermedia 0.01 0.14 0.01 0.07 

Barbarea vulgaris 0.01 0.07 0.01 0.07 
Bellis perennis 0.02 0.23 0.02 0.16 

Baraga officinalis 0.13 0.73 0.05 0.22 

Brassica napus 0.03 0.17 0.04 0.26 
Buddleija davidi 0.01 0.07 0.01 0.07 

Calystegia sepium 0.02 0.12 0.02 0.12 

Cao;stegta silvatica 0.19 0.73 0.07 0.25 
Cmnpanula rotundifolia 0.04 0.28 0.06 0.46 

Capsella bursa-pastoris 0.33 1.02 0.17 0.61 
Carduus nutans 0.04 0.36 0.03 0.30 
Centaurea cyanus 0.27 0.96 0.13 0.50 
Centaurea nigra 0.68 1.25 0.45 1.01 
Chaerophyllum temulentum 0.01 0.14 0.01 0.07 
Chamerion angustifolium 0.79 1.48 0.41 0.89 
Chenopodium album 0.10 0.48 0.04 0.20 

Chrysanthemum sef!,etum 0.02 0.16 0.01 0.10 
Circaea lutetiana 0.08 0.47 0.07 0.38 

Cirsium arvense 1.43 1.63 0.81 1.17 
Cirsium palustre 0.17 0.67 0.14 0.55 

Cirsium vulgare 0.84 1.27 0.72 1.25 

Conium macula tum 0.04 0.28 0.03 0.19 

Convolvulus arvensis 0.01 0.14 0.01 0.07 
Conyza canadensis 0.04 0.30 0.05 0.34 
Crepis capillaris 0.17 0.65 0.15 0.61 

Dactylorhizafilchsii 0.06 0.32 0.10 0.56 
Daucus carola 0.34 1.02 0.21 0.75 
Dipsacus fullonum 0·98 0.54 0.04 0.28 

Echinops sphaerocephalus 0.01 0.07 0.01 0.07 
Echium plantagineum 0.01 0.07 0.01 0.07 
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Cont. Local Score Widespread Score 
Flowerifl!! plant species Mean StDev Mean StDev 
Epilobium ciliatum 0.42 1.11 0.45 1.26 
Epilobium hirsutum 0.52 1.13 0.28 0.64 
Epilobium obscurum 0.15 0.59 0.16 0.62 
Epilobium palustre 0.01 0.14 O.oI 0.07 
Epilobium parviflorum 0.18 0.54 0.39 1.20 
Epilobium tetragonum O.oI 0.07 0.01 0.07 
Erodium cicutarium 0.01 0.07 0.02 0.21 
Eupatorium cannabinum 0.01 0.14 0.01 0.07 
Euphorbia exigua 0.01 0.07 0.01 0.07 
Fallopia convolvulus 0.06 0.39 0.03 0.22 

Filtpendula ulmaria 0.44 1.17 0.23 0.73 

Fumaria officinalis 0.02 0.21 0.01 0.07 

Galeopsis bifida 0.02 0.14 0.05 0.37 

Galeopsis tetrahit 0.06 0.35 0.03 0.17 

Galium aparine 0.20 0.78 0.08 0.34 

Galium uli!!,inosum 0.03 0.24 0.06 0.46 

Galium verum 0.24 0.83 0.15 0.58 

Geranium dissectum 0.04 0.28 0.02 0.14 

Geranium molle 0.01 0.14 0.01 0.14 
Geranium pratense 0.02 0.12 0.02 0.12 
Geranium pusillum 0.03 0.30 0.03 0.30 
Geranium pvrenaicum 0.02 0.16 0.01 0.10 

Geranium robertianum 0.11 0.50 0.09 0.40 

Geranium sp. 0.22 0.71 0.17 0.57 
Geum urbanum 0.03 0.16 0.03 0.16 
Heracleum sphondvlium 0.17 0.53 0.17 0.61 

Hieracium sp. 0.01 0.07 0.01 0.07 

Hypericum pulchrum 0.02 0.20 0.03 0.32 

Hypericum tetrapterum 0.02 0.12 0.02 0.12 

Hypericum sp. 0.04 0.23 0.05 0.34 

Hypochaeris radicata 0.09 0.42 0.16 0.75 
Impatiens glandulifera 0.03 0.26 0.01 0.10 

Knautia arvensis 0.06 0.23 0.07 0.36 

Lamium album 0.04 0.21 0.03 0.17 
Lamium hybridum 0.01 0.14 0.02 0.21 

Lamium purpureum 0.05 0.26 0.05 0.23 

Lapsana communis 0.15 0.52 0.09 0.28 

Lathyrus pratensis 0.48 1.20 0.27 0.75 
Leontodon hispidus 0.02 0.12 0.03 0.30 

Leucanthemum vulgare 0.55 1.09 0.39 0.95 
Ligustnlm ovalifolium 0.02 0.29 0.01 0.07 
Lonicera periclymenum 0.07 0.35 0.04 0.20 

Lotus corniculatus 0.98 1.57 0.55 1.04 

Lotus uliginosus 0.25 0.92 0.15 0.65 
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Cont. Local Score Widespread Score 
Flowerin2: plant species Mean StDev Mean StDev 

Lychnis jlos-cuculi 0.01 0.07 0.01 0.07 
Lysimachia punctata 0.01 0.10 0.01 0.10 

Malva moschata 0.10 0.36 0.17 0.69 

ivIalva svlvestris 0.01 0.14 0.01 0.07 
Malva sp. Garden 0.01 0.07 0.01 0.07 

Matricaria disco idea 0.58 1.27 0.28 0.69 

Matricaria recutita 0.82 1.43 0.36 0.67 
Medicago lupulina 0.02 0.21 0.01 0.07 

Mentha arvensis 0.02 0.17 0.02 0.12 

Mentha aquatica 0.01 0.07 0.02 0.21 

Menthasp. 0.03 0.19 0.03 0.25 

Myosotis arvensis 0.72 1.32 0.40 0.84 

Odontites verna 0.01 0.07 0.01 0.07 

Onobrychis viciifolia 0.02 0.12 0.02 0.12 
Ononis spinosa 0.02 0.12 0.02 0.12 

Papaver arf!:emone 0.01 0.07 0.01 0.07 
Papaver rhoeas 0.63 1.05 0.45 0.82 

Persicaria lapathifolia 0.l3 0.54 0.08 0.34 

Persicaria maculosa 0.54 l.17 0.32 0.76 
Pilosella officinalis 0.01 0.07 0.01 0.07 

Plantaf!,o lanceolata 0.25 0.72 0.24 0.81 

Polyf!,onum aviculare 0.44 1.l4 0.22 0.67 

Potentilla erecta 0.13 0.70 0.11 0.59 

Potentilla (ruticosa 0.01 0.07 0.01 0.07 

P Olentilla reptans 0.04 0.26 0.03 0.16 

Prunella vulf!,aris 0.57 1.23 0.32 0.77 

Pulicaria dysenterica 0.02 0.23 0.01 0.10 

Ranunculus acris 0.22 0.62 0.25 0.87 
Ranunculus flammula 0.01 0.07 0.01 0.07 

Ranunculus repens 0.57 1.09 0.47 1.05 

Raphanus raphanistrum 0.11 0.47 0.07 0.31 

Rhinanthus minor 0.37 1.02 0.28 0.91 

Rorippa nasturtium-aquaticum 0.03 0.29 0.01 0.10 

Rosa sp. (Garden) 0.01 0.07 0.01 0.07 

Rubus fruticosus 0.68 1.l5 0.42 0.75 

Rumex obtusifolius 0.02 0.23 0.01 0.10 

Sambucus nigra 0.06 0.24 0.06 0.24 

Sanguisorba officinalis 0.01 0.07 0.02 0.21 
Scrophularia auriculata 0.16 0.61 0.10 0.39 
Senecio iacobaea 0.48 0.89 0.53 l.19 

Senecio sylvaticus 0.04 0.30 0.04 0.33 

Senecio vulgaris 0.54 1.27 0.47 1.26 
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Cont. Local Score Widespread Score 
Flowerifil! olant soecies Mean StDev Mean StDev 

Silene alba 0.01 0.07 0.01 0.07 
Silene latifolia 0.06 0.24 0.06 0.24 
Silene dioica 0.24 0.66 0.21 0.62 

Silene noctiflora 0.02 0.21 0.01 0.07 
Sinapis arvensis 0.01 0.07 0.01 0.07 
Sisymbrium officinalis 0.05 0.27 0.03 0.17 

Solanum dulcamara 0.01 0.07 0.01 0.07 

Sonchus arvensis 0.19 0.62 0.16 0.54 

Sonchus asper 0.19 0.59 0.14 0.49 

Stachys officinalis 0.14 0.70 0.11 0.59 

Stachys sylvatica 0.35 0.83 0.24 0.64 

Stellaria waminea 0.22 0.87 0.14 0.66 

Stellaria media 0.10 0.56 0.04 0.22 

Symphytum x uplandicum 0.01 0.07 0.01 0.07 
Taraxacum offidnale agg 0.08 0.30 0.10 0.51 

Torilis japonica 0.07 0.37 0.05 0.21 

Tragopogon pratensis 0.01 0.10 0.01 0.10 

Trifolium campestre 0.06 0.34 0.06 0.39 

Trifolium dubium 0.40 1.07 0.22 0.66 
Trifolium hybridum 0.16 0.57 0.12 0.48 

Trifolium pratense 0.70 1.54 0.48 1.18 

Trifolium repens 1.32 1.65 0.81 1.29 

Trifolium rep/hyb 1.48 1.90 0.93 1.48 

Tripleurosp inodorum 0.24 0.75 0.13 0.38 

Verbascum thapsus 0.01 0.07 0.01 0.07 

Veronica persica 0.13 0.59 0.06 0.24 

Vida cracca 0.58 1.25 0.35 0.89 

Vida sativa 0.02 0.16 0.01 0.10 

Vida sepium 0.01 0.07 0.01 0.07 

Vida tetrasperma 0.14 0.65 0.09 0.49 

Viola arvensis 0.34 0.90 0.19 0.57 

Viola tricolor 0.01 0.07 0.01 0.07 

CANTERBURY BELLS Campanuia 0.01 0.07 0.01 0.07 

LINSEED 0.03 0.25 0.02 0.14 

MUSTARD 0.01 0.07 0.01 0.07 

FODDER RADISH 0.03 0.21 0.02 0.12 

POTATO 0.01 0.10 0.01 0.10 

TREE MALLOW 0.01 0.07 0.01 0.07 
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6. Comparing the efficacy of agri-environment schemes to enhance 

bumblebee abundance and diversity on arable field margins 

This chapter has been accepted as a paper in the Journal of Applied Ecology: 

C. Carvell, c., Meek, W.R., Pywell, R.F., Goulson, D. and Nowakowski, M. (in press) Comparing 

the efficacy of agri-environment schemes to enhance bumblebee abundance and diversity on arable 

field margins. Journal of Applied Ecology 

Summary 

1. Declines in abundance and diversity of bumblebees (Bomb us spp.) in Europe have been linked 

to agricultural intensification and the resulting loss of suitable foraging and nesting habitats. 

Environmental Stewardship (ES) is a new scheme in England offering the opportunity to restore 

habitats of value for these important pollinators to agricultural land. Scientific evaluation of 

options prescribed within the scheme is essential to ensure that their objectives are met and that the 

benefits can be realised by the full bumblebee species assemblage. We compared the efficacy of 

different ES options for field margins and arable land to enhance the abundance and diversity of 

flowering resources and foraging bumblebees. Our study was conducted over three years using a 

multi-site experiment. 

2. Overall, uncropped margins sown with mixtures containing nectar and pollen-producing plants 

were more effective in providing bumblebee forage than margins sown with a grass mix, allowed to 

regenerate naturally or managed as cropped conservation headlands. 

3. A mixture of agricultural legumes established quickly and attracted on average the highest total 

abundance and diversity of bumblebees, including the rare, long-tongued species Bombus 

ruderatus and B. muscorum. However, marked differences were observed between species and 

sexes in their responses to margin management over time. 

4. A diverse mixture of native wildflowers, including Trifolium pratense and Centaurea nigra, 

attracted more of the shorter-tongued Bombus species and provided greater continuity of forage 

resources, especially early in the season. Allowing Cirsium spp. to flower on such margins also 

increased their attractiveness to male bumblebees. 

5. Synthesis and applications. Our results suggest that the legume-based 'pollen and nectar 

flower mix', as prescribed under Entry Level Stewardship, can quickly provide a highly attractive 

forage resource for bumblebees, but that issues of seasonal flowering phenology and longevity of 

the mixture need to be addressed. Establishment of 'floristically enhanced margins' under Higher 

Level Stewardship will be important to provide diverse perennial communities of forage plants and 

support a greater range of Bombus species and other pollinators. The population-level responses of 

bumblebees to introduced seed mixtures and other agri-environment options require further study 

in order to maximise the benefits of such schemes in intensively farmed landscapes. 

Key-words: agri-environment, Bombus, bumblebees, arable farmland, forage plants 
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6.1 Introduction 

The intensification of agriculture in Western Europe over recent decades has led to declines in the 

populations of many wild plant and animal species formerly characteristic of farmland (Robinson 

& Sutherland 2002). In order to reverse these declines, the Common Agricultural Policy has 

adopted provisions for EU member states to operate agri-environment schemes (EEC regulation 

2078/92). These cover a range of objectives which differ depending on country or region, but all 

include measures whereby farmers are paid to manage their land for the benefit of particular 

habitats and species (Ovenden, Swash & Smallshire 1998). In England, a new agri-environment 

scheme has recently been adopted which takes forward the two largest existing schemes, 

Environmentally Sensitive Areas (ESAs) and the Countryside Stewardship Scheme (CSS) (Defra 

2005a, 2005b). Environmental Stewardship (ES) represents a commitment of increased funds 

towards environmental protection, with greater rewards for farmers participating at higher levels. 

It is therefore essential that management options within the scheme are subject to scientific 

evaluation such that they are successful in attracting the desired species onto farmland (Kleijn & 

Sutherland 2003; Knop et al. 2006). In this study we assessed the effects ofES options for arable 

land on an important group of pollinating insects, bumblebees, and their forage plants over three 

years using a multi-site experiment. 

Bumblebees (Bombus spp.) are considered important as pollinators due to their roles in enhancing 

the yields of entomophilous crops (Corbet, Williams & Osborne 1991; Free 1993), particularly fruit 

crops (Willmer, Bataw & Hughes 1994) and in maintaining populations of native plant species 

which have been fragmented within the agricultural landscape (Steffan-Dewenter & Tscharntke 

1999). However, many bumblebee species have shown declines in abundance and contractions in 

range across Europe and North America since the mid-twentieth century (Williams 1982; Rasmont 

1988; Buchmann & Nabhan 1996). In the UK, three species have been declared extinct and up to 

half the remaining 22 species are under threat (Edwards & Jenner 2005). 

Their requirements for a season-long supply of pollen and nectar sources and undisturbed nesting, 

mating and hibernation sites make bumblebees susceptible to the effects of intensive farming. 

Changes in management practice, such as the conversion of species-rich hay meadows for silage 

production and the degradation of perennial vegetation in field margins and hedgerows, are likely 

to have had detrimental effects on all Bombus species (Osborne & Corbet 1994). Some species, 

including Bombus sylvarum and Bombus ruderatus, are thought to have been particularly affected 

by the loss of unimproved grassland in the UK (Fuller 1987), and are listed on the Biodiversity 

Action Plan (Anonymous 1999). Suitable management of semi-natural areas where their 

populations persist is a conservation priority (Carvell 2002), but the potential to provide resources 

for these rarer species on farmland requires further investigation. While the more common species 

may benefit from mass flowering crops such as oilseed rape (Brassica napus ssp. oleifera) 
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(Westphal, Steffan-Dewenter & Tscharntke 2003), these temporary forage resources alone are 

unlikely to be sufficient to sustain their colonies throughout the season, or to support the full 

species assemblage in agricultural landscapes. Agri-environment schemes therefore offer an 

important opportunity to restore habitats of value to bumblebees in intensively farmed areas. 

One objective ofthe UK agri-environment schemes is to enhance the abundance and diversity of 

flowering plant species within arable systems through changes in management within or at the 

margins of fields. Field margins are a key feature of agricultural landscapes and there are well 

documented agronomic and ecological reasons why they have become the focus of management 

options within the schemes (Marshall & Moonen 2002; Defra 2005a, 2005b). Margins act as 

buffers to protect hedgerows against pesticide and fertilizer drift, prevent the spread of pernicious 

weeds into crops, and provide important refuge habitats for wildlife (Marshall & Moonen 2002; 

Meek et ai. 2002; Critchley et al. 2004). Initial assessments of these management options 

suggested that the potential benefits for bumblebees were mixed (Kells, Holland & Goulson 2001; 

Kleijn et ai. 2001; Goulson et al. 2002), despite positive effects being recognised for other taxa. 

Conservation headlands, where pesticide and herbicide applications at the crop edge are reduced, 

are more likely to encourage annual plants than perennials and biennials which are the preferred 

forage species for most bumblebees (Fussell & Corbet 1992; Dramstad & Fry 1995; Critchley et ai. 

2004). Uncropped margins left to regenerate naturally may provide suitable forage species on 

some sites but can encourage pernicious weeds such as Cirsium spp. and take several years to 

develop suitable mid-successional communities (Corbet 1995; Carvell et ai. 2004). 

Sowing a mixture of annual or perennial grassland species on arable field margins has been shown 

to overcome some of the above restrictions and significantly enhance the abundance and diversity 

of bumblebees and their forage plants (Carreck & Williams 2002; Meek et ai. 2002; Carvell et ai. 

2004; Pywell et at. 2005). However, these studies have either been conducted at a single location 

or during a single year, where factors such as soil geology, the local Bombus species assemblage, 

climatic conditions and timing in relation to the establishment of field margin habitats may 

influence the outcome. Furthermore, many agri-environment scheme assessments have been 

compromised by a lack of standardised management practices or seed mixtures across study sites, 

caused by variation in farmer expertise and understanding of the desired plant communities (Kleijn 

et al. 2001). Options for field margins and arable land within the new Environmental Stewardship 

scheme in England are accompanied by clear management guidelines involving standard 

agricultural techniques (Defra 2005a, 2005b). They may require greater intervention in the early 

stages to achieve successful establishment (Marshall & Nowakowski 1995), but the outcome is 

likely to better resemble the intended vegetation community and habitat quality for target species, 

and thus achieve the objectives ofthe scheme. To our knowledge, there have so far been no 

comprehensive assessments ofthe effects of these new ES options with standardised management 

prescriptions on any taxon. 
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We present results from a multi-site experiment conducted over three years, in which we tested the 

following hypotheses: 

HI: Field margin management according to different ES options has significant effects on the 

abundance and diversity of flowering resources and foraging bumblebees; 

H2: The effects of margin management on bumblebees and their forage resources change over 

time, between years; 

H3: The effects of seed mixture composition on flowering resources and foraging bumblebees 

change during the season. 

The results are discussed in terms of the efficacy of different ES options in attracting foraging 

bumblebees, and the potential role of agri-environment schemes in enhancing and sustaining 

bumblebee populations on arable farmland. 

6.2 Methods 

6.2.1 Study sites and experimental treatments 

The experiment was conducted at six sites across central and eastern England (Figure 6.1). All 

sites were predominantly arable farms with soil types ranging from clay in the east to sandy or 

variable loams in central and northern locations. At each of the six sites, experimental plots were 

established in September 2001 along two cereal field margins (replicates) within the same field, in 

all cases but one on opposite sides, with an east and west aspect. Plots were contiguous, measuring 

50-m long and 6-m wide. On each replicate margin, plots were managed according to one of six 

treatments detailed in Table 6.1, five of which represented current and forthcoming agri

environment options and one which represented conventional crop management as a control. 

Treatments were randomly assigned to plots at each site, with the exception of the crop and 

conservation headland which were assigned at random to either end of each replicate to enable 

annual farming operations. Details of the seed mixtures used in the three sown treatments are 

given in Appendix 6A. 

6.2.2 Flowering resources 

To gain a measure of forage availability and assess seasonal change in flowering resources within 

treatments, an estimate of the number of flowering units present within each plot was made. This 

was done following each bumblebee transect (see below), from May to late August in the years 

2002, 2003 and 2004. All flowering dicotyledon species were identified in the field (following 

Stace 1997), and the following scores used to describe their abundance: 

1. I - 25 flowers 

2. 26 - 200 flowers 

3. 201 - 1000 flowers 

4. 1001 - 5000 flowers 
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5. more than 5000 flowers (super-abundant) 

One flower 'unit' was counted as a single flower or in the case of multi-flowered stems as an umbel 

(e.g. Daucus carota), head (e.g. Trifolium pratense), spike (e.g. Rhinanthus minor) or capitulum 

(e.g. Centaurea nigra). 

6.2.3 Bumblebee monitoring 

Bumblebee activity was recorded from May to late August, with between six and eleven sampling 

visits to each site in 2002, and nine visits to each site in 2003 and 2004. Bumblebee nests are 

difficult to reliably locate by any standardised sampling method, and techniques to estimate the 

effects of field-scale management on populations were not developed at the start of the study 

(Knight et al. 2005). We therefore used standardised counts of foraging bumblebees visiting 

flowers within the field margin plots to measure the relative attractiveness of treatments and 

potential for forage provision. On each visit, foraging bumblebees were counted along 6-m wide 

transects, with the recorder walking down the centre line of each field margin plot (as in Banaszak 

1980; Carvell et al. 2004). The direction in which margins were walked was varied between visits. 

The plant species on which each bumblebee was first seen foraging was noted. All Bombus species 

were recorded, but Bombus terrestris and Bombus lucorum were collectively recorded, as workers 

of these species cannot be reliably distinguished in the field. Any other individuals that could not 

. be readily identified whilst foraging, such as Bombus muscorum, were captured and examined with 

a hand lens. The different castes (queen, worker, male) were recorded separately for Bombus 

lapidarius only, as sex separation of other species in the field can be unreliable. The cuckoo 

bumblebees (now subgenus Psithyrus, brood parasites ofthe social Bombus species) were counted 

together as a group for analysis. Bumblebee nomenclature follows Prys-Jones & Corbet (1991). 

Transects were carried out between 10.00 and 17.00 when weather conformed to criteria for the 

UK Butterfly Monitoring Scheme (temperature above l3°C with at least 60% clear sky, or 17°C in 

any sky conditions, with no count at all if raining) (Pollard & Yates 1993). The ambient 

temperature, percentage sunshine and wind speed were recorded at the end of each transect walk. 

6.2.4 Data analysis 

Flowering plant abundance scores were expressed as the interval median value for each range, to 

give an estimate of the number of flowering units on each sampling visit, as follows: Score 1 == 13 

flowers; 2 == 113 flowers; 3 == 600.5 flowers; 4 == 3000.5 flowers; 5 = 15000 flowers. These data 

were summed into three variables according to a) whether a plant had been sown as part of the 

experiment, b) unsown and c) whether visited by foraging bumblebees. 

The mean number of flowers, bumblebees and species richness of plants in flower or bumblebees 

recorded per plot, per sampling visit was calculated. This summarised data across the season in 

each year and between replicates at each site. The bee count data were log-transformed prior to 
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analysis to normalise residual variation. Within-year differences between margin treatments in 

summary flower variables, in abundance of the eight most visited forage plants and in abundance of 

each bumblebee species, total bees and species richness were tested by Analysis of Variance 

(ANOVA), including site and treatment as factors (HI). Multiple pairwise comparisons were 

carried out on the means using Tukey's Honest Significant Difference tests. Repeated measures 

ANOVA was performed to test for average treatment effects across all years, and to assess whether 

these changed over time between years (H2). 

Patterns of forage plant visitation by the different Bombus species were examined using Principal 

Components Analysis (PCA) on the proportion of visits by each bee species to each plant species 

averaged over the three years, using Canoco software, version 4.5 (ter Braak & Smilauer 1998). A 

separate PCA was carried out to examine the foraging visits of the different castes of Bombus 

lapidarius. 

To test whether the effects of treatment changed during the season (H3) bumblebee and flower 

means were further summarised according to the early season (May/June) versus mid-late season 

(July/August) sampling visits in each year. A preliminary nested ANOVA was performed on the 

log-transformed bumblebee means to examine the effects of site, treatment, year and season, and to 

test all the two-factor and three-factor interactions containing these terms. As bumblebees were 

most strongly influenced by margins sown with the wildflower or pollen and nectar seed mixtures, 

further analysis on seasonal effects examined just these two treatments. Repeated measures 

ANOV A was used to assess whether the observed treatment effects of seed mixture composition on 

flowering resources and bumblebee abundance differed between the early and mid-late season time 

periods (H3). 

All ANOV A and repeated measures ANOV A analyses were undertaken using SAS 9.1 statistical 

software (SAS Institute Inc. 2004). 

6.3 Results 

6.3.1 Effects of Environmental Stewardship options on flower abundance and species richness 

The field margin treatments established with relative consistency across all six sites, with the 

majority of sown species flowering on atleast one sampling visit by the second, if not the first year. 

Dicot flower abundance and the number of species in flower (richness) varied between treatments 

and years as the vegetation communities developed over time (Table 6.2). All summary variables 

and key bee forage plants showed significant treatment by year interactions, with the exception of 

Cirsium vulgare and Onobrychis viciifolia. The pollen and nectar mixture produced the highest 

total flower abundance in the first year, nearly double that of the wildflower mixture, mainly due to 

the rapid establishment of Trifolium hybridum. This was replaced by Trifolium pratense in 2003 
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and an increasing number of Lotus corniculatus flowers in 2004, with the overall abundance of bee 

forage flowers remaining most constant between years in this treatment. The wildflower mixture 

produced few flowers, particularly of bee forage plants, in its first year, but numbers increased in 

2003 and 2004 as the proportion of unsown species declined and the mixture established its 

perennial nature. Of the sown native species, Leucanthemum vulgare and Achillea millefolium 

achieved the highest mean flower scores at most sites, but only received 0.1 % of foraging visits. 

Flower abundance of unsown species was highest in the annually cultivated natural regeneration 

treatment, though only significantly so in 2002. The most prominent nectar source species in this 

treatment was C. vulgare. The presence of arable weed species was generally suppressed in the 

sown, compared to unsown or cropped treatments. Flower abundance and richness in the 

conservation headland treatment were never significantly higher than in the crop or tussocky grass 

treatment (Table 6.2), highlighting the lack and inconsistency of pollen and nectar sources provided 

by this field margin option. 

6.3.2 Effects of Environmental Stewardship options on bumblebee abundance and species richness 

During the three years ofthe experiment and across all six study sites, a total of 12,462 bumblebees 

representing nine social bumblebee species and at least three cuckoo bee species (subgenus 

Psithyrus) was recorded. These included three species considered rare and declining in the UK, 

Bombus muscorum (at the site in Essex), Bombus ruderatus (in Cambridgeshire and Bedfordshire) 

and Bombus ruderarius (at all sites except in N. Yorkshire and Bedfordshire), as well as the six 

ubiquitous species most commonly observed on farmland; Bombus terrestris and Bombus lucorum 

(recorded together), Bombus pratorum, Bombus lapidarius, Bombus pascuorum and Bombus 

hortorum, which were recorded at all sites. 

Field margins sown with the legume-based pollen and nectar mixture attracted the highest total 

number and species richness of foraging bees in all years, with on average up to 269 times more 

bees recorded in this treatment than in the crop and conservation headlands (Table 6.3). 

Bumblebee abundance was also significantly higher on the pollen and nectar treatment than the 

natural regeneration and tussocky grass treatments in all years. The effects of site were not 

significant, but the overall treatment effects showed significant changes over time. In the natural 

regeneration treatment, total bumblebee abundance and richness decreased in the second and third 

years (2003 and 2004). In contrast, abundance and richness increased in the wildflower margins 

over time, showing no significant difference between this and the pollen and nectar treatment 

during the third year (Table 6.3). Overall, there was a positive correlation between the mean 

estimated number of flowers of bee forage plant species and mean total number of bumblebees per 

plot (Pearson's correlation coefficient 0.81, P<O.OOI; Figure 6.2). 
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At the species level, there were significant differences between margin treatments in abundance of 

the more common Bombus species, although these were not always consistent between species and 

years (Table 6.3). B. lapidarius and B. pascuorum, the most commonly recorded species, were 

significantly more abundant in the pollen and nectar treatment than in all others. In the third year 

B. lapidarius was also recorded in higher numbers in the wildflower margins than in other 

treatments. B. hortorum preferred the pollen and nectar mixture, but in 2003 and 2004 differences 

between this and the wildflower treatment were not significant. B. terrestris, B. lucorum (recorded 

together) and B. pratorum were recorded in lower numbers, and their visits were more evenly 

distributed between the natural regeneration, tussocky grass, wildflower and pollen and nectar 

treatments. The cuckoo bumblebees showed mixed preferences in each year, but with a tendency 

to be more abundant where the flowering seed mixtures were sown. 

The three declining UK Bombus species were generally recorded in low numbers (Table 6.3), and 

significant differences in abundance between treatments were not detected. At sites where they 

occurred, the majority of individuals were recorded in the pollen and nectar, followed by 

wildflower treatment. For example, 98% of all records of B. ruderatus were from the pollen and 

nectar mixture. 

6.3.3 Bumblebee forage plant visitation 

Overall, 40 plant species were visited for pollen and/or nectar, including sown and unsown species. 

For all Bombus species and all years combined, 92% of visits were to just six species: T pratense 

(agricultural and native varieties), T. hybridum, L. corniculatus (agricultural and native varieties) 

and C. vulgare. Patterns of forage plant visitation contrasted between species, as summarised by 

Principal Components Analysis. The first and second components accounted for 86% and 10% of 

variation respectively (Figure 6.3). The first axis separated the group oflonger-tongued Bombus, 

including the rarer species, on the basis of their visits to T. pratense. The second axis separated the 

remaining four social Bombus species which are shorter-tongued and visited mainly T. hybridum, 

L. corniculatus and C. vulgare. The cuckoo bumblebees were placed centrally between these 

groups. A Chi-square test, based on a contingency table with total visits to the top ten forage 

species by the more commonly recorded bee species, confirmed these differences in flower choice 

between bee species (P<O.OOI). 

PCA on the foraging visits of B. lapidarius revealed further contrasts between the different castes 

of this species (Figure 6. 4). The first component accounted for 63% of variation, separating 

queens on the basis of their visits to T pratense. Of these, visits by early queens in May tended to 

be to the native variety in the wildflower mixture and those by the later, newly emerged queens to 

the agricultural variety in the pollen and nectar mixture. The second axis accounted for a further 

21 % of variation and separated workers on association with L. corniculatus, Centaurea nigra and 
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T hybridum and males on the basis of their visits to C. vulgare. A Chi-square test, based on a 

contingency table with total visits to the top ten forage species by each caste, confirmed these 

differences in flower choice between queens, workers and males of B. lapidarius (P<O.OOI). 

6.3.4 Seasonal differences 

Seasonal differences were detected in the effects of seed mixture composition (of the wildflower 

and pollen and nectar mixtures) on flower and bumblebee abundance. When the effects of season 

were added as an interaction term to the nested ANOV A on total bumblebee abundance, the three

factor interaction was not significant (F2,]o = 1.88; P = 0.20), suggesting that the strong treatment 

by season interaction (F],s = 27.45; P<O.Ol) did not vary between years. Data were therefore 

averaged across the three years for the repeated measures ANOV A on seasonal effects. 

Flower abundance of all forage plants grouped showed a significant treatment by season interaction 

(FI,s = 23.l; P<O.OI), with on average more flowers in the wildflower than pollen and nectar 

mixture during May/June, but the pollen and nectar mixture providing more forage during 

July/August (Figure 6.5a). This was reflected in the bumblebee response. Bee abundance was 

significantly greater in the wildflower than pollen and nectar mixture during May/June for B. 

hortorum (F],s = 51.6; P<O.OI) and B. terrestris (F],s = 24.9; P<O.OI), and all the common Bombus 

species were more abundant in the pollen and nectar than wildflower treatment during July/August 

(F 1,5 = 101.8; P<O.OO 1 for total bees, with a significant treatment by season interaction F ],5 = 27.3; 

P<O.O I) (Figure 6.5b). The plant species most influencing these trends were T pratense and L. 

corniculatus, both showing significant effects of season on differences between treatments (F ],5 = 

18.5; P<O.OI and FI,s = 26.6; P<O.OI respectively). The native varieties sown in the wildflower 

mixture began flowering in early May, producing more flowers than the agricultural varieties in the 

pollen and nectar mixture early in the season. This pattern was reversed during July/August when 

the agricultural varieties reached peak flowering (Figure 6.6). 

6.4 Discussion 

The management of arable field margins according to different options under Environmental 

Stewardship (ES) had significant effects on bumblebees and their forage plants, confirming our 

first hypothesis. These effects were consistent across the six farms on which the experiment was 

conducted. Uncropped margins sown with a mixture containing four agricultural legume species 

attracted on average the highest abundance and diversity of bumblebees, including rare species. 

However, marked differences were observed between bumblebee species and amongst the sexes 

within species in their responses to margin management, which can be explained in part by 

differences in their foraging preferences. Our assessment of changes in flower abundance also 

revealed seasonal differences in forage provision, and significant changes in the composition of 
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flowering plant species over three years depending on management option and seed mixture 

composition, confirming our second and third hypotheses. These results are discussed in terms of 

the potential role of different ES options in enhancing and sustaining bumblebee populations on 

arable farmland, both at the Entry Level (ELS) (Defra 2005a) which is open to all farmers and the 

Higher Level (HLS) (Defra 2005b) which offers greater rewards to land managers for the delivery 

of a wider range of biodiversity benefits on targeted sites such as those with existing high priority 

environmental features. 

Removing arable field margins from the cropping system can potentially provide increased forage 

resources for bumblebees, as well as a greater diversity of habitats for other invertebrates (Feber, 

Smith & Macdonald 1996; Meek et al. 2002; Asteraki et al. 2004). Whilst conservation headlands 

may encourage more annual plants than a conventionally managed crop (Critchley et af. 2004), our 

results showed that this did not translate to an overall increase in either flower abundance and 

richness of species in flower or the number and species of bumblebees recorded. Allowing natural 

regeneration on uncropped cultivated margins is a relatively simple management option which 

could achieve widespread uptake within the ELS and HLS schemes, creating opportunities for rare 

arable plants (Bill Meek, unpublished data). However, bumblebee and forage plant abundance 

were only significantly higher on this option than on cropped margins during the first year after 

establishment, despite the occurrence of Cirsium vulgare which was attractive to the shorter

tongued species, and particularly male Bombus lapidarius. It is possible that bees were less likely 

to visit this treatment when greater floral rewards were present in adjacent field margin plots. 

When tested in isolation, naturally regenerated margins can provide enhanced foraging habitat 

when compared to conservation headlands (Kells et af. 2001). In general though, this management 

option is unlikely to provide a sufficient density or diversity of bumblebee forage resources unless 

injurious weeds such as Cirsium spp. are allowed to persist, which carries agronomic problems, or 

vegetation is left uncultivated and a perennial sward established over time (Carvell et af. 2004). 

Sowing a mixture of perennial grass and wildflower or legume species has clear advantages in 

terms of further enhancing the quality of arable field margins for bumblebees. The positive 

response of different species to increased densities of their preferred forage plants has been well 

documented, both in semi-natural and agricultural landscapes (e.g. Dramstad & Fry 1995; 

Backman & Tiainen 2002; Carvell 2002). Our study suggests that it is the composition and 

seasonal flowering patterns of seed mixtures which are the most important factors influencing the 

abundance and diversity of bumblebees attracted to ES options for sown margins. 

The 'pollen and nectar flower mixture', containing at least three legume species (at 20% ofthe 

mix) and non-aggressive grasses (at 80%), can be sown on arable field margins or set-aside land 

under both ELS and HLS schemes (Defra 2005a). This option may be of high conservation value 

for some of Britain's rarer bumblebees as the legume component attracted three species not 
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commonly recorded on farmland; the Biodiversity Action Plan (BAP) species Bombus ruderatus, 

confirming preliminary observations by Pywell et al. (2005), and two species proposed for 

inclusion in the UK BAP, B. muscorum and B. ruderarius (Stuart Roberts, pers. comm.). However, 

this seed mixture had several shortcomings as a means of providing sustained forage throughout the 

season. The low abundance of flowers during May and June implied that it would not fully cater 

for bumblebee colonies in the early stages of their development. The use of alternative varieties of 

Trifolium spp., or changes in the cutting management of such margins could be investigated in 

order to extend their flowering time. Also, despite establishing quickly and flowering well in the 

first two years, the results suggested a reduction in flower abundance of the two Trifolium species 

in the pollen and nectar mixture along with a decrease in bee density in the third year. Re-sowing 

may therefore be necessary as the grass component of the mixture becomes dominant. 

Furthermore, the legume species tested in our study did not appear wholly suitable as forage plants 

for the shorter-tongued species (e.g. B. terrestris or B. pratorum) or more specifically for males 

(e.g. B. lapidarius). An additional ELS option, the 'wild bird seed mixture' (EF2) offers the 

opportunity to sow appropriate forage plants, such as Borago officinalis, for these species, and 

could complement the pollen and nectar mixture if established on other parts ofthe farm (Defra 

2005a; Carvell et al. 2006). 

Sowing a more diverse mixture of native wildflowers (at 20% of the mix) and non-aggressive 

grasses (at 80%) on arable margins or set-aside land is an option available under the HLS scheme 

(Defra, 2005b). Our results suggest that despite, on average, a lower density of bees and forage 

flowers, this option has the potential to cater across the whole season for a wider range of species 

than the pollen and nectar mixture as currently prescribed. This observation is supported by a 

study of bumblebees on field margins in Finland, where although bee density was strongly related 

to margin width and flowering of the most visited forage species, Trifolium medium, species 

diversity did not follow this pattern and was only enhanced with the presence of plant species such 

as Knautia arvensis and Galeopsis speciosa (Backman & Tiainen 2002). As well as Trifolium 

pratense and Lotus corniculatus, the mixture we tested contained species from the Asteraceae such 

as Centaurea nigra, which were attractive to both sexes of the shorter-tongued Bombus species. 

These additional plant species are likely to enhance the value of field margins for other pollinators 

such as solitary bees and butterflies (Feber, Smith & Macdonald 1996; Westrich 1996). 

Agronomically, the wildflower mixture did not fully establish until its second year, but the 

resulting perennial vegetation is likely to persist over a five to ten-year timescale (Pywell et al. 

2002). The native legume varieties sown here flowered significantly earlier than their agricultural 

equivalents, attracting the longest-tongued species, Bombus hortorum, as well as queens of B. 

lapidarius, for wtlich other resources on farmland are often scarce in the early summer. By sowing 

both varieties in the same mixture, season-long forage could be provided. However, the 

implications for competition between species and conservation of genetic diversity within species 
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require further consideration if native and agricultural cultivars are to be sown together (Walker et 

al.2004). 

The tendency for bumblebees to show species-specific preferences for certain flowers or plant 

families, as demonstrated in this study, has been well recognised (Heinrich, 1976). Although we 

did not differentiate between pollen and nectar collection, evidence from other studies suggests that 

it may be the high value of legume (Fabaceae) pollen to the longer-tongued species, especially 

those founding colonies relatively late in the season, which accounts for their large number of visits 

to T. pratense and other Fabaceae (Brian 1951; Goulson & Darvill 2004; Carvell et al. 2006). This 

apparent specialisation on plant species which have declined in the countryside, combined with 

proximity to their European range edges, may be the principal cause of rarity and decline in British 

bumblebees (Goulson et al. 2005; Williams 2005). Thus by restoring legume-rich habitats in 

arable areas the assumption is that rare species can benefit within their range, as evidenced here. 

However, Williams (2005) highlights some of the problems associated with comparing forage plant 

preferences, as they depend on the abundance of each bee species and availability of each forage 

plant at particular study sites. The consistent management of treatments across our six sites 

ensured that flower abundances of forage species were similar, although the Bombus species 

assemblages differed depending on region. In this case the Principal Components Analysis, which 

acc.ounted for a high percentage of variation in visitation patterns, described the contrasts in forage 

use between bumblebee species and explained the observed differences in their abundance between 

ES options. 

Having gained evidence of the field-scale effects of different margin management options on 

bumblebees and their forage plants, the question remains as to how these effects might translate to 

the landscape-scale. Habitat heterogeneity has been reduced by intensification in agricultural 

landscapes at a range of spatial scales, with consequences for many taxa (Benton, Vickery & 

Wilson 2003; Tscharntke et af. 2005). Agri-environment schemes do not currently promote habitat 

heterogeneity as a stated aim. However, the potentially widespread establishment of options such 

as the pollen and nectar mixture under Entry Level Stewardship, interspersed with fewer but high 

quality diverse wildflower mixtures under Higher Level Stewardship, is likely to significantly 

enhance the heterogeneity and quality of the English lowland landscape for bumblebees. The 

relatively large foraging ranges of many species may enable them to exploit these new habitats, at 

least at the fann-scale (Osborne et al. 1999; Steffan-Dewenter et al. 2002; Knight et af. 2005), 

although the dispersal abilities of bumblebees are still poorly understood. Furthennore, we did not 

assess the use of different ES options as nesting sites due to the difficulty of locating nests of all 

species, and the 'limited total area under study. The tussocky grass mixture tested here is likely to 

provide suitable nesting habitat if left undisturbed (Kells & Goulson 2003), but interactions 

between the nesting and foraging components of introduced habitats require further investigation. 

It is also important that more direct measurements of colony density (Chapman, Wang & Bourke 
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2003; Knight et al. 2005) are employed to assess whether the abundance and species richness 

benefits shown in this study translate to increased population density and persistence of bumblebee 

species in enhanced agricultural landscapes. 

Conclusions 

This study provides the first comprehensive assessment of the effects of different management 

options for arable land as prescribed under the new Environmental Stewardship scheme on a high 

profile group of insects. As predicted, uncropped margins sown with mixtures containing nectar 

and pollen-producing plants were more effective in providing bumblebee forage than margins sown 

with a grass mix, allowed to regenerate naturally or managed as conservation headlands. Our 

results suggest that uptake of selected options within Entry Level Stewardship in England could 

have a positive impact on bumblebees, including species of conservation concern. As with all such 

agri-environment initiatives, factors such as temporal variation in resource provision within the 

period of insect activity, and longer-term value as newly established vegetation communities 

change over time must be considered in the design of management guidelines. Additional options 

within Higher Level Stewardship are likely to be important in meeting these needs. Environmental 

Stewardship therefore provides a mechanism for enhancing the currently impoverished Bombus 

assemblages of intensively managed landscapes, and potentially facilitating the pollination of 

certain crops and wildflowers, though these associations have yet to be tested directly (Ghazoul 

2005). The popUlation-level responses of bumblebees to introduced seed mixtures and other agri

environment options still require better understanding in order to maximise the benefits of such 

schemes in intensively farmed landscapes. 
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Table 6.1 Arable field margin treatments and management details with corresponding agri-environment scheme options. 

* under the prescriptions, selected herbicide application is permitted only to control pernicious weeds or invasive alien species (Defra, 2005a, 2005b). 

Experimental 
treatment 

Crop 

Conservation 
Headland 

Natural 
Regeneration 

Tussocky grass 
mixture 

Wildflower 

mixture 

Pollen and nectar 

mixture 

Abbreviation Description 

Crop 
Conventional arable crop management 
(the control) 

Cons head 
Arable crop managed to encourage 
broad-leaved annuals on 6 m margin 

Uncropped 6 m margin cultivated to 
Nat regen 

encourage rare annual plants 

6 m margin sown with 5 tussock 
Grass 

forming grass species at 20 kg ha· 1 

6 m margin sown with 21 native 

Wildflower wildflower species and 4 fine grass 

species at 37 kg ha ·1 

6 m margin sown with 4 agricultural 

Pollen & nectar legume species and 4 fine grass species 

at 20 kg ha·1 

Agri-Environment Scheme Options 

Management 

Managed as rest of the field in cereal crop 
rotation 

Sown with cereal crop as rest of field; herbicide 
and insecticide application restricted * 

Cut early September every year; cuttings left; 
lightly cultivated in late September every year; 
no herbicide, pesticide or fertiliser * 

Sown in September 200 I; cut in May and 
September 2002; uncut thereafter; no herbicide, 
pesticide or fertiliser * 

Sown in September 2001; cut in May and early 

2002 Countryside 2004/5 Entry Level 

Stewardship Scheme Stewardship (ELS) 

N/A N/A 

CHI EF9 

R3 with natural 
regeneration 

EFII 

R3 with sown grass 
mixture 

EE3 

September 2002 then only in September 2003/4; R3 with OX 
EE3 

cuttings removed; no herbicide, pesticide or supplement 

fertiliser * 

Sown in September 200 I; cut in May and early 

September 2002 then only in September 2003/4; WM2 
cuttings removed; no herbicide, pesticide or 

EF4 

fertiliser * 
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2005 Higher Level 
Stewardship (HLS) 

N/A 

N/A 

HF20 

N/A 

HEIO 

HElD 



Table 6.2 Means and test statistics (ANOY A) for treatment differences in flower abundance and richness. 

Yalues represent the mean estimated number of flowers or plant species in flower (richness) per plot (50 x 6-m), per sampling visit, averaged across the six 

sites. Individual species are those which received the highest percentage of foraging visits, presented in decreasing order from the left (AG = agricultural 

legume, NAT = native variety). Calculation of 'Total bee forage species' included all 40 plant species visited. 

ns = not significant; *P<O.05; **P<O.OI; ***P<O.OOI. 

2002 

2002 ANOVA 

2003 

2003 ANOVA 

2004 

2004 ANOVA 

Field margin 
treatment 

Crop 

Cons head 

Nat regen 

Grass 

Wildflower 

Pollen & nectar 

F 5,25 

Significance 

Crop 

Cons head 

Nat regen 

Grass 

Wildflower 
Pollen & nectar 

F 5,25 

Significance 

Crop 

Cons head 

Nat regen 

Grass 

Wildflower 
Pollen & nectar 

F 5,25 

Significance 

Repeated measures Treatment 

ANOVA F In,50 Year 

Year x Treatment 

Trifolium 
pratense 
AG 

0,0 b 

0,0 b 

0,2 b 

OA b 

0,0 b 

917,8 a 

93,64 

*** 

00 b 

0,1 b 

0,5 b 

2.7 b 

0, I b 

4091.8 a 

12,53 

*** 
0,0 b 
0,1 b 

1. 9 b 

IA b 
0,0 b 

2183A a 
6,06 

*** 

18,87*** 

4,20 * 
4,19*** 

Trifolium 
hybridum 

0,0 b 

0,0 b 

0,2 b 

2,5 b 

8,8 b 

4143,5 a 

29,06 

*** 
0,0 b 

0,0 b 

l.8b 
7,3 b 

42,3 b 

1274,9 a 

7.49 

*** 
0,2 b 

2,5 b 

3,2 b 

23,2 b 

267,2 ab 

1182,9 a 
3,55 

** 
20,54 *** 

10,46 *** 

12,06 *** 

Lotus 
corniculatus 
AG 

0,0 b 
0,0 b 

0,3 b 

0,5 b 
0,0 b 

1327,2 a 

8,03 

*** 

0,2 b 

0,0 b 

0, I b 

5,8 b 

1.0 b 
866,7 a 

7,52 

*** 

0,1 b 

0,2 b 

OA b 

4,3 b 
0,0 b 

2214,9a 

11,65 

*** 
15,91 *** 

2,82 ns 

2,82 ** 

Cirsium 
vulgare 

0,2 

0,0 

39,6 

10,0 
4,8 

3,0 

2,15 

ns 

0,5 

0,1 

28,0 

30,2 

47,2 

53,6 

1.12 

ns 

0,5 b 

0,0 b 

30,9 a 

8,7 ;:b 

lOA ab 

11.6 i1b 
2,66 

* 
,94 ns 

3,17 ns 

1,02 ns 

Trifolium Lotus 
pratense 
NAT 

0,0 b 

0,0 b 

0,2 b 

0,3 b 

281.0 a 

0,0 b 

9,58 

*** 

00 b 

0,0 b 

0,1 b 

0,5 b 

2519,1 a 

00 b 

10,69 

*** 

0,0 b 

0,0 b 

0,2 b 

0,7 b 

562,9 a 

5,6 b 
11.98 

*** 
12,52 *** 

9,06 * * 

9,08 *** 

139 

corniculatus Centaurea 
NAT 

0,0 b 
0,0 b 

0,7 b 

0,7 b 

140,6 a 

0,0 b 

19,87 

*** 

0,0 b 

0,0 b 

0,2 b 

0,5 b 

1527,9 a 

0,0 b 

6,13 

*** 

0,0 b 

0,1 b 

0,0 b 

7,8 b 

2954A a 

l.lb 
3,23 

*** 
10,67 *** 

10,65** 

10,58 *** 

nigra 

0,0 b 

0,0 b 

00 b 

00 b 
8,3 a 

0,0 b 

4,88 

** 

OA b 

0,0 b 

0,2 b 

0,5 b 

46,1 a 

OA b 

8.49 

*** 

0,0 b 

0,0 b 

0,5 b 

l.3b 

75,0 a 

0,1 b 

33,04 

*** 
24AO *** 

11,69*** 

10,91 *** 

Onobrychis 
viciifolia 

0,0 b 

0,0 b 

0,0 b 

0,0 b 

1.2 b 

16,6 a 

4,37 

** 

0,0 b 

0,0 b 

00 b 

OA b 

2A b 

71A a 

2,98 

* 
0,0 b 

0,0 b 

0,0 b 

0,0 b 

4,2 b 

30,7 a 
5,17 

** 
3,82 * 
2,32 ns 

2,24 ns 

Total bee 
forage 
species 

7,7 b 
210,5 b 

919,6 b 

342, I b 

750,8 b 

6528 A a 

33,76 

*** 

328,6 b 

333,5 b 

220,6 b 

171.9b 

4321.6 a 
6375,0 a 

15,17 

*** 

577,9 b 
542,5 b 

523,8 b 

153,7 b 

4241.9 a 

5708A a 
14,68 

*** 
33,51 *** 

1,88 ns 

3,09 ** 

Sown 
species 

0,3 c 

0,0 c 

13,9 c 

10,6 c 

2995,2 b 

6407,3 a 

31.45 

*** 
3,2 b 

1.3b 

45.7 b 

61.6b 

9901,8 a 

6321.6 a 
17,77 

*** 
2,7 b 
4,3 b 

22Ab 
112,2 b 

7446,3 a 

5666,5 a 
31.71 

*** 
43,11 *** 

4,57 * 

4,78 *** 

Unsown 
species 

28,9 b 

370,3b 

3435,3 a 

1167,7 b 

1108,7 b 

810,3 b 

8,50 

*** 

757,5 ab 

1291,8 al 

1951.2 a 

201.7 b 

99,8 b 

144A b 

4,63 

** 
1191.6 

1281.4 

1098,6 

136,7 
90,6 

130,7 
2,38 

ns 
8,82 *** 
3,04 ns 

3A5 ** 



Table 6.3 Means, sample sizes and test statistics (ANOY A) for treatment differences in bumblebee abundance and richness. 

Yalues represent the mean number of bees per plot (50 x 6-m), per sampling visit, averaged across the six sites. Results for all species are presented for 

consistency, but where fewer than 10 individuals of a species were recorded in any year ANOY A was not performed. Rare species are shown in bold. 

ns not significant; *P<0.05; **P<O.OI; ***P<O.OOl. 

2002 

2002 ANOVA 

2003 

2003 ANOVA 

2004 

2004 ANOVA 

Field margin 
treatment 

Sample size 

Crop 

Cons head 

Nat regen 

Grass 

Wildflower 
Pollen & nectar 

F 5.25 

Significance 
Sample size 

Crop 

Cons head 

Nat regen 

Grass 

Wildflower 
Pollen & nectar 

F 5.25 

Significance 

Sample size 

Crop 

Cons head 

Nat regen 

Grass 

Wildflower 
Pollen & nectar 

F 5,25 

Significance 

Repeated measures Treatment 

ANOVAF 1o•5o Year 

Year x Treatment 

B. terrestris/ 
lucarum 

233 

0.00 c 

0.02 c 

1.16 bc 

0.27 bc 

0.05 c 

1.09 ab 

4.67 

** 

110 

O.M 
O.~ 

0.17 

0.19 

o.n 
0.33 

2.~ 

144 

0.14 

0.12 

033 

0.17 

0.34 

0.23 

0.64 

ns 

3.85 * 
2.54 ns 

2.96 *** 

B lapidarius B. pratarum 

1637 4 

0.01 c 0.00 

0.04 c 0.00 

2.16 b 0.04 

0.55 bc 

0.73 bc 

14.57 a 

25.70 

*** 

2237 

0.03 d 

0.04 d 

1.16 cd 

1.26 c 

4.67 b 

13.56 a 

51.73 

*** 

1403 

031b 

0.47 b 

0.79 b 

0.42 b 

3.99 a 

7.01 a 

19.63 

*** 
42.11 *** 

4.75 * 

7.35 *** 

0.01 

0.00 

0.00 

1.62 

0.00 

0.00 

0.00 

0.00 

0.01 

0.00 

l.00 

10 

0.00 b 

0.00 b 

0.01 b 

0.00 b 

0.D7 a 
0.01 b 

4.23 

** 

B. pascuarum 

1120 

0.00 c 

0.00 c 

0.22 c 

0.06 c 

1.64 b 

10.28 a 

120.05 

*** 

2573 

0.01 e 

0.01 c 

0.25 c 

0.35 c 

2.91 b 

20.30 a 

27.58 

*** 

1494 

0.04 e 

0.03 e 

0.13 e 

0.15 e 

l.95 b 

11.54 a 

1932 

*** 
43.29 *** 

4.47* 

1.28 ns 

B. hartarum 

140 

llO 
0.00 b 

0.00 b 

0.00 b 

0.00 b 

032 b 

0.92 a 

11.48 

*** 
724 

0.00 b 

0.00 b 

0.00 b 

0.06 b 

1.76 a 

4.89 a 

17.35 

*** 
197 

0.04 b 

0.02 b 

0.00 b 

0.10 b 

0.56 ab 

1.10 a 

4.43 

** 

16.35 *** 

15.97 *** 

6.81 *** 

B. 
ruderarius 

6 

0.00 

0.00 

0.00 

0.00 

0.00 

0.07 

l.00 

8 
0.00 

0.00 

0.00 

0.00 

0.02 

0.06 

0.85 

0.00 

0.00 

0.00 

0.00 

0.00 

0.01 

1.00 

B. 
muscorum 

15 

0.00 

0.00 

0.00 

0.00 

0.00 

0.16 

l.00 

ns 

19 

0.00 

0.00 

0.00 

0.00 

0.06 

0.12 

l.00 

ns 

4 
0.00 

0.00 

0.00 

0.01 

0.00 

0.03 

l.00 

1.00 ns 

1.06 ns 

1.00 ns 

B. 
ruderatus 

9 
0.00 

0.00 

0.00 

0.00 

0.00 

O.ll 
l.00 

65 

0.00 

0.00 

0.00 

0.00 

0.00 

0.60 

l.00 

ns 

27 

0.00 

0.00 

0.00 

0.01 

0.01 

0.23 

1.16 

ns 

1.05 ns 

0.95 ns 

0.97 ns 

Cuckoo bees Total bees 

41 3175 

0.00 b 0.01 c 

0.00 b 0.06 c 

0.02 ab 3.59 b 

0.01 ab 

0.01 b 

0.40 a 

3.20 

* 
ll9 
0.00 

0.01 

0.16 

0.28 

0.16 

0.50 

2.17 

ns 

151 

0.04 e 

0.16 be 

0.08 e 

0.11 be 

0.63 ab 

038 bc 

3.59 

* 
4.16 ** 

4.66 * 
1.91 ns 

0.91 bc 

2.75 b 

27.59 a 

32.21 

*** 
5856 

0.07 d 

0.08 d 

1.73 cd 

2.13 c 

9.83 b 

4036 a 

55.82 

*** 

3431 

0.56 b 

0.80 b 

134 b 

0.96 b 

7.56 a 

20.54 a 

24.10 

*** 

49.82 *** 

5.77 ** 

4.93 *** 



Figure 6.1 Map of England and Wales showing locations of the six sites where the field margin 

experiment was conducted. 
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Figure 6.2 The relationship between flower abundance of bee forage species and total bumblebee 

abundance on different ES field margin options. Values represent the log transformed mean 

number of bees per plot at each site, averaged over three years. 
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Figure 6.3 Principal Components Analysis biplot based on the proportion of visits to different 

plant species by foraging bumblebees of each species. Abbreviations of bumblebee species names: 

prato = B. pratorum; terluc = B. terrestrisllucorum; lapid = B. lapidarius; musco = B. muscorum; 

pascu = B. pascuorum; horto = B. hortorum; rudri = B. ruderarius; rudtu = B. ruderatus; cucko = 

cuckoo bumblebees. Abbreviations of plant species (in italics): Cir vulg = Cirsium vulgare; Lot 

corn = Lotus corniculatus; Tri hybr = Trifolium hybridum; Tri prat = Trifolium pratense; others = 

e.g. Centaurea nigra, Rhinanthus minor, Papaver rhoeas, Brassica napus, Dipsacus fullonum. 

Visits to native and agricultural varieties of T pratense and L. corniculatus were combined for this 

analysis. 
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Figure 6.4 Principal Components Analysis biplot based on the proportion of visits to different 

plant species by different castes of Bombus lapidarius. Abbreviations of plant species as in Fig. 2, 

also: Cen nigr = Centaurea nigra; Dip full = Dipsacus fullonum. Visits to native and agricultural 

varieties of T pratense and L. corniculatus were combined. 
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Figure 6.5 Seasonal effects of seed mixture composition on abundance of a) all flowers of 

bumblebee forage plants and b) all bumblebee species. White bars = early (May/June) transects; 

grey bars = late season (July/August) transects. 
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Figure 6.6 Seasonal differences in flower abundance of native vs agricultural varieties of a) 

Trifolium pratense and b) Lotus corniculatus in wildflower (NAT) and pollen and nectar (AG) 

mixtures. White bars = early (May/June) transects; grey bars = late season (July/August) transects. 

a) b) 

6000 
3000 

5000 2500 

0 :2 
0.. CL 

~ 4000 ;-'" I-- :u 2000 
CL 

ffJ 
ffJ r- I-

:u :u r-- I-
3: ;::: 
0 

0 
1500 <;:: 3000 <;:: 

"-
"- 0 l- I-
0 .... 
:u Q) 

..0 
..0 E E 2000 r-I- ::J 1000 ::J C 
C 

C 
C 
(1) r-I-(1) Q) 

Q) :2: :2: 
1000 500 

0 r+l ...-.-- 0 
Tri prat NAT Tri prat AG Lot corn NAT Lot corn AG 

146 



Appendix 6A Seed mixture details for the three sown arable field margin treatments. 

Wildflower (37 kg ha-1
) 

Grasses (80%) 
Cynosurus cristatus 
Festuca rubra ssp commutata 
Festuca rubra ssp juncea 

Poa pratensis 
Flowers (20%) 
Achillea millefolium 
Centaurea nigra 
Centaurea scabiosa 
Daucus carota 
Knautia arvensis 
Leucanthemum vulgare 
Leontodon hispidus 
Lotus corniculatus 
Lychnis flos-cuculi 
Galium verum 
Malva moschata 
Plantago lanceolata 
Plantago media 
Primula veris 
Prunella vulgaris 
Ranunculus acris 
Rhinanthus minor 

Rumex acetosa 
Sanguisorba minor 
Silene dioica 
Trifolium pratense 

% of mixture 

24 
28 
16 
12 

0.5 

0.5 
1 

1.5 
1.5 

0.5 
0.5 
0.5 

0.5 
2 
1 

0.5 
2 

1.5 

0.5 

Tussocky grass (20 kg ha-1
) % of mixture 

Cynosurus cristatus 20 
Dactylis glomerata 10 
Festuca pratensis 30 
Festuca rubra ssp commutata 30 
Poa pratensis 10 

Pollen and nectar (20 kg ha-l) % of mixture 
Grasses (80%) 
Cynosurus cristatus 24 
Festuca rubra ssp commutata 28 
Festuca rubra ssp juncea 16 
Poa pratensis 12 
Legumes (20%) 
Trifolium pratense 6 
Trifolium hybridum 3 
Lotus corniculatus 5 
Onobrychis viciifolia 6 
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7. Synthesis and final discussion 

7.1 Synthesis of research 

The research presented in this thesis has made a substantial contribution to our knowledge of some 

of the likely causes of bumblebee declines in Britain, and of the responses of different bumblebee 

species to various methods of habitat restoration. By quantifYing the declines in range and 

frequency of forage plants which occurred during the 20th Century, I have provided new evidence 

of the loss of key nectar and pollen resources in the wider countryside. The severity and 

consistency of these declines across plant species are of concern not only from the perspective of 

food availability for bumblebees and other nectar and pollen-feeding insects, but also from the 

perspective of the native flora. A large number of previously widespread perennials and biennials 

(and arguably many other insect-pollinated plants not examined here) have become less common 

than before the onset of agricultural intensification. Balanced against this, the increase in growing 

of mass-flowering crops such as oilseed rape (Brassica napus) and more recently borage (Baraga 

afficinalis) and linseed (Linum usitatissimum), combined with the continued popularity of 

gardening in the UK, may enhance populations of some bumblebee species. However these 

changes are unlikely to cater for the full species assemblage of bumblebees or to compensate for 

the loss of seasonal continuity in forage provision typically achieved by natural and semi-natural 

plant communities. The findings in Chapter 2 therefore strengthen the argument for restoring 

bumblebee forage (and nesting) resources on farmland via the agri-environment schemes (AES), 

and recommend a list of plant species that can be included in seed mixtures. I will return to the 

subject of pollination and the implications of habitat restoration for native plant populations and 

crop yields later in this discussion. 

The field margin experiment set up on Manor Farm in North Yorkshire and described in Chapter 3 

provided an opportunity to study the response of foraging bumblebees to a series of management 

options for habitat restoration at a single site over three years. These management options 

represented prescriptions available under the UK Countryside Stewardship Scheme which, 

although not originally targeted at pollinating insects, had the potential to provide nectar and pollen 

sources and this required testing. The results were predictable in that where flower abundance of 

suitable forage plants (either introduced in seed mixtures or naturally established) was highest, 

bumblebee densities were also highest. Importantly though, the study demonstrated the need to 

consider successional changes in field margin vegetation both within and between years as a 

measure of success in establishment and persistence of the desired plant community. It also 

provided the first scientific evaluation of the benefits for bees of sown versus unsown management 

options for arable land within the Countryside Stewardship Scheme (CSS). 
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Findings from the first field margin study helped to inform the design of an experiment to 

investigate the value of three targeted bumblebee seed mixtures for potential inclusion in future 

CSS options. It had become clear that the Fabaceae (legumes) were an important forage resource 

for several species (Edwards, 2002; Goulson and Darvill, 2004), so Trifolium pratense was added 

as a key component of both 'diverse' and 'basic' perennial seed mixtures (having been absent from 

the first experiment) to be compared with an annual mixture containing Borago officinalis and 

other seed-bearing crops. The experiment further demonstrated the successional nature of 

flowering in different components of the seed mixtures and the influence this change in forage 

availability can have on forager densities. It also showed that when presented with a choice the 

shorter-tongued bumblebee species, as well as honeybees Apis mellifera, preferentially foraged at 

open-flowered annuals such as B. officinalis, whereas the longer-tongued species preferred 

perennials such as T. pratense as expected. Mixtures sown under the CSS would therefore need to 

contain this variety of plant species in order to benefit the full assemblage of social bee species. 

During the study, two prescriptions were introduced as New Arable Options in the CSS which 

closely mirrored the annual and basic perennial mixtures sown here. These were referred to as a 

wild bird seed mix (option WMI) and pollen and nectar mixture (option WM2) (Defra, 2001). 

The novelty of this experiment (Chapter 4) was in the analysis of pollen loads, supplementing 

transect-based observations of foragers, as a means of better assessing the functional value of 

introduced forage mixtures for Bombus pascuorum and B. terrestris. High proportions of the loads 

carried by both species whilst visiting the experimental mixtures comprised pollen from sown plant 

species (T. pratense and B. officinalis). This suggests that many foragers may have been travelling 

directly from their nests to collect pollen and nectar from the sown mixtures without visiting 

additional patches of forage in between. This in turn suggests that the mixtures were providing a 

significant proportion of the pollen resource for developing larvae in nests local to the experimental 

margin and thereby enhancing colony fitness (Sutcliffe and Plowright, 1990). Several workers 

visiting the margin were also carrying pollen from plant species flowering elsewhere on the farm 

such as Papaver rhoeas and Stachys sylvatica, indicating that the sown mixtures were not 

consistently diverting all foragers away from existing native plant populations. 

Chapter 5 describes a study which was designed to expand on the pollen analysis work from bees 

visiting a single field margin (as in Chapter 4). This involved constructing a map of pollen 

availability across the entire farm and relating it to the composition of pollen loads sampled from 

foraging workers in known grid squares. Despite fairly small sample sizes, the results confirmed 

the preferences for contrasting pollen types shown by B. pascuorum and B. terrestris. They 

highlighted the degree of flower constancy in terms of pollen collection which can occur, 

regardless of flowering plant diversity in a given forage patch. The study also provided some 

evidence of the spatial nature of foraging patterns which could be further investigated using this 

approach. The composition of several sampled pollen loads suggested that in a landscape with 
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spatially and temporally patchy resources, 'constancy' is not an exclusive foraging strategy, and 

that workers may regularly forage at plants separated by hundreds of meters in a single foraging 

trip. 

Finally, the results of a comparative study of different options for arable field margin management 

within the AES are presented (Chapter 6). This study allowed the generality of the response of 

foraging bumblebees shown at Manor Farm (Chapter 3) to be tested across six farms in central and 

eastern England, bringing the opportunity to observe rare as well as common Bombus species. 

While in general the response was consistent across all farms, marked differences in forage 

provision and bumblebee species composition were shown both within seasons and between years, 

depending on management option and seed mixture composition. Taken together with the other 

studies these findings suggest that given appropriate management, and for most arable situations, 

introduced seed mixtures, newly created habitats can attract large numbers of bumblebees, 

including rare species, and supply a significant proportion of their foraging resources which would 

otherwise be absent from the arable landscape. 

7.2 Critique of methods used 

While significant progress has been made in achieving the aims of the thesis, there are a few 

caveats connected to the methods I have used. These are worthy of discussion here as they are 

relevant to the interpretation of the data but have only been briefly highlighted in the submitted 

papers. 

7.2.1 Transects 

The transect method was used to estimate abundance of foraging bumblebees on the various 

experimental field margins and hence compare the attractiveness of different management options 

in terms of providing floral resources for bees nesting in the vicinity. This has allowed 

management recommendations to be made, but what do the results tell us about repeatability of the 

findings or the status of the bumblebee populations under study? A quantitative comparison of the 

mean total bumblebee density per square metre estimated using transects in this thesis versus 

equivalent estimates from other studies in agricultural landscapes is shown in Table 7.1. Where 

different habitat types were assessed, transect data for that providing the highest density of forage 

plants was selected. An encouraging result is the relative similarity in densities recorded on the 

Manor Farm experiment in Chapter 4 with those on the pollen and nectar mixture in the six site 

experiment in Chapter 6 (ranging from 0.08 - 0.1 per m2
). These also concur with densities 

recorded by Pywell et ai. (2005b; 2006) on field margins in England sown with flower-rich 

mixtures under AES, and with densities on field margins in Sweden sown with a clover-based 

mixture (Lagerlof et ai., 1992). Similarities with the other studies are less clear, and these data 
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serve to highlight the main caveats associated with the interpretation of data from transects 

conducted at different sites and in differently structured landscapes. 

Firstly, bumblebee density in a given habitat patch cannot be considered in isolation from the 

surrounding matrix of available habitats. An increasing number of studies have attempted to relate 

both species richness and density of flower-visiting bumblebees to landscape variables such as the 

proportion of arable land or grassland (Steffan-Dewenter and Tschamtke, 1999; Backman and 

Tiainen, 2002; Mand et aI., 2002; Steffan-Dewenter et aI., 2002; Hirsch et aI., 2003; Westphal et 

aI., 2003; Pywell et aI., 2006). Several have identified positive correlations between species 

richness and the availability of semi-natural habitats, consistent with the effects of agricultural 

intensification on habitat quality for declining Bombus species (e.g. Pywell et aI., 2006). However, 

the relationship with bumblebee density is less conclusive and may depend to a large extent on the 

species under study and the scale at which analyses are conducted (Steffan-Dewenter et aI., 2002). 

For example, Westphal et ai. (2003) found that availability of semi-natural habitats at scales up to 3 

km did not affect the density of B. terrestris agg., B. lapidarius and B. pascuorum foragers on plots 

of Phacelia tanacetifolia in agricultural areas of Germany. Density was, however, related to the 

availability of mass flowering crops (mainly oilseed rape). In contrast, across the different regions 

of England, Pywell et ai. (2006) found that density of long-tongued bumblebees (e.g. B. pascuorum 

and B. hortorum) on flower-rich field margins was highest in regions with mixed farming (hence 

more semi-natural habitat). This density parameter was also positively related to the number of ES 

margins sown with the 'pollen and nectar' mixture within the 10-km square. Are more bumblebees 

attracted to a flower-rich strip between arable fields because other resources within foraging range 

are scarce, or because that landscape supports more successful colonies? Conversely, in a more 

heterogeneous landscape, should we expect to record fewer foragers per unit area, because they are 

dispersed across a greater number of available forage patches? The potential for transect-based 

observations to fully answer these questions may be limited. However, novel techniques using 

molecular microsatellite markers have recently been developed which allow the number of colonies 

represented by workers sharing a forage patch to be estimated, by identifYing related sisters among 

a sample (Chapman et aI., 2003; Darvill et aI., 2004; Knight et aI., 2005). Using this approach 

across a variety of sites could offer a powerful means of comparing nest densities and foraging 

ranges in differently structured landscapes. 

Secondly, at a more local scale, the density of foragers on a transect is likely to relate to its area 

(assuming even forage plant distribution) and to the size ofthe patch in which it is located. The 

design of our field margin experiments allowed patch size to remain constant (within studies), and 

transects covered the entire area of each treatment patch. Studies have shown, however, that more 

foragers are attracted to larger patches, that they generally spend more time in larger patches and 

visit more flowers while resident in them (Goulson, 2003; Cresswell and Osborne, 2004). Sowig 
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(1989) also found that patch size of forage plants affected the species composition of visiting 

bumblebees, with short-tongued species dominating in larger patches. This suggests that caution 

should be taken when comparing, for example, the very high bumblebee density per m2 estimated 

by Walther-Hellwig and Frankl (2000) in T. pratense fields with that from transects along linear 

features (Table 7.1). 

Thirdly, within a forage patch, many factors influence whether a bee will choose to visit one forage 

species or plant over another. These include flower morphology, flower age, scent, colour, 

availability of nectar and pollen and prior visitation by nest mates, conspecifics or other insect 

species (e.g. Heinrich, 1976; Goulson et a!., 1998; Goulson, 2003). Foragers may, for example, 

abandon specialisation in favour of generalisation when their preferred flowers are scarce (Kunin 

and Iwasa, 1996; Chittka et aI., 1997). In two of my experiments (Chapters 4 and 6), bees were 

presented with a choice of a clover-dominated mixture or a more diverse wildflower mixture 

containing clover flowers dispersed among other rewarding species. Might foragers have switched 

to these other species and disproportionately avoided clovers in the more diverse mixture? 

Evidence from the B. pascuorum pollen loads suggested that this did not occur to a significant 

degree, although of course we cannot be sure how long workers had been resident in each plot 

when pollen sampling occurred. Whatever the factors influencing flower choice, it is assumed here 

that differential visitation rates of individuals or species are an indicator of those resources (or 

management options) that are most or least likely to enhance colony success and thereby benefit 

the local population. 

7.2.2 Pollen load analysis 

The merits of analysing pollen loads collected by workers in contrasting forage patches have been 

outlined above (Section 7.1 and in the relevant chapters). Based on the high degree of flower 

constancy and high pollination probability index (PPI) shown for preferred forage plants, it was 

concluded that these plant species (e.g. T. pratense) may have a higher probability of pollination by 

bumblebees than other less favoured pollen source species on the farm (Chapter 5). However, 

pollen was sampled only from the corbiculae or pollen baskets where it may be less readily 

available for pollination than when scattered on the hairs ofa bees' thorax (Ne'eman et a!., 1999). I 

am aware of no studies that have compared the composition of pollen types actively combed into 

the corbiculae and intended for transport to the nest with those found elsewhere on the bee. It 

would be interesting to know if these were closely correlated as if not, the contents of a pollen load 

alone may be a poor indicator of pollination probability. 

Finally, answering further questions about the farm-scale movements of bumblebees between nests 

and forage patches may not be possible without knowledge of their nest locations which are 

extremely hard to find. Recently, colonies imported from commercial breeders (Goulson et aI., 

2002; lngs et aI., 2006) or reared in captivity from native queens (Muller and Schmid-Hempel 
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1992; Pelletier and McNeil, 2003; Osborne, pers. comm.) have been used as surrogates for 

naturally founded nests to study aspects of their survival and pollen foraging. Further studies of 

this nature are urgently required on a range of bumblebee species in order to better understand the 

effects of different landscape attributes on colony success and the influence of agri-environment 

schemes on these interactions. 

Table 7.1 Bumblebee density estimates from different studies using transects conducted in 

agricultural landscapes. (* this may represent an over-estimate as the data were scaled up by the 

authors from counts in 2 x 2m quadrats within T pratense fields) 

Social Mean 
Bombus number Uuit Mean 

Approx. Castes (P bumblebees area of Bumblebee 
flower per transect transect, density per 

Author Location Habitat densi~ Psitltyrus) over season m2 m2 

Carvell et al (Ch 3) 
Manor Farm, Wildflower moderate W+Q+ 

12.2 432 0.03 Yorkshire mix - high M 

Carvell et al (Ch 4) 
Manor Farm, Basic perennial 

high 
W+Q+ 

14.5 180 0.08 Yorkshire clover mix M 

Carvell et al (Ch 4) 
Manor Farm, Annual borage 

high 
W+Q+ 

22.8 180 0.13 Yorkshire mix M 

Carvell et al (Ch 6) 6 sites C & E England Pollen & nectar 
high 

W+Q+ 
29.5 300 0.10 

legume mix M 

Pywell et aI, 2005b 
EAnglia&W Wildlife seed moderate W+Q+ 

37.5 600 0.06 
Midlands mix - high M (+P) 

Pywell et aI, 2006 England regions Pollen & nectar 
high 

W+Q+ 
42.8 600 0.07 

legume mix M 

Kells et aI, 2001 WMidlands Uncropped 
moderate 

W+Q+ 
22.1 25 0.88 

margins M (+P) 

Edwards, 2005 4 sites C England Pollen & nectar 
high 

W+Q+ 
172.9 200 0.86 

legume mix M 

Walther-Hellwig & 
W Germany Trifolium 

high 
W+Q+ 

447 * 400 1.12 
Frankl, 2000 pratense field M(+P) 

Walther-Hellwig & 
WGermany Roadside verge 

low- W+Q+ 
8 400 0.02 

Frankl, 2000 moderate M (+P) 

Backman & 
S Finland, Porkkala Field margins high 

W+Q+ 
2338 10000 0.23 

Tiainen, 2002 M (+P) 

Trifolium 
W+Q+ Lagerlof et aI, 1992 Uppsala, Sweden pratense high 
M 

13 20 0.07 
mIx 
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7.3 The potential role of habitat restoration and enhancement for the conservation of 

bumblebee species in Britain 

In considering whether the restoration and enhancement of habitats for bumblebees in agricultural 

landscapes can playa significant role in their conservation, a number of questions need to be 

addressed. These fall into four general areas, some of which have been considered directly in this 

thesis and others which I will discuss in the context of requirements for further research: 

1. the quality of the existing landscape for bumblebees: should restoration be targeted to 

particular landscape types? 

2. the relative suitability of restoration measures for different bumblebee species: can similar 

measures cater for all species and how much habitat is required? 

3. the implications for other taxa (particularly other pollinating insects and insect-pollinated 

plants): do field margin mixtures facilitate pollination of nearby crops and native plants? 

and 

4. the ability of the current policy framework to deliver what is required to conserve 

sustainable bumblebee popUlations in the wider countryside. 

7.3.1 Landscape quality and targeting 

What defines the quality of the existing agricultural landscape for bumblebee, and should habitat 

restoration be targeted for maximum effect? This is likely to depend on a combination of farming 

type and management intensity (Tscharntke et ai., 2005). The arable flora has become 

progressively impoverished for bumblebees as a result of the increased use of fertilisers and 

efficiency of modern herbicides and pesticides, combined with the actual loss of uncropped habitats 

(e.g. Smart et al. 2005). Although the land area under cereal cropping in the UK has marginally 

reduced over the last decade, approximately 4.4 million hectares are under arable farming, 

representing 26% of the total area of agricultural land (Defra, 2006). As already discussed, the 

recent suggestion that oilseed rape enhances colony fitness such that it could make a significant 

contribution to bumblebee conservation (Westphal et aI., 2003) is only likely to hold true if mass 

flowering crops with alternative flowering periods such as borage, lupins and sunflowers are also 

grown. A switch to spring sowing of entomophilous crops, as encouraged under the new AES, 

may also extend their flowering periods and hence increase the availability of large areas of forage. 

However these may still pose a risk if pesticide applications are involved (Thompson, 200 I). 

Ultimately, the enhancement of bumblebee habitats in predominantly arable landscapes such as in 

Central and Eastern England will be best achieved via an increase in area of uncropped land. 

Options for arable land under ES, as shown here (Chapter 6), have much potential to provide both 

short- and 10ngeMerm foraging habitats on this uncropped land. These habitats can attract 

bumblebees within a year of establishment, even in landscapes which are characterised by high 

proportions of arable land. 
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Forage may be the most limiting factor for bumblebee populations but it is not the only habitat 

component requiring conservation. Undisturbed nesting and hibernation sites are also essential and 

are likely to be particularly scarce in intensive arable areas Fussell and Corbet, 1992). Goulson 

(2003) points out that as early as the 1940s, Skovgaard argued for the protection of uncultivated 

refuges on agricultural land to provide bumblebee nest sites. Although nest site provision has not 

been quantified here (due to practical constraints on locating successfully established nests) two 

other studies have assessed nest site preferences in agricultural areas by observing queens 

performing nest-searching behaviour. Svensson et ai. (2000) found that over a total transect 

distance of approximately 96 km through intensive and wooded farmland in Sweden, 147 nest

searching queens were encountered. Interestingly, when Kells and Goulson (2003) surveyed 86 km 

of extensively (and organically) farmed land in Hampshire, UK, using an apparently similar 

approach, they encountered 1287 nest-searching queens of similar species composition. If this 

difference reflects queen and potential nest density in the two landscapes, it confirms that greater 

proportions of semi-natural habitat in boundaries and open grassland are preferable. The planting 

and conservation of hedgerows (Croxton et al. 2004) and establishment of undisturbed tussocky 

grass margins or 'beetlebanks' via ES, in addition to forage mixtures, can increase nesting 

opportunities for both underground and surface-nesting bumblebees on farmland. 

This thesis has not specifically investigated the effects of habitat management for bumblebees in 

areas of grassland and livestock farming. I have previously shown that extensive cattle grazing is 

the most effective management regime across large areas of unimproved grassland to create flower

rich swards which support a diverse bumblebee community (Carvell, 2002). This situation is not, 

however, typical of most of the UK. Permanent agricultural grassland (over 5 years) and grassland 

under 5 years old covers respectively 5.7 and 1.2 million hectares in the UK, representing 

approximately 40% of agricultural land (Defra, 2006). Intensive reseeding and application of 

inorganic fertilisers in place of traditional hay production and clover leys (Chamberlain et aI., 

2000) have left most of these lowland grasslands structurally uniform and species poor. Even the 

30% of land covered by rough grazing is subject to high stocking densities, with restricted floral 

resources for bees. 

There has been considerable research effort into the restoration and re-creation of species-rich 

grasslands via, for example, long-term reversion of arable land (Pywell et aI., 2002; Walker et aI., 

2004). Options for this re-creation are available under HLS (Defra, 2005b), but may only be 

feasible in a few situations close to existing species-rich grassland due to the limiting processes 

involved. Opportunities for more widespread enhancement of buffer strips and field comers on 

intensive grassland are available under ELS (including by sowing pollen and nectar mixtures, 

option EG3; Defra, 2005a). Few studies have quantified the benefits of these options for 

pollinators, although initial results from the PEBIL project in SW England suggest that margins of 

grass fields sown or undersown with a legume-based mixture can attract large numbers of 
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bumblebees (www.rdg.ac.uk/caeriprojectpebil).Priority should now be given to research into 

agronomic aspects ofthese management options on both arable land and grassland. Given 

successful establishment, how long can they be expected to provide sustained forage resources 

(Chapter 6)? Should the fine grass component be replaced with Latium perenne on intensive 

grassland or removed altogether? 

Ultimately, the restoration or re-creation of bumblebee habitats may prove most effective in areas 

of mixed farming where existing populations are available to colonise them (Pywell et aI., 2006; 

Figure 7.1). In addition, organic farming offers great potential because of the tendency for smaller 

field sizes and use of rotations involving legumes such as T pratense. A recent study found up to 

thirteen times more foraging bumblebees on 'small' organic farms than on large conventional 

farms in Sweden (Belfrage et aI., 2005). However, the question remains as to how we can best 

measure or quantify 'effective' restoration. This could be defined as having been achieved when 

an area has reached its potential to support stable or increasing bumblebee populations over time. 

The transect-based data presented here did not give a clear indication ofthis pattern, although 

bumblebee density per square metre at Manor Farm was nearly three times higher in plots from the 

second study (Chapter 4) compared to the first (Chapter 3) following increased habitat creation 

across the whole farm (Table 7.1). The genetic techniques outlined above probably offer the most 

powerful tool for assessing the effectiveness of AES in enhancing populations in different regions 

and landscape types, at least for the common Bombus species for which adequate sample sizes can 

be obtained (Knight et aI., 2005; also see www.ceh.ac.uk/sections/epms/bumblebee). The 

implications for rare and declining species are considered in the following section. 

7.3.2 Consequencesfor different bumblebee species 

Throughout this thesis, emphasis has been given to the forage plant preferences of the different 

species and how these affect their responses to different field margin management regimes. In 

particular, the importance of long corolla flowers for the longer-tongued bumblebees, as evidenced 

by high proportions of nectar and pollen-foraging visits to T pratense, T hybridum, Lotus 

corniculatus, Lathyrus pratensis and Rhinanthus minor, highlights the value of these species when 

sown in mixtures. The data have also confirmed the attractiveness of particular species to males 

(e.g. Centaurea nigra to B. lapidarius) and queens at the beginning and end of the season. It seems 

we now have sufficient information from which to create the 'best' mixture, whether it be a 

legume-based 'pollen and nectar mix' (ideally with the addition of C. nigra or Centaurea cyanus), 

an annual 'cover crop' which could contain both long and short corolla forage plants or a more 

diverse and longer-lived wildflower mix. It is likely that a combination of these mixtures sown 

along different field margins on a farm may be the best means of providing forage for the full 

bumblebee species assemblage over the season. Many seed merchants have responded to the 

increased demand for such mixtures and now advertise a range of 'bee-friendly' products (e.g. 

www.cotswoldseeds.coml environmental; www.wildseed.co.uk; Richard Brown pers. comm.). 
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However, as discussed in Chapter 2, there are many other differences in ecological and behavioural 

traits between Bombus species, besides flower preferences, that are likely to have determined their 

responses to agricultural change and will naturally determine their responses to agri-environment 

schemes. These include the timing of queen emergence, preferred nesting habitat, colony size, nest 

density, foraging range, dispersal ability and range size (see Edwards and Williams (2004), 

Williams (2005) and Benton (2006) for full accounts). While the six common or 'universal' 

species appear able to locate and utilise newly created forage patches on arable farmland (with the 

possible exception of B. pratorum which may generally be more common in gardens), can the same 

be said of the rarer species? Evidence accumulated over the past few years suggests that it can, 

given sufficient proximity to existing populations, as outlined in the following examples. This is 

important if AES and other conservation efforts are to succeed in increasing species richness of 

bumblebee communities as well as the density of individual species. 

In this study, Bombus ruderatus (a BAP species) was recorded on farms in Cambridgeshire and 

Bedfordshire and, together with other field margin studies, these observations have significantly 

extended the known coverage of occupied 10-km squares for the species (Carvell et aI., 2006). The 

three rare carder bumblebees, B. muscorum (proposed BAP species), B. humilis (BAP species) and 

B. sylvarum (BAP species) have a strong association with unimproved grasslands, but each was 

recorded on arable field margins sown with the 'pollen and nectar mix' surveyed by Pywell et aI. 

(2006) in at least one of the regions containing known populations. B. muscorum and B. humilis, 

which have predominantly coastal distributions, have also shown signs of persistence at suitably 

managed foraging habitats in excess of 10 km from their known strongholds such as Romney 

Marsh in Kent (Edwards, pers. comm.), the Essex coast (B. muscorum; Benton, 2006; this study) 

and urban nature reserves or ex-industrial sites along the Thames estuary (B. humilis; Chapman, 

2004). B. sylvarum has probably suffered the most serious decline of the three species, yet in South 

Wales, foraging workers have been recorded on organic farms up to 4 km from the core population 

at Castlemartin Ranges and at a restored mining site 8 km from the core at Kenfig National Nature 

Reserve (Carvell, 2000). Both sites supported very high densities of preferred forage plants 

through to early autumn (e.g. Trifolium pratense and Odontites vernus), a condition that is perhaps 

more important for B. sylvarum than for the other two species (Benton, 2006). 

While a full discussion of the implications of habitat restoration for every British bumblebee 

species is not feasible here, three further species warrant a brief note. B. distinguendus, like the 

four mentioned above, is a long-tongued species which appears to be declining rapidly. However, 

it may never have been abundant in England and Wales, and now survives only in northern 

Scotland, where it is the focus of much autecological and conservation-based research (Edwards, 

2001; Charman pers. comm.). For B. distinguendus, habitat restoration is likely to apply mainly in 

the form of grazing management and preservation of the species-rich machair grasslands in these 
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areas, rather than targeted sowing of field margins under AES in lowland landscapes. The same 

may be true for B. monticola (proposed BAP species) and partly also for B.jonellus. Both species 

are short to medium-tongued and have a strong association with heathland and moorland habitats in 

western and northern upland areas. Studies have confirmed the importance ofbilberry (Vaccinium 

myrtillus) and heathers (Erica cinerea, E. tetralix) as pollen and nectar sources from these core 

habitats. However, for B. monticola in particular, these species alone do not provide sufficient 

continuity of forage so the presence of adjacent grassland habitats containing Lotus corniculatus 

and Trifolium repens is essential for colony survival (Hewson, 2000; Edwards, 2002). Both Entry 

and Higher Level Stewardship options for the uplands (Defra, 2005c) aimed at reducing grazing 

intensity in such grasslands and maintaining early-successional flowering on moorland habitats 

(e.g. former 'Environmentally Sensitive Areas ') are likely to contribute to the conservation of B. 

monticola and B. jonel/us, which may never be a common feature of lowland agricultural 

landscapes. 

Providing suitable foraging habitats within range of existing populations can therefore attract many 

of the rarer bumblebee species to agricultural areas, but how much of this suitable habitat is 

required to sustain populations? The relationship between local habitat quality and quantity at the 

larger scale is complex, and it is still not clear to what extent an area of good quality habitat (e.g. a 

field margin with high density of forage plants) is equivalent to a greater area of lower quality 

habitat (Thomas et aI., 2001). Most insects in fragmented agricultural landscapes are thought to 

exist as metapopulations, with colonisation between sub-populations depending on their size, 

degree of habitat connectivity and dispersal ability of the species (Hanski and Gilpin, 1991). 

Bumblebees have a low effective population size, being social insects for which the reproductive 

population is a function of the number of successful nests rather than the number of individuals. 

They may therefore be particularly susceptible to inbreeding and other effects suffered by isolated 

sub-populations (Chapman and Bourke, 2001), and as a consequence, require large areas of habitat 

to maintain genetic viability and optimal nest density. 

The available evidence (though anecdotal) suggests that for species with specialised requirements 

such as B. sylvarum and B. humilis, at least 10 km2 of suitable habitat may be needed, as no 

surviving populations in Britain are known from areas smaller than this (Edwards, 2001). I have 

estimated the B. sylvarum metapopulation at Castlemartin in South Wales to exist over at least 30 

km2
, with 'satellite' colonies surviving on habitat patches isolated by at least 4 km from the core 

population. Together with B. muscorum, these species appear to have more restricted foraging 

ranges (perhaps in the order of300 1000 metres) (Walther-Hellwig and Frankl, 2000) and smaller 

colony sizes thanthe more common and widespread species such as B. terrestris and B. lapidarius 

which often forage at more than 1 km and sometimes up to 5 km from the nest, thus may be better 

able to exploit newly created habitats in the agricultural matrix (Osborne et aI., 1999; Knight et aI., 

2005). 
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Direct measures of queen dispersal ability are still lacking, but a recent study by Darvill et al. 

(2006) provides alarming evidence that isolated sub-populations of B. muscorum exhibit reduced 

genetic diversity compared to common species such as B. pascuorum, and may suffer from 

inbreeding. Genetic differentiation was evident between all populations separated by 10 km or 

more, suggesting that dispersal rarely occurs over a greater distance than this. The two populations 

sampled in south east England and separated by 49 km were, however, more heterozygous with 

higher allelic richness than those on the Hebridean islands (Darvill et al., 2006). Until recently, 

these populations were probably part of a larger B. muscorum metapopulation extending across 

southern England. If this situation is representative of other rare Bombus species, it underlines the 

urgency for habitat creation in order to prevent genetic bottlenecks and reduced effective 

population sizes. Furthermore, if the effects of climate warming intensifY, habitat 'corridors' may 

be required to facilitate the ability of species to track the distribution of suitable climates (Warren 

et al., 2001). 

In conclusion, based on the available evidence, the provision of two to three flower-rich field 

margins covering in total around one hectare within each square kilometre of agricultural land, 

linking larger areas of extensively managed semi-natural grassland, may be sufficient to sustain 

bumblebee metapopulations. The time needed to establish gene flow across newly created habitats 

may be longer for some of the rarer species, and this should be monitored using appropriate 

techniques, but colonisation and exchange is likely to occur if the right habitats are sustained. 

Whether considering currently rare or widespread and common species, efforts should undoubtedly 

be focused not on individual farms or sites, but at landscape and regional scales. 

7.3.3 Implications for other taxa 

The restoration of suitable habitats for bumblebees is likely to benefit a large number of other taxa 

in agroecosystems. Many of these taxa have also been the targets of AES or Biodiversity Action 

Plans, and can be considered beneficial species in terms of providing ecosystem services such as 

biological control and pollination (Marshall and Moonen, 2002). Other pollinating insects, 

especially solitary bees, honeybees, butterflies and hoverflies (Syrphidae), share nectar and pollen 

source species with bumblebees and have been shown to benefit from flower mixtures sown in a 

variety of agricultural situations (Lagerlof et al., 1992; Feber et al., 1996; Meek et al., 2002; 

Carreck and Williams, 2002; Pywell et al., 2004; Pontin et aI., 2006). Some (e.g. solitary bees and 

hoverflies) may prefer to visit open-flowered species such as the Asteraceae, rather than the long

corolla species preferred by long-tongued bumblebees (Cowgill et al., 1993; Westrich, 1996), so 

seed mixture composition can be adjusted to attract a greater diversity of pollinators. In the field 

margin experiment described in Chapter 6, suction sampling and sweep-netting revealed that the 

diverse wildflower mixture was attractive to the widest range of invertebrates when compared to 

the other treatments (Meek et al., 2004). The 'pollen and nectar mixture' did, however, attract 
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large numbers of butterflies and other flower visiting insects, and provided vegetation structure 

suitable for canopy-dwelling spiders and bugs. It is important to acknowledge the possibility that 

introduced flower mixtures may lead to unwanted non-target effects, such as an increase in pest 

populations (Baggen et aI., 1999). The dynamics of multiple species responses to introduced 

habitats require further investigation, but research to date suggests that the benefits as discussed 

here are likely to far outweigh any costs. 

The provision of suitable bumblebee nesting habitats along hedgerows and field margins is also 

likely to benefit animals which require a dense, sheltered vegetation structure. These include 

overwintering beetles and spiders (Pywell et aI., 2005a), small mammals (Gorman and Reynolds, 

1993) and some foraging and breeding birds (Marshall and Moonen, 2002; Vickery et ai., 2004). 

Furthermore, bumblebee foragers and nests are predated to varying degrees by insectivorous birds, 

badgers, shrews and mice (Alford, 1975; Goulson, 2003) so an increase in bumblebee populations 

could provide a direct food source for these animals. Bumblebees also support a diverse array of 

parasites, commensals and paras ito ids that feed on the adults, larvae or nest material. 

These associations, combined with their importance as pollinators of several crops and many native 

plant species (as outlined in Chapter 1), make bumblebees 'keystone' species whose removal from 

agricultural landscapes could have serious consequences for the rest of the ecosystem (Kevan, 

1991). They can also be considered 'umbrella' species, requiring a range of habitats at large spatial 

scales which support many other taxa (Simberloff, 1998), and 'indicators' of functioning and 

productive ecosystems because of their sensitivity to environmental change (Kevan, 1999). 

However, there is much potential for further research on the interactions between bumblebees, the 

plants they pollinate and the ecosystems supporting both bees and plants. How might the 

restoration and creation of flower-rich habitats, and the spatial distribution of these, influence 

plant-pollinator interactions in agricultural systems? Are they more likely to facilitate pollination 

of crops and native plants, or compete with these for pollinators? 

The growing recent interest in describing plant-pollinator interactions takes us some way to 

answering these questions, although whether plant reproduction (seed set) is limited by pollination 

in many species is still subject to debate (Burd, 1994; Dicks, 2002; Ashman et aI., 2004). There is 

evidence that seed-set in small, isolated plant popUlations is enhanced by bee visitation, that 

isolation from patches of semi-natural habitat results in decreased abundance and species richness 

of flower-visiting bees, and that this in tum results in reduced seed set (Steffan-Dewenter and 

Tschamtke, 1999; Hirsch et aI., 2003). This suggests that by linking isolated habitat patches in the 

landscape and increasing local bee abundance, introduced flower mixtures along arable field 

margins are likely to facilitate interactions between bees and existing rare arable plants (see also 

Gibson et aI., 2006). In this thesis, the analysis of pollen loads from both B. pascuorum and B. 
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terrestris foraging respectively at clover- and borage-dominated mixtures revealed visitation to less 

common species in the local landscape up to 600 metres away. 

Crop pollination by native bees (of watermelon, Citrullus lanatus, in California) is enhanced on 

farms adjacent to or supporting a high proportion of semi-natural habitat (Kremen et aI., 2004), 

although further evidence of this interaction for entomophilous crops in European landscapes is 

required. Whether field margin mixtures enhance pollination in adjacent crops at the local level 

probably depends on the flowering phenology and relative attractiveness of plants in the margin 

versus the crop (Pontin et aI., 2006). Perhaps ensuring minimal overlap in flowering times between 

field margin and crop would reduce the risk of a negative competitive response occurring for 

pollinators. However, if margins sown with suitable forage plants can enhance bumblebee 

densities at the colony and population level, then this may translate to a facilitatory effect on crop 

pollination at least in the medium to long term. 

7.3.4 The policy framework 

Finally, what are the likely costs of these restoration measures to the farming industry, and is the 

current policy framework sufficient to deliver what is required? Agri-environment schemes (AES) 

are the most important policy instruments to protect biodiversity in agricultural landscapes, and all 

EU member-countries are obliged to develop and implement them. AES cover around 25% of all 

farmland in the 15 older EU countries (EU, 2005), costing up to 3.7 billion Euros a year (EEA 

2002). Biodiversity conservation is, however, only one of several scheme objectives, many of 

which are broad and lack specific targets, making cost-benefit analyses difficult. Recent evaluation 

studies have questioned the effectiveness of European AES in conserving biodiversity, especially 

of rare species, thus creating concern amongst practitioners and scientists (Kleijn and Sutherland, 

2003; Kleijn et aI., 2006; Potts et aI., 2006; Whitfield, 2006). Kleijn et ai. (2006) tested an 

arguably limited number of management options and their small sample sizes may have precluded 

the detection of rare invertebrates. In many cases, positive effects of AES might only be apparent 

in the long term, so agreements would need to last for longer than the current 5 or 10 years. 

However, this thesis, along with studies on other taxa (e.g. Vickery et aI., 2004; Walker et aI., 

2006), demonstrates that targeted, evidence-based habitat creation under Environmental 

Stewardship can provide almost immediate benefits to both widespread and rare bumblebee 

species. Whether these translate to reversed declines and population growth will require further 

monitoring. 

AES payments in England have formed an increasing proportion of CAP subsidies since the 

decoupling of farm income from production in 2005 (Defra, 2006). While earlier schemes (not 

open to all farmers) perhaps failed to achieve widespread coverage of many options, around 13,000 

land managers have taken up ELS agreements since August 2005 

(www.defra.gov.uklerdp/schemes/es/default). Uptake of the 'pollen and nectar mixture' option 
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extends to around 700 agreements covering up to 700 hectares (Rural Development Service, pers. 

comm.). This suggests that there is potential for more widespread sowing of flower mixtures 

within existing agreements, but that better communication of management prescriptions and 

training of farmers is required. The seed mixture trialled in Chapter 6 is cost-effective at around 

£90 per hectare (€134), and offers a high proportion ofthe farmer's 'points target' (450 points per 

ha) for acceptance into the ELS scheme. This means of providing high quality foraging habitats for 

bumblebees is also fairly reliable, with agricultural legumes in the mixture establishing readily on 

fertile soils. The more diverse grass and wildflower mixture may prove more costly at between 

£300 and £850 per hectare (€446 - €1,263), but payments under HLS are designed to cover these 

costs. The availability of advisory networks and technology transfer groups such as the Farmed 

Environment Company (www.farmedenvironment.co.uk) will be important to ensure effective 

targeting and management of all scheme prescriptions. 

To enable the conservation of British bumblebees and other taxa associated with agricultural 

landscapes, AES should be viewed as complementary to other policy instruments such as national 

BAPs. These exist for habitats and species both within and outside farmed areas (Figure 7.1). The 

UK BAP requires, for example, that the biodiversity of some 15,000 ha of cereal field margins is 

'improved and restored' by 2010 (www.ukbap.org.uklhabitats).This target may soon be updated 

to specifY flower-rich field margins providing pollen and nectar sources (Rural Development 

Service, pers. comm.). There are also targets aiming to restore up to 2000 ha of lowland calcareous 

grassland and lowland meadows of wildlife value at carefully targeted sites by 2010. For the five 

BAP Bombus species, current targets are perhaps less specific, but the need to combine habitat 

management on SSSIs with that under AES is clearly stated. This will in future require more 

effective targeting in areas surrounding known populations, as at present, information on the 

distributions ofrare bumblebees available to RDS project officers within Defra may be out of date 

(Smallshire, pers. comm.). The restructuring of government agencies to form Natural England 

should ensure better integration of actions carried out under the BAP and AES. Greater 

consideration should also be given to the wider conservation benefits that AES may bring to non

fanned habitats, such as SSSIs, by restoring or 'softening' the agricultural matrix that separates 

them (Donald and Evans, 2006). 
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7.3.5 Conclusion and recommendations 

In conclusion, I refer to an illustration that summarises the potential effectiveness of AES for 

conserving bumblebees in relation to landscape type and farming intensity (Figure 7.1). If 

'effectiveness' is measured as the enhancement of bumblebee abundance and diversity, the shape 

of the curve is due to the availability of regional species pools for colonisation of restored habitats 

(start and end points may vary in different countries). As suggested by Tscharntke et al. (2005), 

and evidenced here, suitably managed AES options in 'simple' or typical agricultural landscapes 

can be highly effective. In 'cleared' landscapes with almost no semi-natural habitat, species pools 

may be inadequate to produce a measurable response to habitat management. Although such 

landscapes may be absent from Britain, the potential for AES to operate in intensive arable regions 

of eastern England and boost bumblebee numbers for additional benefits such as crop pollination 

should not be overlooked. In diverse landscapes supporting larger amounts of existing semi-natural 

habitat (e.g. within SSSIs), carefully targeted AES (see table) can also provide valuable habitats 

that are exploited by bumblebees, including rare species. However, in these areas schemes should 

be accompanied by habitat preservation and restoration to enhance floral diversity and nesting sites 

via other policy instruments, such as the Biodiversity Action Plan. 

The recommendations of the thesis can be summarised as follows: 

. It Arable field margins are best enhanced for bumblebees by introducing seed mixtures of 

suitable nectar and pollen-producing plants (see Ch 1, Table 1.3; Ch 6, Appendix 6A); 

• The management of forage mixtures in both arable and grassland situations requires further 

research to ensure a seasonal succession of flowering and better longevity. Interactions 

between forage mixtures and within-field flowering crops also require further study; 

It The response of bumblebee populations to agri-environment schemes may be more 

effectively measured by techniques focusing on colony dynamics and nest density than by 

transect-based estimates of forager density on localised habitat patches. Knowledge of 

potential correlations between genetic estimates of nest density and transect counts could 

better inform future monitoring approaches; 

• Better understanding ofthe metapopulation structure and dispersal ability of bumblebees is 

required in order to predict their response to management changes at the landscape scale, 

and determine interactions between agricultural land and protected semi-natural areas; 

• Future success will require close links between policy makers, land managers and 

ecologists. It will also require a commitment to monitoring on the scale of a national 

scheme that enables the effects of habitat restoration on rare and common bumblebees to 

be studied, as well as interactions with other components of agricultural ecosystems. 
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Figure 7.1 Illustration ofthe potential effectiveness of agri-environment schemes (AES) for 

conserving bumblebees in relation to landscape type and farming intensity (redrawn from 

Tschamtke et al., 2005). The table aligns with the graph, AES options referring to those available 

in England. See text for further explanation, section 7.3.5. 
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