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The influence of linear landscape features on pollinator
behaviour

Louise Cranmer

Abstract
Word count: 32,584

Linear landscape features such as hedgerows are important wildlife habitats but their
functional role in improving connectivity in fragmented habitats remains uncertain. This
thesis studied the influence of both natural and artificial linear features on pollinator
behaviour at medium and landscape scales. Observations along 30m transects,
perpendicular to eight different hedgerows revealed that non-foraging pollinators were far
more likely to exhibit linear flight next to the hedgerow than they were further out in the
field. Using a medium-scale experimental design, three patches of potted Phacelia
tanacetifolia (Hydrophyllaceae) were arranged equidistantly with two of the patches
being connected by an artificial linear feature. Results demonstrated that there was
significantly greater inter-patch movement by bumblebees (Bombus spp.) between the
connected patches than the isolated patch even after the position of the feature was
changed. The isolated patch, in contrast, was not approached from the other two patches.
Bumblebees demonstrated high patch fidelity but their abundance in the connected
patches was not necessarily greater than the isolated patch. There were no significant
differences in hoverfly (Syrphidae) abundance between patches. Later, the same
experimental array was scaled up to fit within the farm landscape structure, using an
existing hedgerow as the connection. A similar pattern of flight directions emerged. Ina
landscape investigation, the reproductive success of Salvia pratensis (Labiatae) growing
in patches with a high number of connecting hedgerows was compared with those plants
growing within poorly connected patches. Pollinator abundance, pollen grains per stigma
and seed yield, were greater in highly connected patches compared with patches with
fewer connecting hedgerows. The overall connectedness of a landscape may therefore be
important to both pollinator movement and those plants which depend on them for greater
reproductive success. Linear landscape features might represent navigational aids with
which pollinators orient themselves.
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Chapter 1

Preface

Pollinators are an important functional group within all terrestrial communities and play a
key role in maintaining plant populations (Rathcke & Jules, 1993; Fisher, 1998), in
energy flow between trophic levels (Watt et al., 1974; Proctor et al., 1996) and are
required by many agricultural crops and most wild plants for seed and fruit production
(Free, 1993). Landscape structure is a major determinant of movement of certain
invertebrates and may play a role in the survival of populations in the increasingly
fragmented landscape of lowland Britain (Forman & Baudry, 1984; Burel, 1989;
Merriam, 1991). Linear features such as hedgerows, road verges, canals and railway
embankments are important artificial habitats in their own right (Kirby, 1995). However,
there has been some debate as to the function of these landscape elements as corridors
between larger expanses of semi-natural habitat separated by urban and agricultural
habitats (Simberloff & Cox, 1987; Simberloff ef al., 1992; Rosenberg ef al., 1997). Few
studies have specifically studied insect behavioural responses to linear landscape
elements examining whether such structures can elicit an oriented flight response along

them and therefore facilitate insect movement through the landscape.
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Chapter 1: Landscape structure in lowland Britain:
fragmentation and species movement

Agricultural intensification, landscape change and habitat
fragmentation

Insect mediated pollination of plants is a fundamental and vital service within healthy
ecosystems (Kearns et al., 1998). The majority of angiosperms require pollination to set
seed and most of these pollen vectors are insects (Buchmann & Nabhan, 1996). Although
pollination alone is insufficient to guarantee long-term plant population persistence, it is a
necessary first step (Rathcke & Jules, 1993). The transfer of pollen between separate
plants helps to maintain adequate levels of plant genetic variation and ultimately
facilitates evolutionary adaptations to shifting environmental conditions (Osborne &
Williams, 1996). Pollination systems throughout the world have suffered from various
anthropogenic perturbations stemming from agricultural intensification and increasing
urbanisation. The primary cause of most of these declines is attributed to habitat loss
(Osborne et al., 1991; Hanski, 1998; Kearns et al., 1998). There is also evidence to
suggest that climate change is affecting the distribution of many pollinators (Hill et al.,
2001; Kerr, 2001). Pollinator diversity, distribution and abundance have declined for the
majority of European species (Williams et al., 1991; Pollard & Yates, 1993; Banaszak,
1996) and with them, many interactions have also been lost (Rathcke & Jules, 1993;
Keamns et al., 1998). As natural resources are continually depleted via non-sustainable
operations, more and more plant-pollinator interactions will be affected by habitat loss,

degradation or fragmentation (Young & Clarke, 2000).

Urban expansion and the move towards large-scale agriculture have resulted in an
increasingly fragmented landscape in lowland Britain (Kirby, 1995; Sutcliffe & Thomas,
1996; Saville et al., 1997). A typical farmland environment is dominated by large arable
or pasture fields, demarcated by narrow field boundaries. These linear features, such as
hedgerows, drainage ditches and roads, intersect fields in a grid-like array and are often

interconnected (Burel, 1996).

Agricultural land accounted for approximately 18.5 million ha (75% of the land area) in
Britain in 2001 (DEFRA, 2003). As a result of intensive farming practices, landscape

structure has changed dramatically over the past 55 years, altering the relationships and

2
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ecological processes which operate between the primary landscape characteristics of size,
shape, diversity, density and spatial pattern of various landscape components. The spatial
arrangement of habitat patches within the landscape is naturally dynamic and continually
changing, but the changes brought about by agricultural intensification have amplified
this (Jonsen & Fahrig, 1997). Habitat fragmentation, as a result of agricultural
intensification, has been identified as one of the most important factors threatening
biodiversity (Hanski, 1998). Habitat size, quality and the spatial arrangement of patches
within a complex mosaic, affect the distribution of resources in the landscape, influencing
population dynamics and community structure (Dunning et al., 1992; Pulliam et al., 1992;

Jonsen & Fahrig, 1997; Thomas & Kunin, 1999).

The numerous detrimental effects of fragmentation serve to weaken the stability of plant
and animal populations (Fahrig & Merriam, 1994). Increased isolation may reduce gene
flow and ultimately result in inbreeding depression such that smaller populations are at an
increased risk of population extinction (Dudash & Fenster, 2000; Eisto et al., 2000; Kéry
et al., 2000; Young et al., 1996, 2000). Pollination systems have not escaped such
perturbations; mutualists and habitat and food plant specialists can be particularly
susceptible to reductions in habitat patch size and increased distances between habitat
fragments (Rathcke & Jules, 1993; Kearns er al., 1998; Krauss et al., 2003; Steffan-
Dewenter, 2003). It is important to consider the knock-on effects in an ecological system
rather than merely the effect on a single species. For example, a loss of pollinators could
initiate a negative loop of decline of dependent plants, their associated insect communities

and all the other species which rely on them (Olesen & Jain, 1994).

Structural change

Large-scale mechanisation has led to the removal of hedgerows, creating larger fields to
accommodate modern farm machinery. Since 1945, one quarter to one third of the total
length of hedgerows within the United Kingdom have been removed. Of those, 23%
disappeared between 1984 and 1990 in England and Wales (Barr ef al., 1993). Landscape
diversity has diminished nationally as arable and pastoral farming have diverged to the
east and west of the country, respectively. There has also been a reduction in smaller,
mixed farms resulting in an increase in larger, more specialised holdings with fewer areas

of non-cropped land (Potts, 1991; Robinson & Sutherland, 2002). This restricts the
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numbers of habitats available to species which require a mosaic of habitats for different

stages of their life cycle (Westrich, 1996; Appelqvist ef al., 2001).

Biotic change

As well as structural change, the land has sustained differing degrees of drainage,
cultivation, fertilisation, irrigation, pesticide applications and pollution (Robinson &
Sutherland, 2002). This can affect the local biota. For example, changes in the status of
plant species have been attributed to changes in soil nutrient status in Northamptonshire
since 1930 (McCollin ef al., 2000). In addition, the move to autumn-sown arable crops
resulting in the loss of winter stubble is one of the many factors which has led to the

decline of some of the once common specialist farmland birds (Baillie et al., 1997).

In an attempt to ameliorate such negative effects, financial incentives such as the
Countryside Stewardship Scheme have encouraged many farms to adopt a more
sympathetic approach to farming practice. Field margin management, the incorporation
of conservation headlands (Sotherton, ef al, 1989), set-aside (Corbet, 1995; Sparkes et al.,
1998), wild flower strips integrated with pest management strategies (Hickman &
Wratten, 1996; Frank, 1999; Ullrich, & Edwards, 1999; Sutherland et al., 2001) and the
creation of new habitat attractive to wildlife (Carreck & Williams, 1997, 2002) have all
improved matters to greater and lesser extents. Other farming strategies such as the
planting of cover crops and green manure have proved attractive to some beneficial
insects, albeit unintentionally (Wyland et al., 1996; Rilegg et al., 1998). Such proactive
measures to improve biodiversity on agricultural land may be enhanced depending on
their proximity to different biotypes and the connectivity of the local ecological
infrastructure (Fahrig & Merriam, 1994; Fry, 1994; Visser, 2000; Baudry & Bunce,
2001).

Species movement in fragmented landscapes: perceptual range and scale

Populations living within such isolated fragments are at an increased risk of extinction
unless they can disperse across land to interact with other suitable patches and maintain
long-term dynamic interactions (Merriam, 1991; Fahrig & Merriam, 1994; Malanson &
Cramer, 1999). The ability to disperse depends on the permeability of the landscape to
individual species, including perceptual range, movement capabilities and resource

accessibility (Taylor et al., 1993; Mauremooto ef al., 1995; F ariha, 1998). For example,
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Schtickzelle & Baguette (2003) demonstrated that the bog fritillary butterfly
(Proclossiana eunomia) was less likely to disperse to other patches within a highly
fragmented landscape than in a more aggregated one. The insects exhibited boundary
perception and modified their behaviour at patch edges by making U-turns significantly
more often in the fragmented network. The surrounding matrix within the highly
fragmented system consisted of unsuitable conifer plantations and fertilised pastures
whereas the aggregated study area contained more natural undisturbed peat bog. Higher
mortality rates of individuals dispersing from the fragmented habitat due to an unsuitable
matrix probably exert a strong selection pressure for the evolution of behavioural evasion
of patch boundaries, explaining the lower emigration rates recorded in the fragmented

arca.

Landscape permeability may be improved if fragmented habitats are physically connected
by landscape elements such as hedgerows or other suitable habitat. This structural degree
of 'connectedness' is distinct from the 'connectivity' of a landscape, which refers to the
functional role of species specific movement within the landscape (Baudry & Merriam,
1988). Such landscape connectivity can increase immigration and emigration rates

between populations (Merriam, 1991).

Assessing the spatio-temporal scale at which individual species perceive the environment
is crucial to understanding population dynamics and the interaction between behavioural
phenomena and the fragmented landscape (Lima & Zollner, 1996; Brandt, 1998).
Behavioural responses to landscape elements will differ between species and the
landscape cannot be viewed simply as intrinsically fragmented or connected (Jonsen &
Fahrig, 1997; Davidson 1998; Steffan-Dewenter et al., 2001; Krauss et al., 2003). A
decrease in landscape connectivity on vertebrate movement abilities was found to be
species-specific in British Columbian forests. Small, less vagile species were adversely
affected by decreasing landscape connectivity whereas the larger, more mobile species

were able to withstand such perturbations (D’Eon et al., 2002).

The ability of an animal to detect differing landscape components will influence its
dispersal success and population dynamics within fragmented landscapes (Lima &
Zollner, 1996). Animals with low perceptual ranges are at an increased risk of mortality

due to prolonged searching for suitable habitat where they are vulnerable to predators or
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lack of resources (Farina, 1998). Nocturnal white-footed mice (Peromyscus leucopus)
displaced from their natural habitat of woodland displayed very poor perceptual range and
were unable to locate woodlots from 30m away when placed in bare fields, and 10m away
when in crop fields (Zollner & Lima, 1997). However, illumination by moonlight or dusk

increased the perceptual range to 60m and 90m, respectively (Zollner & Lima, 1999).

Steffan-Dewenter ef al. (2001) found that different groups of insects perceived the
landscape at different scales in Germany. In 15 landscapes differing in complexity, the
authors tested the effects of scale on pollinator and seed predator abundance. The
correlation coefficients of these relationships were analysed at eight spatial scales.
Changes in seed predator abundance of Centaurea jacea plants responded to scales of up
to 2.5km whilst the correlation between changes in pollinator numbers and landscape
structure decreased at larger scales. When the pollinators were analysed separately, the
relationship between bumblebee (Bombus spp.) numbers and landscape structure
positively increased at increasing spatial scales (up to 3km). Solitary bees (Apidae)
appeared to respond to much smaller spatial scales between 0 - 500m. Honeybee (4pis
mellifera) abundance exhibited a negative correlation with increasing landscape
complexity at increasing spatial scales. Krauss ef al. (2003) found similar results for
butterflies in calcareous grasslands in Germany. Although landscape context exerted only
marginal effects on species abundance for generalists, the surrounding matrix exerted the
strongest effect on species richness at small spatial scales (within 250m radius). Habitat
isolation alone had no effect on butterfly species richness. Habitat area was the most
important factor affecting butterfly abundance with the species richness of specialist
species being more sensitive than that for generalists. Thies ef al. (2003) investigated the
effects of the surrounding matrix on plant-herbivore-parasitoid interactions at different
spatial scales in German agricultural landscapes. Low herbivory rates by the pollen
beetle (Meligethes aeneus) and higher mortality rates as a result of parasitism occurred in
the more structurally complex landscapes and the strongest correlations were detected at a
scale of 1.5km. Clearly different insect taxa respond to habitat complexity at different
spatial scales. These scales might be difficult to detect amongst the 'noise’ of a variety of

other variables affecting insect behaviour within the landscape.
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Agricultural intensification affecting pollination: economic and
conservation implications

Habitat destruction, disturbance and fragmentation pose major threats to both crop and
wild plant pollination systems in Europe (Corbet et al., 1991; Osborne et al., 1991;
Williams ef al., 1991; Rathcke & Jules, 1993; Westrich, 1996; Williams, 1996; Kearns et
al., 1998; Corbet, 2000) and at the global scale (Kremen & Ricketts, 2000; Paton, 2000;
Roubik, 2000, 2001). Smaller, fragmented patches, by virtue of their decreased area,
support fewer plants which may attract fewer pollinators and affect their foraging
behaviour. A decrease in plant gene flow might result and a negative feedback loop may
occur, ultimately reducing plant and insect biodiversity in that location (Dramstad & Fry,
1995; Kwak et al., 1998; Kevan, 1999; Oostermeijer, et al., 2000; Steffan-Dewenter et
al., 2001; Goverde et al., 2002).

Most plant-pollinator interactions in northern Europe are very generalised (Waser et al.,
1996). Memmott (1999) suggested that the community might best be understood by
composing interaction diagrams similar to conventional food webs. Since most
pollination studies have focused on just a few of these interactions, there is little
information available when trying to obtain the bigger picture of entire pollinator
communities. Understanding plant-pollinator food webs has an essential application to a
variety of research areas, such as the maintenance of diversity (Bascompte et al., 2003),
genetically modified crop pollen flow and community evolution of mutualisms
(Memmott, 1999). The plant-pollinator food web can provide a powerful tool for
analysing pollinator complexes. Corbet (2000) draws attention to conserving the
compartments within such plant-pollinator food webs, in particular, the 'longer-tongued-
bumblebee/deep corolla flower' compartment. The compartment is a sub-section of the
food web which contains more interactions within its section than with species in other
compartments in the web (Dicks et al., 2002). This compartment has suffered losses of
both the longer-tongued bumblebee species and many of the deep-flowered perennials
due to annual ploughing, leaving B. hortorum and B. pascuorum as the only effective

pollinators within the compartment.

Conservation efforts focusing upon dominant species, which have many interactions, will
help to ensure the survival of the 'longer-tongued-bumblebee/deep corolla flower'

compartment. This may be preferable to diverting all energy toward one particular rare
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species which has fewer interactions than keystone species (Corbet, 2000). Dicks et al.
(2002) found evidence of the compartmentalisation of pollination systems within Norfolk
hay meadows, yet failed to find the 'long-tongued bee' compartment proposed by Corbet
(2000). However, recent work by Bascompte e al. (2003) has cast doubt on the existence
of compartments. By analysing 52 plant-animal mutualistic networks, they have
demonstrated that the webs are highly nested, whereby a nucleus of generalist species
provide the foundation upon which more specialist species are reliant. This nestedness
conveys a more steadfast and robust system when coping with disturbance than if it was
compartmentalised or randomly assembled. The endurance of rare species is buffered
from stochastic events because of the highly asymmetrical organisation of the community
where specialist species interact only with generalists. Ollerton et al. (2003) argue that
this nested arrangement is the result of medium-term climate change filtering out

specialist-specialist interactions.

The three most important groups of pollinating insects in the UK are the bees (Apoidea:
Hymenoptera), butterflies (Rhopalocera: Lepidoptera) and the hoverflies (Syrphidae:
Diptera). Their biology, ecology and relative effectiveness as pollinators vary greatly

both between and within guilds and are therefore discussed separately.

Bees

It is widely recognised that bumblebees fulfil an essential function as pollinators,
although their role is frequently underestimated. Their fundamental contribution to
agricultural production lacks serious acknowledgement by both the general public and
policy makers in Britain and the European Union (Williams, 1995). Remarkably, the
reason for this is the lack of data on the pollination requirements of many crops and
quantitative information on the role of bumblebees in this context. For example, in the
European Union only sketchy information is known about the pollination requirements of
one third of crops grown there (Williams, 1995). Kearns et al. (1998) put the importance
of pollinators in perspective, stating that one third of the food consumed by humans is
dependent either directly or indirectly on pollination. As well as being necessary for seed
and fruit production, insect pollination helps to synchronise an even ripening of seed. It
also affects the quantity and quality of seed and fruit produced, and is needed for hybrid
seed set (Corbet et al., 1991).
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The decline of bees could have serious economic implications. In Europe and the USA,
crop pollination may suffer due to forecasts in bee shortages (Torchio, 1990; Osborne et
al., 1991). In the European Union, about two thirds of 264 plant species have had their
pollen vectors investigated. Of these, 83% are entomophilous. These species belong to
around 60 plant families and possess widely varying flower form, which in turn, require a

large diversity of pollinators (Williams, 1994).

Whilst farmland is not the ideal habitat for pollinators (Kearns et al., 1998), large
numbers of bumblebees can be found in many agroecosystems (Banaszak, 1983; Goulson,
2003). Although there have been national declines in bumblebee species and abundance
(Williams, 1986) six species remain common and widespread (Bombus hortorum; B.
lapidarius; B. lucorum; B. pascuorum; B. pratorum and B. terrestris). They may be
scarce early in the year due to their annual colonies: they are, however, very effective
pollinators and a number of characteristics make them more efficient than honeybees and
other insects. Their large size provides insulation and some thermoregulation via muscle
activity. This translates into an ability to work for longer periods of time and in poor
weather conditions. This attribute makes them important pollinators in northern Europe
(Corbet et al., 1993; Kwak et al., 1996; Williams, 1996). Bumblebees are generalist
pollinators, but different species have varying tongue lengths and therefore tend to visit
differing flower shapes for which they are adapted (Brian, 1954; Prys-Jones & Corbet,
1991; Fussell & Corbet, 1992; Proctor et al., 1996). Nectar feeders spend the majority of
their time searching for food and wild bees are dependent upon a constant supply of
nectar since they store little food (Brian, 1954; Carreck & Williams, 1997). The need to
move in search of food will depend on floral abundance and, as food availability declines,
pollinators must travel further (Banaszak, 1996). Bumblebees are capable of flying
substantial distances (Osborne et al., 1999; Goulson & Stout, 2001; Dramstad et al.,
2003) transporting pollen across the landscape and helping to alleviate the deleterious
effects of habitat fragmentation on gene flow (Jennersten, 1988; Saville et al., 1997,
Kwak et al., 1998).

Temporal fluctuations in the abundance of the native bee community means that a high
diversity of bees is required to provide adequate crop pollination services. However,
isolation from floral and nesting resources contained within natural habitats was identified

as a key factor reducing the diversity and abundance of native bees, negating the use of
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this 'free' service in California (Kremen ef al., 2002). As another example, bumblebees
require a range of landscape types to satisfy their varying habitat preferences for

establishing nests (Svensson et al., 2000) and for forage (Edwards, 1996; Saville et al.,
1997).

Some crops such as oilseed rape provide abundant nectar and pollen resources, but only
temporarily (Williams & Carreck, 1994; Corbet, 2000). Bees need a constant supply
throughout the colony’s life-cycle to maintain adequate populations (Osborne et al., 1991;
Corbet, 1995). However, Westphal et al. (2003) found that bumblebee densities
increased at the landscape-scale as a result of forage found in mass-flowering
entomophilous crops, at the time of colony founding. The spatio-temporal heterogeneity
of resources affects different species in different ways, depending on their foraging range
(Walther-Hellwig & Frank, 2000). Forage found in areas such as set-asides, roadsides,
hedgerows, ditches, and field margins provides floral resources in low amounts but over a

long period (Westrich, 1996).

Butterflies

The habitat requirements of butterflies vary depending on whether the species belongs to
an 'open' or 'closed' population. Open population species, which include migrants such as
the red admiral (Vanessa atalanta), are highly mobile and will colonise any new suitable
habitat. Closed population species only rarely colonise new habitats and individuals will
complete their entire life cycle within one locality; they are consequently more
susceptible to habitat degradation and fragmentation (Corke, 1997). Although the
pollination behaviour of the order is poorly understood, Bronstein (1995) places the
Lepidoptera as the second most important group of insect pollinators. There is wide
variation in proboscis lengths of different butterfly species allowing a great diversity of
flowers to be probed by the order. Butterflies feed on a wide range of British flowers but
there are no examples of specialist plant-butterfly interactions within the British Isles
(Proctor et al., 1996).

Of the 61 butterfly species resident or regular migrants to the UK, 64% have been
recorded from hedgerows although none are exclusive to hedges (Thomas & Lewington,
1991; Dover & Sparks, 2000). Compared with unimproved grassland, relatively few

butterfly species are found on agricultural land. The use of herbicides, pesticides and
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fertilisers has had a detrimental effect on butterfly habitats (Sparks & Parish, 1995;
Kearns et al., 1998) such that many butterfly species are therefore restricted to areas of
non-cropped land, field boundaries and hedgerows (Sparks et al., 2000). These areas
receive less disturbance and support an increased abundance of larval and adult food
plants (Smart et al., 2001; Leimar et al., 2003). Dover et al. (1992) cited a number of
studies which suggested that butterfly abundance and diversity increased in field margins
where pesticide applications had been reduced within the outer 6m of cereal fields. These
so called ‘conservation headlands’ supported increasing populations of satyrid butterfly
species when compared with south and south-east England regional trends. However,
more and more marginal land is being cultivated particularly in the last 50 years, as food
production has increased, exacerbating the situation (Kearns et al., 1998). Conservation
measures need not necessarily involve huge effort. Minor changes, such as more
conservative use of chemicals and making the most of already existing habitats can
improve abundance and diversity of many animals as well as pollinators (Do-ver et al.,
1990, Dover, 1996; Sparks & Parish, 1995; Edwards, 1996; Feber et al., 1999). Sparks &
Parish (1995) found that floral species richness, large hedgerows and grassy areas in field
boundaries positively influenced butterfly populations in Cambridgeshire. Clearly, the
existing evidence suggests that less intensive management of field margins creates a more
suitable habitat for butterflies and many other pollinators, boosting the land area available

for movement via a network of linear strips.

Hoverflies

Hoverflies have received much attention as biological control agents, since the larvae are
voracious predators of aphids (Hickman & Wratten, 1996; Bowie et al., 1999; Frank,
1999). The sowing of wild flower strips either to enhance biodiversity or to augment pest
management strategies is gaining popularity and is frequently being incorporated into
modern farming practices. The strips have been very successful in enhancing
aphidophagous hoverfly diversity and abundance (Hickman & Wratten, 1996; Frank,
1999; Colley & Luna, 2000; Sutherland et al., 2001). Linear features such as road verges
and conservation headlands may have similar properties to wild flower strips in
facilitating hoverfly dispersal across the landscape. If linear features contain suitable
floral resources, it is then possible that the findings from wild flower strips can be applied
to them in extending hoverfly distribution within the arable landscape. Yet Harwood ef

al. (1994) warn that these strips may act as sinks, depleting the surrounding landscape of

11



Chapter 1
the more natural distribution of hoverflies. This is significant, as their role as pollinators
has often been overlooked (Goulson & Wright, 1998; Kearns, 2001). They are the second
largest pollinator group after the bees and comprise nearly 250 species in the British Isles
(Proctor et al., 1996). Some hoverfly species specialise on either pollen or nectar, whilst

others appear to feed on both.

The management of field margin flora to enhance biological control was discussed by
Cowgill et al. (1993). They assessed the use of floral resources by the hoverfly
Episyrphus balteatus in UK farmland field margins. Between June and August, a
sequential change of floral use was noted of the 27 plant species studied, whilst a few
flowers provided constant forage. A study of insect visitation to three rare plants
(Scabiosa columbaria, Phyteuma nigrum and Salvia pratensis) revealed that hoverflies,
especially Eristalis tenax, were the most important pollinators for S. columbaria (Kwak et
al., 1996). They are important because they carry large pollen loads and they visit in high
numbers. E. tenax is very common in northwest Europe, and has increased in numbers

(Bankowska, 1980).

Hoverflies are very good organisms to study at the landscape scale because adults are
highly mobile. With a widespread distribution, it has also been suggested that they would
make good bioindicators particularly because different species have varying

environmental requirements as larvae (Sommaggio, 1999; Morris & Ball, 2002).

Remnant semi-natural habitat patches

In the arable landscape, relatively small patches of semi-natural habitat remain at field
corners, around disused buildings or ponds and other areas of non-cropped land. These
patches fit into the agricultural matrix with varying degrees of connectedness with linear
landscape features such as hedgerows, and are important areas for the maintenance of
pollinator populations (Hobbs, 1992; Edwards, 1996). These patches generally suffer
little anthropogenic disturbance, allowing vegetation to die down naturally after each
growth season. The cyclical growth and decay of different plant species creates a mat of
decaying plant material which may accumulate over time (Crawley, 1986; Begon ef al.,
1990). This heterogeneous structure provides suitable nest sites for bumblebees and
solitary bees as well as nectar sources for many insects, and larval food plants for

butterflies and hoverflies (Banaszak, 1983; Kearns & Inouye, 1997; Saville et al., 1997,
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Tscharntke et al., 1998). A succession of flowering plants along with nest sites is crucial
within the landscape to support a species-rich bee community (Calabuig, 2000; Le6n-

Cortés et al., 2000; Steffan-Dewenter et al., 2001).

The wild flowers present in these ‘islands’ represent something of an oasis for wildlife,
particularly pollinators, when compared with the surrounding monoculture so typical of
arable farms in lowland Britain. There is no doubt that these patches support pollinator
populations which have direct benefits to nearby entomophilous crops (Banaszak, 1983;
1996; Edwards, 1996; Westrich, 1996). Crop fields with uncultivated land nearby receive
greater numbers of bumblebees. For instance, Scott-Dupree & Winston (1987) found that
commercial orchards surrounded by areas of non-cultivated land received more

bumblebee visits.

These fragments become all the more important in the light of recent declines in species
distributions of bumblebee populations, as well as documented contractions of range of
some of the rarer butterfly species, resulting from agricultural disturbance and habitat
fragmentation (Williams, 1986; Prys-Jones & Corbet, 1991; Pollard & Yates, 1993;
Rathcke & Jules, 1993; Hill et al., 2001; Goulson, 2003). Species declines have been
attributed to human activities such as changes in land use practices, introduction of non-
native species and increased chemical applications in agriculture (Kwak et al., 1996;
Keamns et al., 1998). Habitat degradation, either via complete loss, lower quality or
fragmentation, is the single most important cause of worldwide population extirpation and

species extinction (Hanski, 1998).

For populations to persist in the environment, theoretical studies have pointed to habitat
spatial heterogeneity as being important if insular patches are to have a greater chance of
being re-colonised (Fahrig & Paloheimo, 1987). Fahrig & Paloheimo (1988b) developed
a simulation model, backed up by fieldwork, for adult females of the Large White
butterfly (Pieris rapae) by looking at their movement behaviour in patchy habitats. Their
results suggested that the effect that spatial arrangement of habitat patches has on local
population sizes diminishes as the dispersal distance increases (Fahrig & Paloheimo,
1988a). Turchin (1991) reported that female Euphydryas anicia butterfly movement was

affected by two factors when locating oviposition sites: host plant density and male
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presence. Female rate of movement was increased and could lead to their emigration

from the host patch following male harassment.

For species susceptible to local extirpation, colonisation of new patches is vital to their
population dynamics. Successful colonisation is dependent upon the dispersal ability of
enough individuals to establish a population. The Bay Checkerspot butterfly (Euphydryas
editha bayensis) is capable of moving several kilometres. However, if they were within
50m of a suitable patch, they moved in an oriented fashion; random movement was more
likely if they were further away. Patches surrounded by hills were less likely to be
colonised than those surrounded by flat land (Harrison, 1989). Evidence that the
landscape affected the population genetic structure of the alpine butterfly (Parnassius

smintheus) was reported by Keyghobadi ef al. (1999) using microsatellite DNA markers.

As the landscape has become more fragmented and its physical architecture has changed,
so the flow of nutrients and energy within the landscape has altered, with the distance
between semi-natural habitats increasing (Fry, 1994). The importance of non-cultivated
linear landscape features within a mosaic of intensively managed cereal fields has
probably never been more significant (Svensson et al., 2000). As they are often field
boundaries, they are frequently the only connection between the remaining fragments of

once extensive semi-natural habitat (Burel, 1996, Baudry & Bunce, 2001; Boots, 2001).

Linear landscape features

Linear features can be simple, such as a fence line, or complex, such as an ancient
hedgerow (Rosenberg et al., 1997). Their structural and biological variety stems from
their intended purpose; to contain stock, as planted shelter-belts, drainage ditches, roads,
ownership boundaries or remnants of woodland (Baudry & Bunce, 2001). They facilitate
functional landscape-level processes such as the flow of energy, materials and species
along and between them, although this is never uniform along the entire length (Forman
& Baudry, 1984; Burel, 1996; Baudry & Bunce, 2001). The various functions they make
possible are determined by their network pattern within the landscape and their
connectedness (Forman & Baudry, 1984). Features such as hedgerows, roadside verges
and ditches can extend the distribution of wild flowers in an otherwise unfavourable farm

environment (Sutcliffe & Thomas, 1996). In lowland Britain, hedgerows and roads

14



Chapter 1

comprise the most dominant type of linear features (Marshall et al., 2001) and these are

discussed in turn.

Hedgerows

The familiar patchwork landscape of fields bordered by hedgerows is a characteristic
feature of lowland Britain and reflects socioeconomic, political and historical
modifications to the land (Pollard ef al., 1974; Chapman & Sheail, 1994; Doubleday et
al., 1994; Congreve, 2001). Hedgerows form grid-like networks connecting otherwise
isolated habitat patches within the large-scale field environment (Burel, 1996; Barr &
Gillespie, 2000). Linear features serve to break up and infiltrate large open spaces by
providing more or less contiguous extensions of habitat patches and conduits (Forman &
Baudry, 1984; Turner, 1989; Merriam, 1991). Conversely, they can also interrupt air
fluxes and represent barriers to seed dispersal and species’ movement (Burel, 1996;

Bhattacharya et al., 2003).

There are numerous definitions of what constitutes a hedgerow, reflecting their varying
origins and intended purposes. The terms 'hedge' and 'hedgerow' are often used
interchangeably although there are subtle differences between the two. The 'hedge' refers
strictly to the vertical woody species whereas 'hedgerow' often incorporates other
associated features such as the presence of a ditch and herbaceous species growing at its
base (Forman & Baudry, 1984). The Countryside Survey defines a hedgerow as “a more
or less continuous line of woody vegetation that has been subject to a regime of cutting in
order to maintain a linear shape” (Barr & Gillespie, 2000). Clements & Tofts (1992b)
defined hedgerows as “a line or narrow belt of closely-spaced woody shrubs, retained
and/or managed so as to form a more or less continuous barrier”. Most definitions
include the importance of management in maintaining the characteristic dense and linear
shape, reflecting their most common function as a barrier. There were approximately
449,000km of hedgerows in England and Wales in 1998 (Countryside Survey, 2000).
Hedgerows have great ecological importance within the landscape despite the relatively

recent losses due to hedgerow removal discussed earlier,

The hedges occurring in Britain today originated either spontaneously, through direct
planting or as a result of clearance of surrounding woodland (Forman & Baudry, 1984).

Spontaneous hedges occur along existing linear features such as fence lines, where birds
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may perch and deposit shrub seeds via their droppings. Immature plants might establish
along such fences where there is less agricultural disturbance. The majority of Britain's
hedgerows arose from deliberate planting; either to enclose stock or to provide shelter or
to demarcate ownership boundaries (Pollard et al., 1974; Helps, 1994). Although many
hedges were planted as a result of the Enclosure Acts of the eighteenth and nineteenth
centuries, there are also significant numbers of ancient hedgerows that are several
centuries old. Remnant hedges represent woodland edges and are the only remaining
vegetation left as the rest of the woodland was cleared to create new fields (Clements &
Tofts, 1992a).

There is great variation in the physical structure of hedgerows ranging from immature
planfed hedges using one species, which may be thin, sparse and relatively uniform, to
ancient hedges with a high species richness of both woody and herbaceous vegetation, of
great width and height (Burel, 1996). Various other attributes may also contribute to the
hedge's ecological value, such as the density of the herb layer, existence of ditches or
hedgebanks, the number of gaps and standard trees present and the type of management
regime the hedge is subjected to. Differing animal communities favour differing
combinations of these physical attributes. Greater heterogeneity of the hedge structure
has been linked to high animal diversity, especially where there are prominent vertical
strata (Forman & Baudry, 1984). The hedge provides suitable habitat for a wide range of
organisms, particularly those species naturally occurring at the woodland edge. The
narrow linear shape mimics the woodland edge, having a much greater peripheral to
interior area ratio. Hedgerows existing in areas with few woodlots or scrub cover are
therefore particularly valuable in extending the natural habitat of woodland edge species
(Clements & Tofts, 1992a).

The wildlife attributes of hedges can be divided into intrinsic and extrinsic features.
Intrinsic attributes refer to the characteristics of the hedge, such as physical structure and
species diversity. Extrinsic traits are those where wildlife benefits from the hedges’
interaction with other landscape features, such as its proximity to woodland and
connectedness to other hedgerows (Clements & Tofts, 1992a). These extrinsic factors are
discussed in 'Linear features as extensions of habitat: wildlife corridors?', within this

chapter.
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Hedgerows can provide an extension of some of the benefits of remnant semi-natural
habitats. Compared with the surrounding arable land, hedges generally suffer less
disturbance and escape most direct chemical treatments although spray drift and herbicide
treatments to the hedgerow base may be a problem in some cases (Dover & Sparks,
2000). As a result, there is generally greater plant species diversity, often with a
positively correlated higher faunal diversity. Although no single species is restricted to
hedgerows (Bunce ef al., 1994) a high percentage of species existing within arable
landscapes occur within them (Burel, 1996). Over 500 vascular plant species have been
documented from hedges, as well as more than 60 species of nesting birds (Ratcliffe,
1977). Small mammals such as dormice (Muscardinus avellanarius), bank voles
(Clethrionomys glareolus) and wood mice (Apodemus sylvaticus) (Bright, 1998; Bellamy
et al;, 2000), together with a high diversity of invertebrates including many pollinator
species (Pollard et al., 1974; Dover & Sparks, 2001; Croxton et al., 2002) are all well
represented within hedgerows. The hedgerow therefore represents a refuge for plants and
their associated insect communities, which in turn support many bird and other vertebrate
assemblages (Pollard et al., 1974; Muir & Muir, 1987; Clements & Tofts, 1992a; Hinsley
& Bellamy, 2000). It is not only the diversity of floral resources which are of
significance to pollinators, but also the microclimate heterogeneity necessary for egg-
laying and larval development, larval host plants and nest sites. Moreover, green lanes,
where parallel hedgerows border trackways, have been found to provide favourable
habitat for an increased numbers of bumblebees and butterflies (Sparks et al., 1999;
Dover et al., 2000; Dover & Sparks, 2001; Croxton et al., 2002). Clearly, it is not only
the multitude of niches provided by the great diversity of hedgerows that are ecologically
significant, but also the way in which these hedgerows interact with the surrounding

landscape.

Roads

Urban expansion has also affected the spatial pattern of the landscape. Along with
habitat-loss for private dwellings and commercial industries, increasing numbers of roads
are being built to service such communities. In Great Britain, the total land area covered
by all roads in 2001 was approximately 3,300km” with numbers increasing annually
(DfT, 2001). Not only do they have a direct impact on wildlife, such as road kills and
disturbance or destruction of habitat during construction, but the infrastructure fragments

habitat and also acts as a barrier which impedes some animal movement (Bhattacharya et
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al., 2003). However, numerous studies have demonstrated that road verges can provide
suitable habitat for the maintenance of some populations, can be species-rich and can
contain high densities of plants (Hogbin er al., 1998; Auestad et al., 1999), insects
(Munguira & Thomas, 1992; Vermeulen, 1994; Svensson et al., 2000) and small
mammals (Bellamy et al., 2000).

Roadsides can be suitable habitats for pollinators (Auestad et al., 1999). In the
Netherlands, bumblebees and flies were the most frequent visitors to plants in roadside
verges (Kwak et al., 1996). Banaszak (1983) studied the occurrence of wild bees on
roadsides in Poland between April and August. Varying from 2 - 4m wide, verges
differed in vegetative structure and composition from short swards to overgrown
vegetation, containing shrubs. Generally, the more plant species-rich verges supported a
greater diversity of wild bees. However, all verges were good habitats, comparable to
permanent reserves, as they provided abundant nest sites and a sequential food source
throughout the season for wild bees. Although the normal flight distance of wild bees
appears relatively short, shelter-belts, roadsides, boundary paths and refuge habitats

nearby did enhance their movement into crops (Banaszak, 1983).

As fragmentation of the landscape increases, many conservation strategies have focused
upon the functional importance of linear landscape features in ameliorating the adverse
effects of increasing patch isolation. Linear features connecting discrete habitat patches
may improve the functional connectivity of the ecological landscape by facilitating faunal
movement along them to occupy otherwise isolated patches (Hobbs, 1992; Rosenberg et
al., 1997, Beier & Noss, 1998). Linear features acting as wildlife corridors have received
much attention in the past couple of decades. Although this study does not directly assess
the validity of hedgerows as corridors for pollinator movement between insular patches,
the topic of wildlife corridors is worthy of discussion in the broader context of animal

movement in the landscape.

Wildlife corridor definition

The definition of a corridor at first appears quite straightforward: a strip of land with
differing vegetation to that of adjacent land, connecting a minimum of two insular patches
which may formerly have been one larger patch (Saunders & Hobbs, 1991). The word

‘corridor’ should only be used in the context of species movement (Beier & Noss, 1998).
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‘Linear landscape feature’ is a more appropriate term when describing strips of land,
where no facilitation of movement is being implied. Simberloff ef al. (1992) detected six
interpretations of the word ‘corridor’ within the conservation literature. For example, a
corridor can be a distinct habitat which does not necessarily facilitate movement.
Riparian habitats, for instance, physically resemble corridors, and are undoubtedly
important habitats for certain species, but do not always enhance movement. Yet a linear

habitat does not have to be a conduit to be ecologically important (Rosenberg et al.,
1997).

Upon further examination, corridors can vary considerably in origin, structure and
function. They can be man-made, such as drainage ditches, roadside verges or
hedgérows, or created indirectly by the clearance of adjacent vegetation. Corridors can
also be natural, for example riparian habitats. The word ‘corridor’ has also been used
misleadingly in studies to infer that linear features facilitate faunal movement when this
assumption was not directly tested. When constructing arguments for the preservation of
habitat strips, proponents have failed to make fundamental distinctions between their
functions, which make it difficult to assess whether they should be saved (Rosenberg et
al., 1997).

The wildlife corridor debate

The use of linear features as movement corridors for organisms has recently been the
subject of contention (Hobbs, 1992; Andrews, 1993; Mann & Plummer, 1995; Gilbert et
al., 1998). It has been suggested that populations occupying habitat patches might utilise
linear features either to maintain existing populations, or to colonise patches which are
otherwise detached from each other (Dunning et al., 1995; Sutcliffe & Thomas, 1996).
Many studies have claimed that linear features are used as conduits (Table 1.1) yet, very
few investigations have actually observed individuals moving along these landscape
features (Hobbs, 1992; Rosenberg et al., 1997; Beier & Noss, 1998). Studies of linear
features as corridors have concentrated on animals from a diverse range of taxa and Table

1.1 summarises a selection of these studies.
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Table 1.1 Summary of research papers which have aimed to measure organism movement via habitat

corridors.

Authors Year Subject Title
Andreassenetal. 1996  Male root Optimal width of movement corridors for root voles:
voles not too narrow and not too wide.
Bright 1998  Arboreal Behaviour of specialist species in habitat corridors:
dormice arboreal dormice avoid corridor gaps.
Corbit et al. 1999  Forest herbs Hedgerows as habitat corridors for forest herbs in
central New York, USA.
Dunning et al. 1995  Sparrow Patch isolation, corridor effects and colonisation by a
resident sparrow in a managed pine woodland.
Gilbert et al. 1998  Micro- Corridors maintain species richness in the fragmented
arthropods landscapes of a microecosystem.
Haas 1995 Birds Dispersal and use of corridors by birds in wooded
patches on an agricultural landscape.
Ims & 1999  Root voles Effects of experimental habitat fragmentation and
Andreassen connectivity on root vole demography.
La Polla & 1993 Meadow vole  Effects of corridor width and presence on the
Barrett population dynamics of the meadow vole (Microtus
pennsylvanicus).
Micheli & 1999  Benthic Estuarine vegetated habitats as corridors for predator
Peterson macro- movements.
invertebrates
Ruefenacht & 1995  Deermice Influences of corridor continuity and width on survival
Knight and movement of deermice.
Spackman & 1995  Plant species  Assessment of minimum stream corridor width for
Hughes richness biological conservation - species richness and

distribution along mid-order streams in Vermont, USA.

Many previous investigations have generally failed to demonstrate animal movement
using linear landscape features as conduits. The methodology of such studies has also
been criticised for using either unnatural experiments or merely assuming that organisms
use linear features as corridors (Hobbs, 1992; Rosenberg et al., 1997; Beier & Noss,
1998). Even when movement along linear features is evident, the permeability of the
surrounding matrix is often not described, therefore preventing evaluation of the potential
benefits of the linear feature for facilitating movement (Ruefenacht & Knight, 1995;
Andreassen et al., 1996, Table 1.1).
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It is clear from current literature that linear features cannot be viewed as corridors for all
species. They appear to facilitate movement for some species, but impede it for others. It
is therefore incorrect to assume that the creation of corridors between insular patches will

result in facilitating movement for all species using those patches (Malanson & Cramer,
1999).

The value of linear features, especially hedgerows, to wildlife is well documented
(Pollard et al., 1974; Muir & Muir, 1987; Clements & Tofts, 1992a). However, it is
uncertain whether such features are used by animals as conduits to reach patches of semi-
natural habitat which would otherwise be isolated (Hobbs, 1992). It is widely agreed that
numerous studies have demonstrated the benefits of linear features to particular species,
in some areas, as extensions of habitat. However, dispute arises when these studies then

infer animal movement along such corridors without evidence (Beir & Noss 1998).

Modern day conservation measures are less species-specific. They take a more holistic
view and tend towards blanket protection rather than focusing on single species needs
(Young & Clarke, 2000). This can only benefit pollinators and their inherent interactions.
However, in the corridor literature it suggests that the target species will determine the
environment required in a linear feature in order for it to be used as a corridor although
this may restrict the number of species that will benefit from it (Tewksbury et al., 2002).
A landscape cannot be considered inherently connected or fragmented as this depends on
the dispersal abilities of the species in question and the scale at which it perceives the
connectivity of the landscape (Jonsen & Fahrig, 1997; Davidson 1998; Steffan-Dewenter
et al., 2001; Krauss et al., 2003).

The justification for corridors, expressed by their proponents, is that they can help
alleviate problems caused by fragmentation. They can also help to preserve threatened
species by positively influencing population processes and by decreasing the effects of
demographic stochasticity. They can reduce extinction rates, allow natural movement
over a larger area and enhance gene flow thus preventing inbreeding depression
(Simberloff et al., 1992). Despite the lack of evidence in support of corridors, there has
been widespread acceptance that they are beneficial, resulting in their incorporation in
many reserve designs and conservation management schemes. This has been justified by
reasoning that the possibility of local extinction in insular habitats will be reduced with

the addition of a linking corridor (Hobbs, 1992).
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The movement function of corridors can also be disadvantageous. Movement of
predators, pests, exotic and invasive species and disease vectors may be increased. The
corridor may also act as a barrier if it intersects land that was formerly open habitat and

prevents other animals from crossing (Hobbs, 1992; Mann & Plummer, 1995).

One of the arguments against the extensive use of corridors is the assumption that every
situation is a metapopulation. Demographic stochasticity is a frequent occurrence in
populations, but will not necessarily reach equilibrium with recolonisation rates balancing

extinction rates (Mann & Plummer, 1995).

Metépopulaﬁons

The concept of connectivity has been around for a long time, but has become popular
more recently as a result of metapopulation theory. This mathematical model proposes
that species, which exist in discrete populations in separate patches, may survive by a
series of immigrations and emigrations between connected patches. Reference is
frequently made to the pool frog (Rana lessonae) to exemplify metapopulation theory.
The pools in which the frog lives may sometimes dry up, causing local extinction.
However, because dispersal movements functionally connect the pools, individuals from
other pools can re-populate the pond when conditions become more favourable (Sjogren-
Gulvé, 1994). Thus numbers in any one patch may continually fluctuate, but the species
maintains its existence as a metapopulation and remains relatively stable (Mann &

Plummer, 1995).

Linear features as extensions of habitat: wildlife corridors?

As already discussed, in addressing the problem of animal movement within fragmented
landscapes, wildlife corridors have been widely implemented in many conservation
strategies, despite little evidence of their effectiveness for multiple species (Hobbs, 1992;
Andrews, 1993; Mann & Plummer, 1995; Gilbert ef al., 1998). The objective of
implementing corridors is that they can link otherwise isolated patches of suitable habitat

and facilitate movement between favourable habitats across unsuitable areas of land.

Although there is some evidence of animals using linear features as a dispersal aid (Table

1.1), much of the debate lies in the different interpretations of the corridor concept. The
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temporal scale at which movement occurs may vary widely. The journey may be of short
duration of just a few minutes travelling between patches or over a period of several years
as the population slowly colonises the length of the linear feature and eventually, almost
by chance, reaches the other patch (Rosenberg ef al., 1997). This latter concept implies
that the entire length of the corridor is acting as an extension of the species' habitat or
home range, of high enough quality to support populations in its own right. Lima &
Zollner (1996) raised the important behavioural question of whether wildlife corridors are
even perceived as movement routes between patches, or whether the organism merely

strays into the corridor on a passive basis.

For hedgerows to function as habitat extensions, they must possess those habitat
characteristics favourable to the species' requirements. McCollin et al., (2000) suggested
that the hedgerow environment was analogous to wood edges rather than the woodland
interior. Hedgerows could therefore potentially only facilitate movement of those
woodland plant species which did not require the more shaded, damper and nutrient poor

conditions of the woodland interior.

The internal hedgerow structure was a significant influence for carabid (Carabidae:
Coleoptera) beetle movement (Burel, 1989; Charrier et al., 1997). Forest species could
only utilise hedgerows as conduits when their structure mimicked their natural shady
Wooded habitat. Green lanes, bordered by two parallel hedgerows and nodes where
hedgerows interconnect, were used as stepping stones for forest carabid dispersal.
Peninsular and corridor species, however, were able to utilise more hedgerows as their

habitat requirements were less specific (Burel, 1989).

The assessment of forest rides as dispersal corridors for the ringlet butterfly (Aphantopus
hyperantus) was examined by Sutcliffe & Thomas (1996). In general, the rides did
appear to facilitate dispersal. However, individual butterfly movement and information
on the flora of the rides was omitted. This information would have a profound effect on
whether the ringlets used the rides as movement corridors, or whether they represented
extensions of habitat. The flowering phenology of food plants such as fleabane
(Pulicaria dysenterica) and thistles (Cirsium spp.) differed, yet butterfly movement was

not monitored over time, which might have revealed temporal movement patterns. The
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study also showed that the tree-lined glades within the study area presented barriers to

ringlet emigration.

Landscape structure is clearly an important factor in the dispersal and maintenance of
some insect populations (Jonsen & Fahrig, 1997). Interactions with surrounding land can
be highly influential as the floral composition of linear features is largely determined by
adjacent land use practices (Baudry & Bunce, 2001) and the history of that locale (Burel,
1996). Dunning et al. (1992) described the 'neighbourhood effect' as just one of four
ecological procesées influencing population dynamics within complex landscapes. The
attributes of contiguous patches close to a focal patch can be highly influential. Taylor et
al. (1993) contend that it is not simply the closeness of adjacent patches which can
influence animal diversity but the degree of connectivity between those patches and the

land feature in question.

The importance of considering the surrounding landscape was exemplified by Dover &
Sparks (2000), when surveying butterflies in agricultural land. They reported that
hedgerow boundaries adjoining favourable butterfly habitat such as glades, contained
more species than similar hedgerows that were situated between two cereal fields. This
demonstrates that adjacent land use can exert strong influences on insect as well as plant

diversity.

Linear features may ameliorate the effects of habitat fragmentation in terms of energy and
materials flow by providing extensions of habitat for some species. However, for animal
movement, a rudimentary distinction between the functions ‘habitat extension’ and
‘conduit’ should be highlighted. A corridor might, therefore, have two definitions: a
linear feature may act as a corridor if it represents an extension of the species' usual
habitat with adequate conditions and resources to support all stages of the life cycle,
allowing greater species distribution within the landscape. Or, a linear feature may act as
a corridor if it provides some sort of visual cue or navigational aid, or is regarded as less
hostile habitat than the surrounding matrix, which facilitates species' dispersal along its

length to reach another habitat (Rosenberg et al., 1997).
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How can landscape connectivity be measured?

Objectively investigating the use of linear features as corridors poses major
methodological problems (Hobbs, 1992; Mann & Plummer, 1995). A replicated
experimental design with controlled conditions is impossible to achieve since each linear
feature will have its own unique combination of environmental factors such as varying
species composition and complex interactions (Nicholls & Margules, 1991). However, it
is argued that such a rigid experimental design is unnecessary when investigating insect
behavioural phenomena under natural conditions. Direct observation and/or a ‘before and
after’ scenario where a corridor is either created or destroyed, are methods more
compatible with monitoring pollinator behaviour on a local landscape scale (Hobbs, 1992;
Beier & Noss, 1998).

Obtaining experimental evidence of connectivity creates a number of difficulties. Much
time and effort is required to collect data in a fragmented landscape. In assessing whether
the metapopulation model applies, it would be very difficult to observe any processes
such as extinction and recolonisation. A protracted study would be necessary, covering
the landscape and examining each population within the supposed metapopulation
(Bissonette & Storch, 2002; Beier & Noss, 1998).

Perhaps a more appropriate starting point in assessing species responses to landscape
connectivity should involve more subtle questions aimed at examining insect flight
behaviour to habitat boundaries or measuring behavioural responses to visual cues of
landscape elements (Table 1.2). Such an approach would give clues about the appropriate
spatial scale on which to determine the effect that landscape structure may have on how

that species perceives the landscape.
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Table 1.2 A selection of recent studies examining the influences of linear landscape features on species movement behaviour or distribution.

Authors Year Subject Title Type of Results
linear
feature
Burel 1989  Carabid Landscape structure effects on carabid beetles spatial Hedgerows  Hedgerow previded species-specific
beetles patterns in western France. extensions of habitat.
Dover & Fry 2001  Butterflies Experimental simulation of some visual and physical Artificial Species-specific, flight behaviour
components of a hedge and the effects on butterfly modification.
behaviour in an agricultural landscape.
Dover et al. 2000 Butterflies Linear features and butterflies: the importance of Green lanes  Extension of habitat of particular value to
green lanes. closed population species.
Haddad 2000 Butterflies Corridor length and patch colonisation by a butterfly, Forestrides  Corridors had no effect on patch colonisation,
Junonia coenia. but there was an interaction between corridor
use and increased distance.
Haddad & 1999  Butterflies  An experimental test of corridor effects on butterfly Forestrides  Corridors increased densities of habitat-
Baum densities. restricted species.
Haddad et al. 2003  Diverse Corridor use by diverse taxa Forestrides  Species-specific movement between
taxa connected patches using the corridors.
Sutcliffe & 1996  Butterflies  Open corridors appear to facilitate dispersal by Ringlet ~ Woodland The rides provided more favourable habitat to
Thomas butterflies (Aphantopus hyperantus) between woodland  rides move between woodland clearings.
clearings.
Tewksbury et 2002 Plants & Corridors affect plants, animals and their interactions Forestrides  Increased exchange of butterflies, pollen and
al. butterflies  in fragmented landscapes seed dispersal between connected patches.
Vermeulen 1994  Carabid Corridor function of a road verge for dispersal of Roadside Verge provided species-specific extensions of
beetles stenotopic heathland ground beetles, Carabidae. verge habitat. No evidence of verge facilitating

movement.
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Pither & Taylor (1998) assert that the method chosen to measure landscape connectivity
must take into account both the intricate relationships and the interactions between
landscape structure and individual animal behaviour. Apart from studies which have used
successful techniques such as individual tracking, mark-release-recapture, habitat or
individual manipulation, there is a lack of empirical data that specifically isolate those
important aspects of landscape connectivity such as the movement sequences of
organisms, speed of movement, and how they respond in different habitats. Even more
scarce are data on animal movement behaviour in two or more different habitat structures.
Little information exists that examines certain species’ population dynamics in relation to

their movement in the spatial dimension.

There is a lack of data on insect behavioural responses to landscape elements, particularly
on agricultural land (Sparks & Parish, 1995; Dover, 1996), and at the landscape scale
(Bronstein, 1995; Lima & Zollner, 1996). However, this is steadily being redressed
(Jonsen & Fahrig, 1997; Steffan-Dewenter et al., 2002; Krauss et al., 2003; Thies et al.,
2003; Schtickzelle & Baguette, 2003; Steffan-Dewenter, 2003). Feeding behaviour,
population viability and dynamics, and ultimately evolution of most animals, are
influenced by patchily distributed food resources within the landscape (Taylor et al.,
1993) and the ability to move through the landscape to reach them (Fahrig & Paloheimo,
1988b; Fahrig & Merriam, 1994). Yet mutualistic animals such as pollinators and seed
dispersers have rarely been studied in this context (Kwak et al., 1996). Until relatively
recently, researchers studying mutalisms were rarely concerned with varying space and
time issues, or ecological scale. The focus of the majority of research concerned the
natural history of specific interactions at particular times and locations (Bronstein, 1995;
Memmott, 1999). More recently, a more holistic approach of how pollinators are
influenced by their surroundings is being adopted, whereby landscape scale studies are
integrated with behavioural interactions (Steffan-Dewenter et al., 2001, 2002; Joyce &
Pullin, 2003; Krauss et al., 2003; Schtickzelle & Baguette, 2003; Thies ef al., 2003). In
addition, analyses of global patterns of plant-pollinator interactions indicate that, contrary
to popular consensus, there is little evidence that tropical ecological interactions, such as
pollination systems are more specialised than those in temperate latitudes (Ollerton &

Cranmer, 2002).
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Large-scale studies of the plant-pollinator landscape are necessary because extrapolations
from plant-herbivore studies are invalid due to fundamental differences between the two
systems (Bronstein, 1995). In both scenarios, herbivores (predominantly insects) and
pollinators feed on plants existing in patches and make decisions about shifts in food
choice and inter-patch movements. Yet pollinators and herbivorous insects differ in their
responses to the environment, the consequences of which can alter the way in which each
group moves and functions within the environment. Landscape scale studies of
pollinators can be justified by considering the following major differences: pollinators
differ from herbivorous insects in that they are more likely to utilise a greater diversity of
plants. However, pollinators feed on flowers which are only available for short periods of
time relative to vegetation and pollinator life span. Entomophilous plants have evolved to
be available to their pollinators in space and time. Yet plants are under pressure to escape
herbivorous insects both spatially and temporally. Bronstein (1995) argues that these two
scenarios are different because they have been subjected to different selection pressures.
A better understanding of flowering phenology in relation to pollinators may be the key to

understanding pollinator movement within the landscape.
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Thesis Overview

This thesis begins by introducing the current themes and sets the context around which
this project is based. The introductory chapter reviews the literature and highlights the
main knowledge gaps, which are that little is known about how insects move through the
landscape or how landscape elements might influence insect flight behaviour. In
reviewing the literature relevant to this project, Chapter 1 has considered three main
areas: landscape structure and change; pollinators and pollination and possible functions
of linear landscape features. The literature review generated many questions regarding
insect movement within the landscape. These were refined to form the main aims and

objectives of this project.

Aims and objectives

The general aims and their related objectives of the thesis are:

Aim 1. Do linear features influence pollinator flight behaviour?

Objective: Categorise the flight directions of pollinators at different distances away from
the hedgerow.

Objective: Compare the number of pollinator visits made to flower patches connected by
an artificial linear feature with those visits made to an isolated flower patch.

Aim 2. Do pollinators travel along linear features to move between otherwise separate
habitats?

Objective: Categorise the flight directions of pollinators arriving at and departing from
flower patches connected by an artificial linear feature and compare them with those
flights made to and from an isolated flower patch.

Aim 3. Do linear features influence or facilitate pollinator movement through the
landscape?

Objective: Within the farm landscape, compare the number of pollinator visits made to
flower patches connected by a hedgerow with those visits made to an isolated flower
patch.

Aim 4. Can this, in turn, influence plant reproductive success through increased pollen
dispersal?

Objective: Measure the reproductive success of a plant growing in patches with a high
number of connecting hedgerows and compare it with those plants growing within poorly

connected patches.
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Chapter breakdown

Following on from this general introduction (Chapter 1) it is important first to establish
whether linear features have any observable effect on pollinator behaviour. This first aim
is addressed in Chapter 2 where the movements of non-foraging pollinators are observed
along 30m transects, perpendicular to eight different hedgerows. The results demonstrate
that linear flight is far more likely to occur adjacent to the hedgerow than it is further out

into the field. .

As non-foraging flights of butterflies and bumblebees appear to be concentrated along the
hedgerows, the importance of linear features within the landscape is considered in Aims 2
and 3. Might these hedgerows facilitate pollinator movement between otherwise separate
habitats? What was particular about the hedgerow that elicited such linear flight? Could

the same effect be generated along an artificial linear feature?

Chapter 3 sets out to examine if the linear flight observed along hedgerows in Chapter 2
could be recreated at the medium-scale, in an experimental arena. An artificial linear
feature is created in an experimental design containing three equidistant patches of potted
Phacelia tanacetifolia (Hydrophyllaceae). The linear feature connects two of the patches.
Different artificial features varying in their structure and material are constructed and
observations repeated. The results show that although the connected patches are not
necessarily visited more than the isolated patch, flight directions between the connected
patches are concentrated along the artificial feature. These flight patterns occur even
when the position of the linear feature is changed to connect a different pair of patches.
This experiment is scaled up to fit within the farm landscape, using an existing hedgerow
as the connecting feature. Although flight directions cannot physically be monitored for
their duration, bumblebees marked on either of the two connected patches are far more
likely to be reobserved on both the connected patches rather than the isolated patch.
Bumblebees exhibit high patch fidelity.

The fieldwork results from Chapter 2 and 3 suggest that artificial linear features do
influence pollinator flight behaviour and that hedgerows appear to facilitate pollinator
movement across the landscape. Linear features might not only facilitate the movement

of these insects across the landscape but the plants, which receive pollination service by
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these insects, might also benefit. Therefore, plants located in semi-natural habitat patches
possessing numerous hedgerow connections, might receive greater pollinator visitation
than those patches with few or no connecting hedgerows (Aim 4). Chapter 4 takes a
bioindicator approach and studies the relationship between seed yield of Salvia pratensis
(Labiatae) growing in patches with high connectedness and compares it with those plants
growing within poorly connected patches. The results show that pollinator abundance,
pollen grains per stigma and seed yield is greater in highly connected patches compared
with patches with fewer connections. The overall connectedness of a landscape might

therefore be impo}tant to both pollinators and those plants that depend on them for greater

reproductive success.

The éoncluding chapter (Chapter 5) consolidates the findings from this entire study and
places them within the context of the current knowledge base. The chapter discusses
some of the limitations of the investigations and suggests possible improvements and

proposals for future study.

31



Chapter 2

Chapter 2: The influence of hedgerows on non-foraging
pollinator flight behaviour

Introduction

An understanding of inter-patch movement by insects through the landscape is crucial in
order to conserve such populations and the plant communities with which they interact
(Bronstein, 1995;.Kwak et al., 1996; Fisher, 1998; Osborne et al., 1999). Knowledge of
the spatial scale of pollinator movements is also highly relevant to global agricultural
production (Corbet et al., 1991; Williams, 1995; Saville et al., 1997; Allen-Wardell et al.,
1998; Kevan & Phillips, 2001; Kremen ef al., 2002). Bond & Pope (1974) and Free &
Williams (1976) reported that inadequate pollination toward the centre of field bean
(Vicia faba) fields exceeding 12ha contributed to seed yield decline. Furthermore,
reductions in pollinator services to water melons (Citrullus lanatus) by native bee
(Apidae) communities in California were evident when crop fields were located in areas

of poor biodiversity (Kremen ef al., 2002).

Typical foraging distances of bumblebees (Bombus spp.) are still unknown, as is the
influence that landscape structure has on their foraging decisions (Osborne ef al., 1999).
Knowledge of pollinator foraging ranges over the landscape is vital to conserve plant-
pollination systems, as habitat fragmentation increases and the distance between
fragments expands (Kearns et al., 1998). The perceptual range of individual species will
have a significant impact on how pollinators interact with various landscape elements and
to what extent species are affected by habitat fragmentation (Lima & Zollner, 1996). For
pollinators with low mobility, large-scale habitat fragmentation may not be perceived if
the insect completes its entire life cycle within one particular patch. However, insects
with greater perceptual ranges will detect fragmentation at larger scales which might
prove detrimental to successful life cycle completion and fecundity (Jonsen & Fahrig,
1997; Davidson 1998; Steffan-Dewenter ef al., 2001; Krauss et al., 2003).

Bees are the most important group of insect pollinators followed by butterflies and moths
(Lepidoptera) (Bronstein, 1995).  Their pollination service is significant, both
economically for crop pollination and for ecosystem functioning (Williams et al., 1991;

Williams, 1995; Kearns ef al., 1998). Examining pollinator behaviour in relation to the
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landscape elements they encounter is important when attempting to redress the recent
declines of many pollinator species abundance and distributions (Williams, 1986; Pollard
& Yates, 1993; Banaszak, 1996). The habitat requirements, motility and pollination
efficiency of species can vary tremendously within the pollinator guild. Some species are
extremely localised, whilst others are more mobile (Proctor ef al., 1996; Stubbs & Falk,
2000; Pollard & Yates, 1993). Hoverflies (Syrphidae), bumblebees and butterflies are all
generalist pollinators (Kwak et al., 1996) able to forage from a wide range of plant

species.

Pollinators must move between patches in search of food and to maintain populations.
Food availability is an important factor determining the distribution of pollinators within
the landscape (Banaszak, 1996; Appelqvist ef al., 2001). However, it is not known how
this movement relates to the spatial arrangement of the respective patches (Rathcke &
Jules, 1993). It has been reported that a few temperate-zone bees specialise in particular
patch sizes (Sih & Baltus, 1987; Sowig, 1989). Dramstad (1996) made a clear distinction
between 'in transit' flights between forage patches and 'foraging flights' between plants.
'In transit' flights are relatively direct and straight with the bee demonstrating knowledge
of the location of forage patches from the nest; bees are not searching for food en route.
A hierarchical scale of bumblebee flight distances can be described ranging from
interflower movements, inter-patch movements and landscape scale flights (Figure 2.1).
Their movement behaviour within fragmented farm systems can only be understood if

inter-patch movement is studied (Saville et al., 1997).

landscape __ in-transit
patches - flights
plants ]

’ foraging
inflorescences flights
flowers —

Figure 2.1 Hierarchical categorisation of pollinator flight movements from small to large-scales.
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The way in which pollinators respond to spatial and temporal variation of floral resources
aoross the landscape is poorly understood. Pollinators have tended to be studied at a
population level and the influence of the landscape in which they exist has largely been
ignored (Cushman & Beattie, 1991; Bronstein, 1994). Observations of non-foraging
insects recorded and compared within different habitats may reveal whether landscape

structure is the main factor exerting any effect on pollinator movement.

There have been many studies investigating the flight movements of pollinators at the
small-scale such as between flowers and plants (Hodges & Miller, 1981; Galen &
Plowright, 1985; Schmid-Hempel, 1985; Goulson et al., 1997; Stout et al., 1998;
Cresswell, 2000). Yet studies of landscape scale movements of pollinators are
insufficiently represented in the research literature due to the inherent difficulties of
tracking relatively small individuals at larger scales. Although recent techniques such as
harmonic radar have made it easier to track individual movements (Osborne et al., 1999),
the method is still in its infancy, is largely unavailable and the cost is prohibitive. Many
years of research have contributed new developments in aiding the understanding of
insect visual processing and discrimination between visual cues and how this relates to
their behaviour in the natural environment (for reviews see Dafni et al., 1997; Srinivasan
et al., 1999; Egelhaaf & Kern, 2002). Much of this work has focused on small-scale
honeybee (Apis mellifera) learning, memory, landmark and pattern recognition in relation

to food rewards (Lehrer, 1990; Horridge, 1996; Zhang, et al., 1999 and Horridge, 2003).

From the insects’ perspective, the predominant visual cues in lowland agricultural
landscape are hedgerows which most frequently border crop or pasture fields (Burel,
1996; Barr & Gillespie, 2000). Although hedgerows can vary dramatically in structure
and woody species content, they are narrow enough to mimic the woodland edge and
contain many, though not exclusive, flowering species attractive to pollinators (Forman &
Baudry, 1984). Some of the flowering plants once common in semi-natural, species rich
meadows may now be found within the hedgerow herb layer (Robinson & Sutherland,

2002).

Despite the lack of studies of insect movement behaviour at the landscape scale, a few
carefully designed studies have realistically addressed the problem of measuring

landscape connectivity using appropriate spatial scales and produced some interesting
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results (Steffan-Dewenter et al., 2001; Krauss et al., 2003; Thies ef al., 2003). Pither &
Taylor (1998) focused on the habitat-specific movement patterns of two ecologically
similar species of damselflies.  Using mark-release-recapture and displacement
techniques in both pasture and forest habitats, they concluded that habitat structure did
affect the insects’ ability to move through the landscape. Whilst Calopteryx aequabilis
displayed no difference in movement ability through both landscapes, C. maculata moved
more readily through pasture than forest. The study was particularly useful, because the
scale was specific to the insects’ flight range.

Although there is much debate as to whether such linear features can act as movement
corridors for animals to move from one patch to another (Simberloff et al., 1992; Mann &
Plummer, 1995; Rosenberg et al., 1997; Chapter 1), perhaps a more subtle question to ask
is whether linear features can influence and therefore modify faunal responses. Many
studies have addressed the issue of whether linear features act as movement corridors for
various taxa (Vermeulen, 1994; Sutcliffe & Thomas, 1996; Bright, 1998; Haddad, 1999,
Tewksbury et al., 2002; Haddad et al., 2003). Such studies are very difficult to conduct
and the resulting evidence is species-specific and often equivocal (Beier & Noss, 1998).
A less complicated first step would be to focus on whether the landscape feature can
actually elicit an oriented movement along it. Dover & Fry (2001) demonstrated that
artificial linear structures could alter the flight behaviour of some species of butterfly in
Norway. Direct butterfly movements between the two patches using the linear features
were not observed yet there was evidence that the structures could educe an oriented

movement along the structure, which is discussed later.

This chapter addresses the issue of whether such linear features act as landmarks assisting
insect navigation, when making non-foraging flights, through the landscape and whether
the visual cue of a rectilinear feature can promote movement along it. Linear features
may not simply represent an extension of a pollinator's natural habitat in which
individuals may merely stray into. Landscape features such as hedgerows may perform a

more functional purpose of providing orientation indicators within the landscape.

An observational strategy was devised which aimed to gain 'snapshots' of pollinator flight
behaviour in relation to hedgerow orientation. Because of their relatively small size and

flight speed, it is impossible to follow individuals for very long before they are lost from
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view. Butterflies can be followed to a certain extent (Kearns & Inouye, 1993; Pollard &
Yates, 1993; Goulson et al., 1997) but this would make quantification of their distance
and their overall orientation in relation to the hedgerow difficult to record. One of the
main objectives of this study was to investigate the influence of the hedgerow, as a three
dimensional landscape structure, on pollinator flight behaviour. The distances from the
hedgerow were therefore very important data points. Instead of actively following
individuals, a more passive, stationary observation method was employed in which all
pollinator guilds could be observed simultaneously. By observing in one location at four
different distances from the hedgerow, for an hour each, the observation area was kept

constant and observation points were standardised.
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Methods

Study site

All observations and experiments were conducted at Purston Manor Estate, Great Purston,
Brackley, Northamptonshire, England (OS Landranger Map 151, grid reference:
518395). The estate is situated in a rural area, approximately 8km to the east of the
nearest town. This mixed arable farm has an area of 209ha, two thirds of which are
arable, and one t}}ird permanent pasture for sheep and cattle. The site is typical of many
agricultural landscapes in lowland Britain, with large fields frequently bordered by
hedgerows. There are relatively few areas of woodland and the field site has an

undulating topography with a maximum height of 122m above mean sea level.

Hedgerows

Eight different hedgerows within the same farm were selected for their accessibility,
structure and orientation (Figure 2.2, Table 2.1). All hedgerows were dominated by
hawthorn (Crataegus monogyna) and blackthorn (Prunus spinosa) and, unless otherwise
stated, were regularly managed as stockproof field boundaries. The age of the hedgerows
was unknown but previous surveys (Cranmer, unpublished) revealed a number of clues
suggesting that the hedges were centuries rather than decades old. These included the
number of woody species per 30m lengths and the presence of standard trees together
with evidence of thick, multi-stemmed woody species indicating previous management
practices such as coppicing and hedge laying (Clements & Tofts, 1992a). Table 2.1
provides a brief habitat description of the fields and hedgerows. The lengths of the
hedgerows ranged from 169 - 405m with mean heights of between 2.2 - 4.6m. Most
hedgerows bordered wheat and pasture fields, were relatively dense and stockproof. At
each hedgerow, 30m transects were marked out, perpendicular to the axis of the

hedgerow. No grazing stock were present during the investigation.

The observation point along the hedgerow was chosen at random, for each separate
sampling day, by dividing the hedgerow into 10m intervals which were each assigned
unique numbers, and selected using random numbers generated by MS Excel 97
(Microsoft Corp., 1997). The direction of transects and observations was decided by
tossing a coin (i.e. which side of the hedgerow, where accessibility permitted, and in

which direction). Observation points were Om, 10m, 20m and 30m from the hedgerow
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(Figure 2.3). At each observation point, only non-foraging flight behaviour of
bumblebees and butterflies was observed for 15m inute periods. The observation area
was approximately 0.5m either side of the observer. The flight direction of each
individual was categorised in relation to the orientation of'the hedgerow into either linear;
perpendicular; diagonal or irregular (referred to as ‘random’) (Figure 2.3). Each
hedgerow was sampled for between 4 -6 days each in June 2000 (Table 2.1). Insects
were identified to species level, where possible but otherwise grouped to family or order
level, e.g. Bombus sp. and Pieris sp. etc. Because of the difficulty in distinguishing
certain bumblebee species in the field, B ferrestris and B. lucorum were grouped and
recorded as B. terrestris; B. lapidarius and B. ruderarius were combined and referred to

as B. lapidarius. Hoverflies were not counted, as they were less conspicuous.

Figure 2.2 Location of hedgerows with hedge numbers. The arrows indicate the side of the hedgerow the
observations occurred. Scale: 1:10,000. Photograph taken: May 1990, reproduced with permission from
NRSC Ltd.
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Table 2.1 Brief summary of hedgerow characteristics and observation dates.

Chapter 2

Adjacent field use
Hedge Aspect Length Mfaan Mean Survey Op;_;osite Observation dates Description
no. ) height width side side (June, 2000)
(m) (m)

1 NNW 440 4.6 3.5 Pasture Pasture 7,23,26-28 Ditched, less managed,
interspersed with occasional
mature oaks & ash

2 NNW 169 32 1.8  Pasture Wheat 7,13,26-28  Dense, managed, stockproof

NNW 192 3.6 20 Pasture  Wheat 7,12-13,15, Steep-sided, ditched,
26 -27 managed

4 w 177 29 2.1 Silage  Pasture 12,15, 19,23, Dense, managed, stockproof
28

5 E 290 29 1.9  Pasture Wheat 12,15, 19,23, Newly planted, more sparse,
29 circa 10yrs old

6 WSW 405 2.6 2.2 Silage  Wheat 13,20,26,27, Steep-sided ditched, dense,
28 managed, stockproof

7 SE 180 2.2 1.9 Pasture Lane& 13, 19, 20, 23 Dense, managed, stockproof,

pasture

8 NE 172 45 33 Wheat  Pasture 15,20,26,27, Ditched, interspersed with

28 mature oaks, ash & lime
Observer's line
of sight
(approx. 1Im
width)
Perpendicular A A
Linear Diagonal
Random
Om 10m 20m 30m

Figure 2.3. Schematic diagram illustrating the position of the observation points and examples of flight
direction categories, in relation to the hedgerow.
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Data analysis
The data were counts on a ratio scale and assigned to nominal categories. All
observations were obtained randomly. For the bumblebees, a Kolmogorov-Smirnov test
showed that the data were normally distributed and had similar variances (Levene's test).
They were suitable for a univariate general linear model which provides an ANOVA for
one dependent variable (Bombus) by one or more factors and/or variables. The
interactions between factors (for example, distance*orientation) as well as the effects of
individual factors could be investigated. The butterfly data were not suitable for

parametric analysfs (see page 45).
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Results

A total of at least three bumblebee and 10 butterfly species were recorded over the entire
study period (Table 2.2). Bumblebee species' abundance (1029) was greater than that of
the butterflies (153). Due to the flight speed and distance away from individuals, many
bumblebees could not be identified to species. M. jurtina and Pieris spp. were the most
abundant butterflies. Linear flight was observed more than any other flight direction for

all pollinators (5{0) and constituted 43.5% of the total observations (Table 2.2).

Table 2.2 Total species abundance and flight directions for all hedgerows. (UID = Unidentified)

All hedgerows Linear Random Perpendicular Diagonal Total
Bombus sp. 309 150 186 170 815
B. terrestris 144 13 18 11 186
B. lapidarius 8 3 3 2 16
B. pascuorum 7 2 3 0 12
Pieris sp. 10 2 5 0 17
P. brassicae 18 1 10 1 30
P. rapae 5 2 1 7 15
Aglais urticae 2 3 1 0 6
Inachis io 1 0 1 2 4
Pararge aegeria 4 1 0 0 5
Vanessa atalanta 2 2 2 0 6
Ochlodes/Thymelicus spp. 3 2 4 6 15
Aphantopus hyperantus 9 1 1 1 12
Maniola jurtina 10 2 14 8 34
UID brown butterfly 0 1 7 1 9
A. mellifera 4 4 4 35 47
UID bee 4 2 4 2 12
Total 540 191 264 246 1241

Figure 2.4a displays the mean number of flight directions of bumblebees observed at each
observation point for all eight hedgerows. Linear flight was far more likely to be
observed adjacent to the hedgerow than at increasing distances away from the hedgerow.
At Om, there were just under 50 mean linear flight observations whereas at 10, 20 and
30m away from the hedgerow, linear flight observations ranged between 1.4 - 6.0. Fewer
individuals were observed further out into the field than at the hedgerow interface.
Random, perpendicular or diagonal flight directions were more likely to be observed as
the distance away from the hedgerow increased and ranged between 1.0 - 3.3 mean flights

at Om to 5.6 - 8.8 across the other observation points (Figure 2.4a).
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Chapter 2
Butterfly flight directions yielded similar results (Figure 2.4b). Although far fewer
individuals were recorded compared with bumblebees, linear flight was again far more
likely to be observed next to the hedgerow than further out into the field. At Om, the
mean number of linear flights observed in butterflies was 7.1, which contrasted with other
flight directions ranging from a mean of 0.0 - 0.8. At other distances away from the
hedgerow, linear flight occurred less often and other flight direction categories ranged
from 0.5 - 2.3. The total numbers of bumblebee and butterfly flight observations for each
hedgerow are plotted in Figure 2.5 & 2.6, respectively. In all but Hedgerow 8, more
individuals were seen adjacent to the hedgerow and linear flight was observed more than

any other flight category (Figure 2.6).

For the majority of hedgerows, there were no significant differences in the numbers of
pollinators flying at different distances away from the hedgerow (Table 2.3). Nor were
there any significant differences in the various flight categories in relation to the
hedgerow. However, when the interaction between distance and orientation is taken into
account, pollinators were far more likely to be observed flying linearly adjacent to the
hedgerow (Table 2.3). The only exceptions to this were butterfly observations at hedges
6, 7 and 8, which had very low numbers of individuals.

In hindsight, it was realised that there were many zeros in the butterfly data and they were
therefore not suitable for parametric analysis. The charts shown in Figure 2.4 clearly
demonstrate that linear flight was more likely to be observed next to the hedgerow despite

the low numbers recorded.

The bumblebee data were suitable for parametric analysis. Kolmogorov-Smirnov tests
revealed that the data were normally distributed. The variances were homogenous
(Levene's test) and a univariate general linear model was performed which now included

'hedge' as a fixed variable. These results are summarised at the base of Table 2.3.
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Table 2.3 Pollinator flight directions at varying distances from the hedgerow: general factorial ANOVA.

P<<0.01 (++), P<0.05 (+)

No. Distance  Orientation  Dis*Orie

Inds df=3 df=3 df=9

Sig Sig Sig

Hedge1  Bombus 211 ns ns ++
Butterfly 45 ns ns ++

Hedge2  Bombus 181 + + ++
Butterfly 12 ns ns +
Hedge3  Bombus 161 ns ns +
Butterfly 22 ++ ++ ++

Hedge4  Bombus 111 ns ns ++
Butterfly 21 ns ns +

Hedge S  Bombus 83 ns ns ++
Butterfly 26 ns ns ++

Hedge 6 Bombus 110 ns ns ++
Butterfly 14 ns ns ns

Hedge7 Bombus 52 ns + ++
Butterfly 3 ns ns ns

Hedge 8 Bombus 120 + + ++
Butterfly 10 ns + ns

Univariate general linear model: All hedges, Bombus only.
No. Distance Orientation  Dis*Orie = Hedge Hedge*  Hedge* Hedge*
Inds Dis Orie Dis*Orie
df=3 df=3 df=9 df=7 df=21 df=21 df=63
All Bombus 1029  ++ ++ ++ ++ ns ns ns

hedges

This test revealed that there were significant differences in the numbers of bumblebees

flying at different distances and orientations away from the hedgerow. There were

significant differences in the numbers of pollinators flying at different distances between

hedges. Yet 'hedge' had no effect when the interaction between distance and orientation

was taken into account.

pollinator flight behaviour.

46

The type of hedge, therefore, did not appear to influence



Chapter 2

Discussion

Bumblebee and butterfly abundance was far greater next to the hedgerow than at
increasing distances away from it (Figures 2.4a & b). Furthermore, these insects were
more likely to exhibit linear flight when observed adjacent to the hedgerow (Figures 2.4a
& b, Table 2.3) and this same pattern was observed in all eight hedges. Many studies
have established that invertebrate abundance and species diversity are greater along
hedgerows and field margins, with the higher structural and floral diversity offering
suitable resourées, often cited as the main explanatory factor (Forman & Baudry, 1984;
Thomas & Marshall, 1999). Meek et al. (2002) compared invertebrate abundance in five
different types of field margin. Most nectar and pollen feeding insects were found in
gréater abundance in the grass and wildflower treatments. Yet early-flying butterflies
were observed to fly along the entire lengths of margins containing annual weeds,
irrespective of treatment type. However, the results from this study contribute another
dimension of insect utilisation of such landscape features in that not only was the

abundance of pollinators collected, but also their non-foraging flight behaviour.

The propensity for bumblebees and butterflies to fly linearly next to the hedgerow
suggested that these landscape features might be utilised as navigational aids rather than
solely for forage. Osborne et al. (1999) found that 'in transit' flights of individual B.
terrestris, tracked using harmonic radar, were shown to fly in relatively straight lines on
both outward and return journeys at ground speeds ranging from 3.0 - 15.7ms”. Bees
exhibited route constancy in both flight distance and direction from the nest to the
destination forage patches over many trips and appeared to compensate for cross winds
(Riley et al., 1999). Most of the study area of Osborne et al. (1999) was in open farmland
and did not contain hedges. Bee flights radiated from the nest and crossed field
boundaries. It is unknown how prominent the field boundaries were but they did not
appear to influence flight direction. Of the few hedges on the periphery of the study site,
there was no evidence of bee flight following the length of hedgerows. However, radar
visibility is reduced by buildings, trees and hedges. Tall crops, hedges and topography
prevented the radar from tracking bees, most of which flew close to the ground circa 1 -
3m in height. Dover (1990) commented that even strong flying butterflies such as Pieris

spp. were rarely observed to fly across open fields but were far more likely to follow

hedgerows and field margins.
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Pollinators such as bumblebees and butterflies might follow the length of hedgerows as
the physical structure could provide shelter and afford protection from predators.
Bumblebees have, however, few natural predators in the UK (Prys-Jones & Corbet, 1991)
although this has been disputed by Dukas & Morse (2003). Although butterflies are
frequently preyed upon by birds and spiders, predation may be higher along the hedgerow
(Corke, 1997). Sparrowhawks often hunt along hedgerows and sometimes prey upon
bumblebees. An insect is more conspicuous flying over open fields but the hedgerow and
its associated faunal community arguably harbours more predators than would be found

out in the open (Andrews, 1993; Hinsley & Bellamy, 2000; Fuller ez al., 2001).

The physical structure of the hedgerow can ameliorate the effects of strong winds and
significant modifications to the microclimate have been recorded on the leeward side of
hedgerows. Increased densities of three satyrid butterflies were recorded at hedgerow
intersections (nodes) where the increased shelter, along with floral resources, was a strong
explanatory factor (Dover, 1996). Such shelter effects are more pronounced within green
lanes where a track is bordered by hedgerows on either side. Dover et al. (2000) and
Dover & Sparks (2001) have recently investigated the importance of green lanes to
insects. Butterfly abundance and species richness were greater within green lanes when
compared with other types of hedge. Lower wind speeds, lack of disturbance and an
abundance of nectar sources found in the larger surface area of uncropped land were
identified as the explanatory factors. Croxton et al. (2002) found that bumblebee
abundance was higher within the green lanes than on the field margins which was directly
related to abundance of pollen and nectar resources. However, it is well established that
bumblebees are able to fly during periods of inclement weather and to compensate for
wind drift (Osborne et al., 1999; Riley et al., 1999). Migrating butterflies also display the
same ability to prevent being blown off course (Wehner ef al., 1996). With both taxa,
evidence of their navigational abilities appears to focus on their capability of orienting

their position within the landscape in relation to landmarks.

The above studies have indicated that it is the conditions and resources within the linear
feature which facilitate species' use and movement along them. However, little work has
been conducted as to whether this is the only factor which influences insect distribution

along them. What if the linear feature is devoid of resources and offers no rewards or
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incentives to the animal, but flight direction is still affected? This question is addressed

in Chapter 3; bumblebee flight behaviour was indeed affected by the presence of an
artificial linear feature.

Dover & Fry (2001) demonstrated that artificial linear structures could modify the flight
behaviour of some species of butterfly in Norway. The authors constructed artificial
features which imitated two different characteristics of a hedge: the visual signal
presented by forage plants along the hedgerow and the physical structure of the hedgerow
(represented by a narrow red and white builders' warning tape, and by green horticultural
windbreak, respectively). Individual species reacted in different ways. The high brown
fritillary (Fabriciana adippe) and niobe fritillary (F. niobe) demonstrated significantly
greater movement along the visual link than the control; they also flew greater distances
along the linear feature than in the control. Conversely, the tape acted as a barrier to the
scarce copper (Heodes virgaureae). The windbreak feature acted as both a 'corridor' and
barrier to all three study species depending on the individual's approach. Flight
movement along the windbreak was greater than for the control for all species,
particularly for H. virgaureae. No butterflies were observed to move from one patch to
another but it was concluded that this was probably due to the simplicity of the model
linear features. However, there was evidence that the structures could elicit an oriented
movement along the structure. The complexity of the heterogeneous constitution of a real
hedgerow may be an important factor in maintaining the flight direction along its length
to reach another patch. The different responses of the observed species to the linear
features could be attributed to the different mate-finding strategies and varying flight
heights employed by these species. Alternatively, the red and white colours may have

been interpreted as flower patches, which may have been inspected and rejected.

In this study, although linear flight of insects was more likely to be observed next to the
hedgerow, it is possible that no other flight category could have occurred there because of
the physical presence of the hedgerow. Insect flight may have been constrained by the
hedgerow structure preventing more sinuous or sideways movements. However, the
hedgerows varied in their structure and height (Table 2.1) and it would have been possible
for pollinators to either go through (in some cases) or over the hedges, though none were
observed in this study. Although direct measurements of flight heights were not recorded,

the vast majority of bumblebees and butterflies flew close to the ground, between
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approximately 1 - 2m, which accord with the flight levels of bumblebees recorded by
Osborne ef al. (1999). Whether linear flight was an effect of the hedgerow restricting
more meandering flight directions, or whether linear flight was adopted as the insect
encountered the hedgerow as a more energy efficient way to follow it, is unclear from
these observations, yet the outcome is the same. The experiments carried out in Chapter 3
suggest that the latter explanation appears more likely. Bumblebee flight directions were
modified in response to three dimensional (1.2m high) and two dimensional artificial
linear features (1.5m wide) which linked two patches of flowers. Bumblebees flew
straight along these linear features to reach the connected patches of flowers even though

the experimental array was within an open field.

In this investigation, it is also possible that specific flight directions may have been
wrongly categorised in the open field away from the hedgerow. Bees may modify their
flight pattern when flying along the hedge by flying more directly with few twists and
turns but this may become more sinuous without the presence of the hedgerow (Figure
2.7).

Example of Example of
less sinuous more sinuous
flight path flight path
close to further from
hedge hedge

[ [ [ |
Om 10m 20m 30m

Figure 2.7 Variation in linear flight. Flight behaviour might be more sinuous at 30m without the
immediate presence of the hedgerow.

The overall flight direction is linear; yet when observed over a relatively short period of
time with the observer's line of vision approximately 0.5m either side of each marked
point, it appears to be non-linear since it occurs on a larger scale. However, as will be
seen in Chapter 3, using artificial linear features provides substantive evidence that the
linear flight patterns observed in this investigation were not artefacts of the physical

presence of the hedgerow.
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The ease with which bumblebees and butterflies are observed in the field varies greatly
between the two groups. The darker coloured and often smaller sized bumblebees,
coupled with their relatively fast flight speeds, make them less visible than the slower
moving, sometimes more brightly coloured butterflies, which have greater contrast within
the field. It is acknowledged that bumblebees may have been less conspicuous and may

therefore have been underrepresented in the results.

If hedgerows were being used as landmarks, then it could be argued that the insects do not
necessarily have to fly directly along them. Linear flight might have been equally likely
to occur at 10m as Om as long as the landmark was in sight. Little information is known
about the perceptual range and 360° field of vision which can be analysed simultaneously
by these pollinators. Apidae do have a relatively wide visual field but the resolution is
poor (Chittka, pers. comm). Distance estimation in honeybees is obtained by using retinal
image flow, where the landscape structure and landmarks are assimilated as the insects fly
(Esch et al., 2001). This ability to estimate distance was disrupted when the bees' flight
path was lined with chequered patterns, increasing the image flow. Honeybees then

greatly overestimated the distance from the nest to the feeder (Esch ef al., 2001).

The relationship between the spatial vision of insects and spatial flower parameters were
reviewed by Dafni et al. (1997) to examine what effects these had on foraging success.
Lehrer et al. (1985) video-filmed honeybees in free flight and showed that they would
follow the contours contained within presented black and white patterns. This 'scanning’

behaviour was found to be innate and not learned.

These small-scale investigations have demonstrated that honeybees are capable of
relatively sophisticated visual cue assimilation and processing. The results from this
study and subsequent studies suggest that this same pattern of landmark recognition is
occurring in bumblebees at the larger, landscape scale with hedgerows being used as
visual markers within the habitat matrix. Landscape-scale navigation with reference to
landmarks has been exhibited in migrating butterflies (Srygley, 2001), honeybees (Chittka
& Geiger, 1995; Chittka ef al., 1995a; 1995b; Wehner et al., 1996; Riley et al., 1999) and

bumblebees (Goulson & Stout, 2001; Osborne, pers. comm). Evidence of landmark
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mediated navigation within the landscape suggests that bees are responding in the same

way to striped or contrasting patterns at a larger scale as they do at a small scale.

There is increasing evidence of evolutionary responses to increased landscape
fragmentation, in the form of morphological flight adaptations by insects. Heavier thorax
weights have been recorded in the butterflies Hesperia comma and Plebejus argus whose
populations were located in heavily fragmented habitats, compared with those in more
contiguous landscapes. Since the flight muscles are contained within the thorax, it
appears that there is a strong selection pressure for greater colonisation abilities on
butterfly populations in more isolated patches (Van Dyck & Matthysen, 1999). Similarly,
Taylor & Merriam (1995) reported that damselflies (C. maculata) had larger wings and
heavier thoraxes when sampled in pasture landscapes, where foraging and reproduction
sites were greater distances apart, than their usual forested habitat. Despite this evidence
it is difficult to establish that fragmentation is the sole cause of such changing
morphologies. The observed phenotypes are possibly responding to more subtle
variations within the community. A changing landscape might affect the population
dynamics of the target organism and also those with which it interacts. Fragmentation
might influence predator-prey ratios and mate-finding strategies which could also explain

the observed evolutionary adaptations (Van Dyck & Matthysen, 1999).
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Conclusions

Bumblebees and butterflies were significantly more likely to fly linearly adjacent to the
hedgerow than further out in the field. Abundance of these pollinators was also greater at
the hedgerow interface than at increasing distances away from it. The presence of the
hedgerow appeared to influence the flight behaviour of non-foraging pollinators and may
represent a visual cue with which these insects might orient directed movements through
the landscape. As hedgerows are one of the most dominant linear features within lowland
Britain, their ph};sical structure could have a significant influence on pollinator movement
at large scales. This is particularly pertinent in view of recent evidence indicating that
bumblebees do not necessarily forage on patches close to their nest (Osborne et al., 1999;
Dramstad et al., 2003).

The influence of linear features on insect flight direction has implications for the
conservation of both plants and insects. Species movement across the landscape is a
critical component of a healthy ecosystem (Saunders & Ingram, 1987; Fahrig &
Paloheimo, 1988b). Movement is required ultimately for gene flow, for some species to
locate suitable resources, mates, nests, for pollination, seed-set and seed dispersal (Waser
et al., 1996 and Kwak et al., 1998). Linear features may ameliorate some of the
deleterious effects on isolated populations. Plants located within highly connected
patches may receive the advantage of more pollinator visits than plants in poorly

connected patches (Chapter 4).

The resuits from these observations suggested that linear landscape features did appear to
influence pollinator flight directions in the field. The results also generated many
questions such as: does the linear feature represent a visual cue, which some species
might innately follow and might a linear feature be utilised as a navigational aid? These
questions highlight the need to test explicit differences in the functional roles of linear
features, which is crucial to the understanding of the propensity of some species to move
along linear features and, ultimately, facilitate movement across the landscape. Further
investigations were designed to elucidate the precise nature of this influence. The next
chapter describes medium-scale landscape manipulations using artificial landmarks to

assess the effect of visual cues on pollinator flight directionality.
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Summary

Little is known of the effects of landscape structure on insect movement through the
matrix of agricultural land. Linear landscape features such as hedgerows may provide
visual cues, which influence insect flight direction. In this study, observations of the
flight directions of non-foraging pollinators in relation to eight different hedgerows were
investigated. Thirty metre long transects were marked out, perpendicular to the axis of
each hedgerow. The flight directions of non-foraging pollinators were categorised as
linear, irregular Erandom), perpendicular or diagonal, in relation to the orientation of the
hedgerow at each of the observation points (Om, 10m, 20m and 30m). The presence of a
hedgerow did affect pollinator flight directionality of non-foraging insects. Linear flight
pattérns were far more likely to occur next to the hedgerow than they were further out
into the open field. It is postulated that linear features may prove important landmarks for

insect orientation and navigation across the landscape.
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Chapter 3: Artificial linear features and pollinator behaviour

Introduction

The importance of linear landscape features such as hedgerows to animal and plant life
within the lowland arable landscape has long been recognised (Forman & Baudry, 1984;
Clements & Tofts, 1992a; Burel, 1996). Not only do they support populations, providing
valuable resources in a comparatively resource poor area, but they can function as an
important landscape component in helping to ameliorate the effects of habitat
fragmentation, connecting otherwise isolated patches and aiding dispersal (Baudry &

Merriam, 1988; Burel, 1989; Merriam, 1991).

However, little information exists on what effect, if any, the physical structure of a linear
feature has on animal movement or behaviour. Animal movement along hedgerows has
previously been explained as the hedgerow representing an extension of an organism's
habitat (Rosenberg et al., 1997). The architecture of the linear feature has rarely been the
subject of investigation when ascertaining the extent to which the feature facilitates

movement.

Dover & Fry (2001) experimentally simulated some of the visual and physical
components of a hedge by using artificial materials. They reported that butterfly
behaviour was strongly affected by such artificial constructions and this was discussed in
detail in Chapter 2. Artificial linear features are simplified structures, providing a basic
representation of particular hedge characteristics. They can be used to test animal
responses to two- and three-dimensional structures, are relatively inexpensive and are

easy to deploy.

Small-scale artificial structures, patterns and models have been employed over several
decades to investigate and elicit varying responses in insect visual systems (Srinivasan et
al., 1999). Insect perception of the spatial arrangement of individual flower structures has
been shown to affect foraging success (Dafni et al., 1997) and the detection of motion
(optomotor response) has proved crucial for insect orientation and navigation within the

environment (Srinivasan et al., 1999).
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True navigation is a sophisticated mechanism where the insect is able to orient itself to a
goal site despite displacement by drift. By utilising innate vector programmes or
navigational maps, the insect must possess an ability to know its current position and
orient toward the target destination within the landscape. Large-scale navigation has been
greatly studied in birds (Alerstam, 1990; Berthold, 1993) but very little in insects
(Srygley, 2001).

The importance of landmarks for navigation in migrating butterfly species was studied by
Srygley (2001). Following their natural migration over the Caribbean Sea, three families
of butterfly (Nymphalidae, Hesperiidae and Pieridae) were able to compensate for
crosswind drift using the sun or magnetic compass and landmarks. Butterflies were
significantly less likely to compensate for crosswind drift in the absence of landmarks or

clouds.

Social hymenopterans appear to use two different navigation mechanisms: egocentric and
geocentric (Wehner et al., 1996). The egocentric method appears to be most important
and employs path integration, by which the individual takes into account all of its
Complex twists and turns, and the distance travelled on the outward journey but can then
travel directly home even in unfamiliar territory. This has been studied intensively in the
desert ant Cataglyphis spp. (Miiller & Wehner, 1988). The geocentric method
complements the first and is based on a map system. The individual knows its location in

relation to the environment it is in by the use of landmarks (Wehner et al., 1996).

Honeybees (Apis mellifera) exhibit path integration in their dances by giving the precise
compass direction of the target, even though they might have flown many twists and turns
to locate it in the first instance. Chittka et al. (1995a) reported that the path integration
strategy was continually used during flight when the bees were in new territory.
However, when in familiar territory, the compass-guided flight vector instructions took

precedence.

Riley et al. (1999) suggested that bumblebees, like honeybees and several other

Hymenopteran species, are likely to use the sun's angle in relation to their nest to navigate
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around the landscape. During cloudy periods, familiar landmarks are used instead. They
are able to compensate for wind drift by using optical flow, i.e. flying at the angle at
which objects on the ground come into the field of vision. They are unable to take a
large-scale aerial view and must obtain landscape information step by step (Wehner ef al.,
1996). Following artificial displacement, B. ferrestris demonstrated remarkable homing
abilities (Goulson & Stout, 2001). Of the 25% confirmed returns to the nest, homing
declined as the displacement distances increased. The majority of bees returned from
distances between 1 - 5km, but took several days to do so. The mechanism by which bees
navigate through the landscape is not truly understood although evidence is growing that
landmarks are used as navigational aids (Chittka & Geiger, 1995; Chittka et al., 1995a &
1995b).

Having established that pollinators were more likely to fly along hedgerows rather than in
adjacent open land where no such linear features exist (Chapter 2), the question arose of
whether the same effect would occur by creating a medium-scale experimental array using
an artificial linear feature. Would flower patches located at the ends of artificial features
be visited more frequently than similar flower patches with no connections? Could the
linear flight patterns observed in the field (Chapter 2) be replicated using an artificial
linear feature? Is the visual signal of the hedgerow enough to generate this flight

behaviour?

The technique employed in this investigation was based in part on Dover & Fry (2001).
The experiment's aim was to ascertain whether a flower patch connected via an artificial
linear feature to another flower patch would receive more visits, using the linear feature,
than a similar patch with no connections. The artificial features were devoid of resources.

Would the structure alone elicit any change in flight behaviour?
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Methods

All observations and experiments were conducted at the same farm location as described

in the 'study site' section in Chapter 2.

Plant selection

Phacelia tanacetifolia (Hydrophyllaceae) was chosen for this investigation as numerous
studies have demonstrated that it is highly attractive to pollinators, particularly
bumblebees {Bombus spp.), providing a rich nectar and pollen source. It is also easy to
grow, flowers in the first year and has a long flowering period of about eight weeks
(Williams & Christian, 1991; Stout et al., 1998; Carreck & Williams, 1997 & 2002;
Carreck et al., 1999).

P. tanacetifolia (Figure 3.1) is an annual herb, native to California, reaching 20 - 100cm
in height. Flower colour ranges from light blue/purple to pink to white, but all the plants
grown in this study, had purple flowers. Each plant can produce several inflorescences.
The cymes are tightly curled which slowly unwind to reveal simple bisexual flowers
which open in acropetal sequence as the stem matures. The stamens are twice the length

ofthe petals, and radiate outward (Mabberley, 1987; Williams, 1997).

Figure 3.1 Flowering cymes of P. tanacetifolia. Reproduced with kind permission from Ernst Horak,
Botanik im Bild.
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The plant has been incorporated into wild flower strips sown in non-cropped areas such as
set-aside and field margins to enhance arable farmland by attracting a greater diversity of
insects (Carreck & Williams, 1997 & 2002; Carreck et al., 1999; Ullrich & Edwards,
1999; Denys & Tscharntke, 2002). P. tanacetifolia has also been used as part of pest
management strategies where the nectar and pollen rich flowers are used to attract
hoverflies (Syrphidae) in an attempt to augment biological control of aphids (Lévei et al.,
1992; Harwood et al., 1994; White et al., 1995; Hickman & Wratten, 1996; Frank, 1999;
Colley & Luna, 2000). P. tanacetifolia is also grown as a nitrogen catch crop or green

manure in Europe and the USA (Wyland et al., 1996; Riiegg et al., 1998).

Plaht cultivation

Seeds were obtained from Chiltern Seeds, Ulverston, Cumbria. Twenty 25cm diameter
plastic plant pots were filled with multi-purpose compost, mixed with two teaspoons of
‘Aquafeed’ water storing granules. Each pot was seeded with P. tanacetifolia on 19 May
2000 and 17 May 2001, respectively, and later thinned to five plants. The first flowers
appeared on 7 July 2000 and 10 July 2001, respectively, and when the flower density
reached approximately five flowering cymes per pot, the pots were transferred to the
experimental array. The mature plants reached a height of approximately 40cm and the
flowers and foliage covered an area approximately 1m’ per patch. Sequential sowings
were made every three weeks to ensure a constant supply of flowers for later experiments
and to replenish senescing patches to maintain a consistent flowering density between

patches. The plants were frequently dead-headed to prolong the flowering period.

Experimental design

Three patches of flowering P. tanacetifolia (A, B & C) were placed 30m apart,
equidistantly in an open, 7ha field which had recently been cut for silage (Figures 3.2 &
3.3a). No other floral resources were within at least 70m of the study area. Each patch
consisted of six pots arranged with one central pot surrounded by the other five. Flower
density of each patch was monitored throughout the investigation by counting the number
of flowering cymes per patch each day. Each patch contained a mean of approximately

40 flowering stems (Table 3.3).
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Artificial linear features

In all experiments, an artificial linear feature linked patches A and B (Figure 3.2). Then,
excepting the first experiment (tapes) and following an observation period, the artificial
feature was repositioned between patches B and C (for the three-dimensional (3D)
experiment) and patches A and C (for the two-dimensional (2D) experiment) and the
observations repeated for another eight and nine days, respectively (Table 3.1). The
suffixes 'before' and 'after' refer to whether the experiment is being described before or
after the repositioning of the linear feature. The experiment was run three times within
this location, with a different linear feature used on each occasion, on non-consecutive

dates.

Table 3.1 Observation dates and number of marked individuals reobserved visiting each of the
experiments.

Linear No. individuals marked Marking dates Observation dates No.
feature & reobserved per patch observation
(% reobservation rate) days
A B C
Tapes - - - - 18-19, 21-24 July 2000 6
2D before 13 10 10 31 July, 1, 6-7 Aug 2001 1-3, 6-8, 10-14 Aug 11
(72.2) (90.9) (90.9) 2001
2D aftert 14 12 12 31 July, 1, 6-7 & 16 Aug 15-18, 20-24 Aug 2001 9
(70)  (92.3) (92.3) 2001%
3D before 11 9 6 2,4,7-8,12,15& 19 Aug  25-28 July, 1, 3-12 & 16
64.7) (52.9) (35.3) 2000 14 Aug 2000
3Daftert S 4 6 2,4,7-8,12,15 & 19 Aug  14-17, 19-22 Aug 2000 8
(29.4) (23.5) (35.3) 2000%
Landscape 17 17 17 13-16, 19-22 July 2001 17-27 & 30 July 2001 12
(73.9) (89.5) (77.3)
¥ Includes those individuals marked from previous marking dates before the connection position
was changed.
i Shows the marking dates of only those individuals reobserved after the connection position was
changed.

The following different types of linear feature were used: 1) five measuring tapes laid on
the ground; 2) a two-dimensional structure consisting of black weed control fabric to a
width of 1.5m; 3) a three-dimensional structure consisting of black weed control fabric

held up with poles to a height of 1.2m.
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These three different artificial features were chosen to assess whether they would have
different effects on pollinator flight behaviour. All contrasted starkly with the
surrounding grass for bee vision. The two-dimensional black sheet provided a broad and
continuous strip of colour and contrasted with the predominantly white measuring tapes
with a more broken appearance. Creating a three-dimensional structure from the weed

control fabric was more akin to the physical structure of a hedge.

Artificial linear
feature —_— Patches of potted P. tanacetifolia

l

Figure 3.2 Schematic diagram illustrating the layout of the experimental array

The first linear feature was two-dimensional and consisted of five extended measuring
tapes. Each tape was 30m x 2cm with black numbering on a white background. They
were placed directly on the ground, parallel with each other with an approximate 10cm
gap between tapes. The total width of the tapes was 50cm and connected patches A and
B.

The second linear feature was two-dimensional again, but this time, black weed control
fabric was used as it contrasted starkly with the surrounding environment. Several sheets
of fabric were laid flat on the ground and secured with tent pegs, reaching 30m in length

to connect patches A and B (1 sheet: 5m x 1.5m).
The third linear feature was three-dimensional and was constructed using the same weed

control fabric tied to upright wooden stakes (0.25m x 0.25m x 1.22m), forming a

triangular cross section, the sheets were tied together to reach 30m long (Figures 3a-b).
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Figure 3.3a. Three-dimensional artificial linear feature showing the location of the connected patches (A &
B) and the isolated patch (C).

Figure 3.3b. A view of patch B connected by the three-dimensional linear feature. This picture was taken
at the end of the fieldwork season showing senescing flowers of P. tanacetifolia.
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Landscape-scale experiment

The following year the experiment was run within the landscape using an existing
hedgerow as the connecting linear feature (Figure 3.4). Twelve pots of P. tanacetifolia
were arranged in a similar triangular pattern as described above but at a larger scale using
an existing hedgerow as the connecting linear feature (Figure 3.4). Patches A and B were
placed at either end ofa 180m long hedgerow. The third patch, C, was placed in an area
of non-cultivated land surrounding a disused bam and was a distance of 130m away from
each ofthe patches A and B. This bam area was located in a wheat field and was isolated

from any hedgerows. Observations of bees followed the format for the previous

experiment.

Public footDath

Figure 3.4 Aerial photograph showing the location of the potted P. tanacetifolia patches A, B and C.
Scale: 1:5,000. Photograph taken: May 1990, reproduced with permission from NRSC Ltd.

Bumblebee marking

Bees were marked to allow individuals to be recognised and to quantify re-visits,

following a similar method described by Kwak (1987). Marking was carried out in all
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experiments except with the measuring tapes (Table 3.1). A queen bee marking kit was
obtained from EH Thorne (Beehives) Ltd., Wragby, Market Rasen, Lincs, LN8 5LA.
Placing the clear perspex holding tube over the bee easily captured individual foragers. A
foam-covered plunger was then placed underneath the bee whereupon it would fly
upwards. The plunger was slowly pushed upwards until the insect was held, dorsal side
uppermost, gently but firmly by the foam against the plastic mesh at the top of the holding
tube. A small colour coded plastic disc with a unique number was then coated with a tiny
amount of glue and placed onto the thorax of the bee taking care not to interfere with the
area where the wings attached to the body. The insect was held in place for about 30
seconds whilst the glue dried. The plunger was then slowly pulled back and the bee
released. They were then observed to ensure that they could fly normally. Such kits are
widely used to mark bumblebees and, if correctly applied, cause no adverse effect to

normal flight behaviour (Kwak, 1987).

For the 3D experiment, marking of individual bees did not commence until 2.8.00 and
recording of these reobservations did not start until 3.8.00. There were therefore five days
of observations of unmarked bees. However, marking of new bees continued throughout

the duration of all the experiments, as necessary.

Observations

The abundance, tag number/species and flight direction of individual bumblebees arriving
at and departing from each patch were recorded. Each patch was observed for one hour
per day, the order of which was randomly assigned using MS Excel 97 (Microsoft Corp.,
1997). The direction of all flights in relation to the array was sketched using arrows to
indicate the course of patch arrivals and departures. For the connected patches, if an
individual was observed to fly straight from one patch to the other, along the artificial
feature, this was recorded as a direct flight. It was possible to observe this occurring with
the naked eye. However, during busy periods, it was impossible to track all individual
inter-patch movements. If the individual was last seen directly moving to the other
connected patch and watched for at least two thirds of the length of the linear feature, it
was recorded as a direct movement. All other individuals were recorded as 'unknown'.

There were a few occasions when a bee would follow the linear feature for part of the way
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and then change direction; these were categorised as 'some linear feature use'. The 'other’
category was designated when a bee would arrive at or depart from the patch using any
other direction. These observations were repeated after repositioning the artificial feature

within the experimental array.

The number of foraging hoverflies at each patch was counted in a 'snapshot' at the end of
each hourly patch observation. Due to the difficulty of following hoverfly movements,

their flight directions were not recorded. Butterflies were not attracted to the flowers at

all.

Identification

Bumblebees were identified to species level using Prys-Jones & Corbet (1991). Because
of the difficulty of distinguishing certain species in the field, B. terrestris and B. lucorum
are referred to as 'B. fterrestris'; B. lapidarius and B. ruderarius were combined and

referred to as 'B. lapidarius'.

Hoverflies were identified in the field to species or genus using Stubbs & Falk (2000).
Prior to the experiment, numerous hoverflies were caught and preserved in alcohol and

identified using a microscope.

Data analysis

Visitation rates

The number of bumblebees visiting each patch per day was totalled and then compared
using a one-way ANOVA (Figures 3.5a, 3.6a, 3.7a, 3.8a, 3.9a, 3.10a, Table 3.2). A
Kolmogorov-Smirnov test showed that the data had a normal distribution and an F,, test
showed that the variances were homogenous. In hindsight, the observations suffered from

pseudoreplication (see page 83 for discussion).
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Flight directions

The total number of inter-patch flight directions per experiment was compared using a G-
test. If the artificial feature had no effect on the movement patterns of bees then there
would be no differences between all three patches. The 3x4 G-test compared the
observed frequencies of bumblebee movements with an expected null hypothesis. All
observations should be random and independent of each other but suffered from non-
independence (see page 83). Pie charts were generated to show the flight directions of
individual bees as a proportion of the total number of flight observations per patch

(Figures 3.5 — 3.10).

Mean percentage reobservations

During the experiments, it was suspected that individuals were more likely to be
reobserved on the patch they were marked on, than on any other. The following

hypothesis was formulated:

H,: For bees marked on a particular patch, there will be more reobservations of those
bees on that patch than for any other patch.

H,: There will be no differences in the number of reobservations per patch.

For example, if patches A and B are connected, then bees marked on patch A will be far
more likely to be reobserved visiting patch A, fewer numbers will be reobserved on patch

B and far fewer numbers will be reobserved on patch C:

For bees marked on A, the proportion of reobservations will be:
A>B>C
For bees marked on B, the proportion of reobservations will be:
B>A>C
For bees marked on C, the proportion of reobservations will be:

C >> (A=B)

To test this hypothesis, the percentage of reobservations at each patch was recorded for

each sampling day. Their means were then compared using a one-way ANOVA (Figures
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3.11 — 3.13). Although a Kolmogorov-Smirnov test showed the data to have a normal
distribution, each sample unit was not independent as the same bees were being counted

repeatedly (see page 83).

Prior to computing the one-way ANOVAs, an F,,, revealed that some of the experiments

contained data with non-homogenous variances. The data were transformed as follows:

2D before, Patch C (Figure 3.11c). Arcsine transformed.
2D after, Patch A (Figure 3.11d). Log transformed.
3D before, Patch C, (Figure 3.12c). Log transformed.

All results were analysed using SPSS for Windows, Version 9.0 (SPSS Inc., 1998) except

for the G-tests which were computed using an MS Excel 97 spreadsheet (Microsoft Corp.,
1997).
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Results

A total of four bumblebee and nine syrphid species were observed visiting P.
tanacetifolia: B. lapidarius, B. pascuorum, B. pratorum and B. terrestris (for hoverflies,
see Table 3.7). Butterflies were rarely attracted and the low numbers recorded did not
permit any data analysis. These recorded species concur with Carreck & Williams (2002)
with the exception of the honeybee, which was seen in abundance in their study, but was
absent in this investigation. The pie charts (Figures 3.5a — 3.10a) were generated from the
total number of individual flight observations, showing the proportions of different flight
directions. However, since one visit includes an individual arriving at and departing from
that patch (two flight observations), the actual visits to the patch are half of this total and
are displayed next to the pie charts. For instance in Figure 3.5a, there were a total of 372
visits made to all three patches, but each individual arrived at and departed from those
patches making a total of 744 observations. Total visits per day per patch were compared
using a one-way ANOVA. Table 3.2 summarises these ANOVA results, along with the

total mean visits and number of marked individuals across all the experiments.

Table 3.2 Total mean visits per patch and number of marked individuals for all the experiments.

Experi- No. Total mean visits No. days One-way ANOVA Significance
mental array  individuals (year)
A B C

Tapes - 205 197 21.8 6(2000) F,,5s=1.0, p=0.39 ns

2D before 33 375 394 315 11(2001) Fi3=3.5, p=0.04 +

2D after 38 36.0 256 343 9(2001) F,,,=1.0,p=0.37 ns

3D before >26F 222 234 178 16(2000)t  F,4=1.7,p=0.19 ns

3D before 26 % 215 214 107 11(2000)f  F,3=9.5, p<0.001 ++

3D after 15 109 175 209 8(2000) F,, = 14.0, p<0.001 ++
Landscape 51 356 367 25.0 12(2001) F,3;,=4.3, p=0.02 +

1 Includes data for both marked and unmarked bees. The number of individuals was unknown for the
first five days, but four different species, containing both workers and males were observed during this
period.

1 Data for marked bees only.
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Key to flight directions
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Figure 3.5a LF=Tapes. F2-15= 1.0, p=0.39 Figure 3.5b LF=Tapes. = 11.9, p>0.05
433 B
413 347 217
14
Figure 3.6a LF=2D. E230= 3.5, p=0.04 Figure 3.6b LF=2D. = 116.5, p«0.01
230 B

324 A 309 c /

Figure 3.7a LF=2D after LF position changed. Figure 3.7b LF=2D after LF position changed.
F2.24=1-0,P=0.37 G6=106.2, p«0.01

Figures 3.5a-3.7a. One-way ANOVAs of total visits  Figures 3.5b-3.7b. Individual inter-patch
per patch (numbers in bold) and proportional flight flight directions. G-tests.
direction categories per patch. LF=Linear Feature.
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Flower stalks between patches
The mean number of flowering cymes per patch ranged from 39.2 - 42.6 and one-way

ANOV As revealed no significant differences between patches within each separate
experiment (Table 3.3).

Table 3.3 Mean number of flowering cymes per patch.

Tapes 2D 3D Landscape
A B C A B C A B C A B C
Mean 392 402 407 410 408 397 422 40.0 40.6 406 398 426
SD 0.8 1.5 0.8 1.5 2.0 25 42 3.8 3.7 1.4 0.9 22
n 6 20 24 12
df 2,15 2,57 2,69 2,33
F 3.09 252 2.01 1.93
P 0.08 0.09 0.14 0.16

Flight directions and visitation rates

Patches connected by tapes

From a total of 744 observations (372 actual visits, Figure 3.5a), the numbers of bees
observed foraging at each patch did not differ significantly (one-way ANOVA, F, ;s = 1.0,
p=0.39, Table 3.1). Inter-patch movement accounted for approximately two thirds of all
observations at each patch. There were no significant differences between the number of
bees flying in each of the flight directions between connected and unconnected patches

(G4 =119, p>0.05, Figure 3.5b).

Patches connected by the 2D linear feature

The flight direction breakdown summarised in Figure 3.6a shows that of 1193 visits made
by 33 individuals, there were significant differences between the total number of visits on
all three patches with the connected patches receiving more visits (F,;, = 3.5, p=0.04,
Table 3.2). There was greater inter-patch movement between patches A and B than
between C. Sixty-six per cent of bees departing from and arriving at patch C came from
'other directions' with only 2% and 7% inter-patch movement with patches A and B,
respectively. Figure 3.6b shows that there was far higher inter-patch movement between
the connected patches, A and B, than there was for the isolated patch C (G4 = 116.5,
p<<0.01).
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When the position of the linear feature was altered to connect patches A and C, (Figure
3.7b) inter-patch movement was significantly greater between the newly linked patches
(Gs = 106.2, p<<0.01). Figure 3.7a shows that of a total of 863 visits made by 38
individuals, the connected patches did not receive significantly more visits than the
isolated patch (F,,, = 1.0, p=0.37, Table 3.2). The proportion of individuals flying in the
direction of the connection was relatively low at patches A and C (20% and 23%,
respectively), compared to the other flight categories but was still highly significant (G, =
106.2, p<<0.01, Figure 3.7b). The majority of individuals arriving at and departing from

all three patches were categorised as either ‘other’ or “‘unknown’ directions.

Patches connected by the 3D linear feature

The pie charts and flight directions (G-tests) in Figure 3.8a & 3.8b were generated from
observations including both marked and unmarked bees and are denoted by 1 (16 days)
whilst the total number of visits for the marked bees only are given in brackets (11 days)

and are denoted by }.

For the 16 day sample (1), the connected patches did not have a statistically significant
higher visitation rate than the isolated patch (F,,s = 1.7, p=0.19, Figure 3.8a). However,
Figure 3.8b demonstrates that there was a far greater number of flight directions between
the connected patches than to the unconnected patch (G, = 40.0, p<<0.01).
Approximately one third of the 729 visits made to patches A and B were made using
direct movements between the connected patches. Very few direct movements were
observed between patch C and the two connected patches. Of the 284 individuals seen
foraging at the isolated patch, 60% arrived and departed from 'other directions' (Figure
3.8a). When the marked bees were analysed separately, (f, 11 day sample, Figure 3.8a),
the connected patches received significantly more visits than patch C (F,;, = 9.5, p<0.01).
The flight directions between the connected patches were also significantly greater than

the connected patch (G4 = 27.1, p<0.01).
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Key to flight directions
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Figure 3.8a LF=3D. R245= 1.7, p=0.19 f
F280=9.5,p<0.01

140 B

87 167

Figure 3.9a LF=3D after LF position changed.
r221 = 14.0, p«0.01

440

427 300

Figure 3.10a Landscape. F233=4.3, p=0.02

Figures 3.8a-3.10a One-way ANOVAs of total visits
per patch (numbers in bold) and proportional flight
direction categories per patch. LF=Linear Feature.

t Includes data for both marked and unmarked bees.
| Data for marked bees only (not illustrated).
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Figure 3.8b LF=3D. Q =40.0, p«0.01t
G6=27.1, p<0.01 J
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Figure 3.9b LF=3D after LF position changed.
G6=13.0,p<0.05

303

242

Figure 3.10b Landscape. G6= 106.8, p«0.01

Figures 3.8b-3.10b Individual inter-patch
flight directions. G-tests.

f Includes data for both marked and
unmarked bees.

J G-test for marked bees only (not
illustrated).
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Altering the position of the linear feature to link patches B and C still revealed significant
differences in flight directions with greater inter-patch movements between the newly
connected patches (G4 = 13.0, p<0.05, Figures 3.9a & 3.9b). Although numbers were
much lower (788 flight observations), the connected patches received significantly more
visits than the unconnected patch, by just 15 individuals (F,,, = 14.0, p<0.01, Figure 3.9a,
Table 3.2). The proportion of ‘other' directions at patch A increased from 34% to 72%

after the position of the linear feature was changed (Figure 3.9a).

Landscape-scale experiment

From a total of 2334 observed flights, patches connected with the hedgerow received a
signjﬁcantly greater number of visits (F,;; = 4.3, p=0.02, Figure 3.10a). The majority of
the 51 individuals (71%) arriving at and departing from the unconnected patch, were last
seen using directions other than to or from the two connected patches. Figure 3.10b
shows that there were higher inter-patch movements between the connected patches than

the isolated patch (G4 = 106.8, p<<0.01).

Mean percentage reobservations

Patches connected by the 2D linear feature

Thirty-three individual bees were reobserved in the entire experiment. The mean
percentage reobservations for patch A (Figure 3.11a) show that individuals marked on
patch A were far more likely to be reobserved on patch A than on any other patch. All
reobservations on the three patches were significantly different from each other (F,;, =
128.2, p<<0.01). Within-group, pairwise comparisons revealed that each sample was
significantly different from each other, but reobservations on patch C, had a smaller mean

(Table 3.4).
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Patch on which the individual was reobserved

Figure 3.11 Mean percentage reobservations (+/- SD's) and one-way ANOVAs of Bombus spp. marked on each patch where a 2D linear feature linked
patches A and B (a), (b) and (c), and where the position of the 2D linear feature was changed to connect patches A and C (d), (e) and (f). The scale of the y
axis on Figure 3.11(d) has been altered to reflect the data transformation.
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Patch B (Figure 3.11b) followed a similar pattern of differences between patches (F, 3, =
72.8, p<<0.01), with the highest number of bees reobserved on the patch on which they
were marked (46.3%). Each sample was significantly different from each other with

patch C having the smaller mean again (Table 3.4).

There were also significant differences in the mean percentage reobservations between all
three patches for bees marked on patch C (F,; = 137.3, p<0.01, Figure 3.11c). The
pairwise comparisons summarised in Table 3.4 revealed that only sample C was

significantly different from A and B.

Table 3.4 Within-group pairwise comparisons of mean percentage reobservations (one-way ANOV As) for
the 2D artificial feature, before and after changing the position of the linear feature.

n Mean SD Pair df F P

Patch A Before

A 11 45.0 5.0 A&B 1,20 11.8 0.003
B 11 38.3 4.0 B&C 1,20 169.6 <0.001
C 11 16.8 3.8 A&C 1,20 221.5 <0.001
Patch B Before

A 11 37.0 6.2 A&B 1,20 14.2 0.001
B 11 46.3 5.4 B&C 1,20 149.8 <0.001
C 11 16.6 5.9 A&C 1,220 60.4 <0.001
Patch C Before

A 11 25.2 2.3 A&B 1,20 52 0.033
B 11 28.7 4.5 B&C 1,20 131.2  <0.001
C 11 499 4.2 A&C 1,20 290.2 <0.001
Patch A After

A 9 1.5 0.5 A&B 1,16 3.7 0.072
B 9 1.1 04 B&C 1,16 2.6 0.128
C 9 14 0.5 A&C 1,16 0.1 0.738
Patch B After

A 9 23.1 43 A&B 1,16 2404 <0.001
B 9 60.7 59 B&C 1,16 283.1 <0.001
C 9 16.2 5.3 A&C 1,16 9.3 0.008
Patch C After

A 9 38.3 4.5 A&B 1,16 188.0 <0.001
B 9 9.9 43 B&C 1,16 2919 <0.001
C 9 51.8 6.0 A&C 1,16 28.8 <0.001

After the position of the connection was changed, 38 individuals were reobserved. For
patches B and C, individuals marked on their respective patch were significantly more
likely to be reobserved visiting that same patch (Figures 3.11e-f). Patch A was the only
exception out of all the experiments conducted, where there were no significant
differences between the mean percentage reobservations per patch (F,,, = 2.0, p>0.05,

Figure 3.11d). Pairwise comparisons within patches showed that the unconnected patch
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always had the most substantially different mean (Table 3.4). Overall, connected patches

shared similar means, with the isolated patch always differing more.
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Patch on which the individual was reobserved

Figure 3.12 Mean percentage reobservations (+/- SD's) and one-way ANOVAs of Bombus spp. marked on each patch where a 3D linear feature linked

patches A and B (a), (b) and (c), and where the 3D linear feature position was changed to connect patches B and C (d), (e) and (f). The scale of the y axis on
Figure 3.12(c) has been altered to reflect the data transformation.
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Patches connected by the 3D linear feature

Twenty-six individuals were reobserved over a period of 11 days. All patches had
significantly different mean percentage reobservations (Figures 3.12a-c). The hypothesis
that individuals marked on a particular patch would be found more frequently on this
'home' patch was accepted. The connected patches always received significantly more
visits than the isolated patch (Figures 3.12a-b) except for when the isolated patch was the
‘home’ patch (Figure 3.12c). Comparisons between paired patches demonstrate that for
bees marked on patches A and B, all patches were significantly different from each other
(Table 3.5). Pairwise comparisons for bees marked on patch C demonstrated that patches
A and B were not significantly different from each other. The unconnected patch always

had the most dissimilar mean compared with the linked patches (Table 3.5).

After the connection position was changed, 15 individuals were reobserved, with the
unconnected patch once again having a dissimilar mean to the connected patches (Figure

3.12d-f, Table 3.5).

Table 3.5 Within-group pairwise comparisons of mean percentage reobservations (one-way ANOV As) for
the 3D artificial feature, before and after changing the position of the linear feature.

N Mean SD Pair df F P

Patch A Before

A 11 60.5 6.0 A&B 1,20 104.7 <0.001
B 11 35.0 5.8 B&C 1,20 183.7 <0.001
C 11 4.6 4.6 A&C 1,20 600.7 <0.001
Patch B Before

A 11 344 5.6 A&B 1,20 108.4  <0.001
B 11 62.7 7.1 B&C 1,20 579.7  <0.001
C 11 2.9 42 A&C 1,20 220.7 <0.001
Patch C Before

A 11 04 0.5 A&B 1,20 0.7 0.428
B 11 0.6 0.6 B&C 1,20 21.1 <0.001
C 11 1.8 0.5 A&C 1,20 30.5 <0.001
Patch A After

A 8 77.7 11.0 A&B 1,14 265.5 <0.001
B 8 6.2 5.7 B&C 1,14 8.8 0.010
C 8 16.1 7.6 A&C 1,14 169.7  <0.001
Patch B After

A 8 5.7 6.4 A&B 1,14 2046  <0.001
B 8 54.0 7.1 B&C 1,14 16.8 0.001
C 8 40.4 6.0 A&C 1,14 125.6  <0.001
Patch C After

A 8 6.7 7.5 A&B 1,14 15.7 0.001
B 8 320 16.5 B&C 1,14 16.3 0.001
C 8 61.3 12.3 A&C 1,14 115.7 <0.001

78



Chapter 3

Landscape-scale experiment

Fifty-one individuals were reobserved in the landscape experiment. The vast majority of
bees marked on a particular patch (between 70 - 80%) were reobserved on the same patch
on which they were marked (Figure 3.13a-c). Pairwise comparisons for the connected
patches show that there were significantly different numbers of bees reobserved on all
patches (Table 3.6). When the mean percentage reobservations of bees marked on patch
C were compared, patch C was significantly different from the connected patches (Table

3.6).

Table 3.6. Within-group pairwise comparisons of mean percentage reobservations (one-way
ANOV As) for the patches connected by a hedgerow within the landscape.

N Mean SD Pair df F P

Patch A

A 12 71.0 94 A&B 1,22 180.7  <0.001
B 12 22.0 84 B&C 1,22 28.4 <0.001
C 12 7.1 49 A&C 1,22 4358  <0.001
Patch B

A 12 22.5 7.1 A&B 1,22 289.2  <0.001
B 12 73.3 7.5 B&C 1,22 740.2  <0.001
C 12 4.2 4.6 A&C 1,22 57.1 <0.001
Patch C

A 12 7.3 6.0 A&B 1,22 3.4 0.080
B 12 11.9 6.1 B&C 1,22 476.1 <0.001
C 12 80.8 9.1 A&C 1,22 544.8 <0.001
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Figure 3.13 Mean percentage reobservations (+/- SD's) and one-way ANOVAs of Bombus spp. marked on each patch where an existing hedgerow

linked patches A and B (a), (b) and (c).
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Hoverflies

Of the nine recorded species of syrphids (Diptera: Syrphidae) observed foraging on P.
tanacetifolia, six species were found on all patches in all experiments (Table 3.7).
Episyrphus balteatus was the most numerous hoverfly whilst Sphaerophoria scripta and
Syrphus ribesii were also common. Baccha sp., Ferdinandea cuprea and Helophilus sp.
were far less abundant, with the latter species appearing only on the landscape

experiment.

Table 3.7 Total hoverfly abundance (all patches combined) recorded at each experiment.

Totals (A+B+C) Tapes 3D before 3D after Landscape 2D before 2D after
6 days 16days 8 days 12 days 11 days 9 days
(2000) (2000)  (2000) (2001) (2001) (2001)

Episyrphus balteatus 68 192 90 131 106 94
Sphaerophoria scripta 18 87 64 193 66 27
Syrphus ribesii 45 162 53 58 46 51
Rhingia campestris 31 70 20 48 25 28
Eristalis tenax 17 57 27 28 23 18
Scaeva pyrastri 21 32 20 19 11 9
Baccha sp. 0 24 10 38 12 8
Ferdinandea cuprea 0 10 6 29 8 0
Helophilus sp. 0 0 0 23 0 0

Mean abundance was remarkably consistent between patches in all experiments and
ranged from 1.9 - 3.3 with little variation (Table 3.8). A one-way ANOVA revealed that
there were no significant differences in hoverfly abundance between patches within each
experiment although there was a statistically weak difference within the tapes experiment

(Fy, = 3.0, p=0.06, Table 3.8).
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Table 3.8 Means and one-way ANOV As of hoverfly visitors to each patch in each experiment.

Tapes n Mean SD df F P

A 20 2.2 2.0 2,72 3.0 0.06
B 27 2.4 1.2

C 28 33 1.9

2D before

A 36 1.9 1.6 2,125 1.5 0.22
B 48 2.6 1.9

C 44 2.3 1.6

2D after

A 32 3.0 2.1 2,93 2.6 3.09
B - 30 2.2 1.3

C 34 2.1 1.6

3D before

A 68 2.6 1.5 2,217 14 0.24
B 81 3.0 1.8

C 71 3.0 1.8

3D after

A 41 3.0 1.9 2,105 1.8 0.16
B 31 2.2 1.4

C 36 2.7 2.0

Hedge

A 71 2.6 1.7 2,197 1.0 0.36
B 70 3.0 2.0

C 59 3.0 2.2
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Discussion

The results suggest that bumblebees fly along the linear features to visit the connected
patches. The number of individuals was comparatively small in relation to the number of
flights observed. These data contain repeated observations on the same individual bees.
Since bees are known to trap-line (whereby individuals repeatedly follow the same route
when visiting flower patches) each observation could not be considered to be
independent. .It is acknowledged, in hindsight, that these data are essentially
pseudoreplicated. In any survey and its subsequent statistical analysis it is crucial to
ensure that observations are independent of each other. In most fieldwork it is impossible
to know whether the same individual is counted more than once. In this instance,
however, the identity of individual bees was known since they were marked with
numbered discs. By assuming that all observations were independent, the data are biased

and did not satisfy the prerequisites of the G-tests and ANOV As used.

In all but the tapes experiment, greater direct inter-patch movement was observed
between connected patches. Even after the position of the artificial feature was changed,
flight directions were concentrated along the artificial feature to reach the connected
patches. Preferential use of the linear feature was apparent when bees were approaching
and departing the connected patches. Even though the isolated patch was the same
distance away, bees did not tend to travel there directly from either of the connected
patches. Rather, they would arrive and depart using any other direction. Approximately
one third of flight directions were not observed, yet this proportion was consistent in all

the experiments and the results are comparable.

In only three of the six experiments did connected patches receive significantly more
visits than the isolated patch. It was the direction in which the bees travelled to get to
each patch which differed significantly. When the marked bees were analysed separately
in the 3D experiment, connected patches received significantly more visits than the
isolated patch. Yet, for the first five days, there were no significant differences in mean
visits per patch. It was only in the subsequent eleven days that significant differences
between visits per patch became apparent. No individual ignored any of the patches but

bees marked on a particular patch were far more likely to be reobserved foraging on that
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patch than on any other. This observed patch constancy agrees with many other studies
illustrating bees' high patch fidelity where even suitable forage nearby might be ignored
in favour of the patch on which it is “majoring” at that time (Heinrich, 1976; Saville et al.,
1997). Some generalist bees show constancy to a particular plant (Waser, 1986) and they
search for that species in time rather than in space. Other suitable flowers are ignored in
preference for the plant species that they are concentrating on at that time. If that plant’s
peak flowering time exceeds the bumblebee’s lifetime, she will specialise on that plant for
life. However, if resources are low, specialisation or constancy will be abandoned and
food is now searched for in a spatial dimension. Such constancy is recorded in ‘central

place foragers’ whereby foragers return to the nest each night (Heinrich, 1975).

Marking of the bees already nectaring on a patch will inevitably reflect their individual
foraging preferences at that moment in time. However, this apparent patch fidelity
switched almost immediately after the position of the linear feature was changed (Figure
3.9a). The presence of the linear feature might have influenced the number of visits to

each patch in this case.

Both the two- and three-dimensional artificial structures using black weed control fabric
did appear to affect inter-patch flight movements. Although black has no spectral
reflectance, it is unknown whether the contrast between the green background enabled
better detection by bees than the white tapes. Black absorbs heat and, on particularly
warm days, a heat haze was seen above the fabric structures. It might have been possible
that the bumblebees preferred to fly along these artificial features because of the higher
temperatures. However, it is well documented that they are not reliant on warm
temperatures to operate as they can generate their own metabolic heat and thermoregulate

(Goulson, 2003).

The landscape-scale study demonstrated a similar pattern of bumblebees moving between
connected patches apparently using the hedgerow. These experiments substantiate earlier
observations (Chapter 2) that bumblebees are more likely to be observed making non-
foraging flights along hedgerows rather than in adjacent open land. The artificial features
within this investigation appeared to influence bumblebee inter-patch flight directions.

The artificial features did not contain any foraging resources; therefore it was the presence
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of the artificial features, which suggested a visual cue for bumblebee orientation.
Horridge (2003) described a visual cue as a constant signal contained within many
different types of pattern. Although the overall pattern might change, one parameter
remains unchanged and it is this which the insect is able to detect and respond to. Might
the linear shape of hedgerow structure provide the visual cue for affecting bumblebee

behaviour?

Evidence of the structural arrangement of surrounding vegetation having an effect on
pollinator behaviour at the small-scale was reported by Goverde et al. (2002) in
Switzerland.  Areas of calcareous grassland were experimentally fragmented by
frequently mowing 5m wide strips to create different sized fragments. The flight and
foraging behaviour of B. veteranus altered when individuals visited fragmented plots
compared with control plots. Bees spent longer periods of time within the fragmented
plots and inflorescences were more intensively probed. Fragmented plots were also
visited less often. There was also some evidence of flight directionality being altered
within the fragmented plots. The turning angles of bees visiting inflorescences within
fragments differed significantly from a uniform distribution yet there were no significant

differences between the control and experimental plots.

Plowright & Galen (1985) investigated the spatial heterogeneity of bumblebee foraging
behaviour between plants at a small-scale. Bees were observed to move more quickly in
uniform habitats, compared with those areas containing landmarks such as shrubs
projecting above the herb layer. A patch containing such environmental features was
thought to be favoured since the landmarks could be used as an orientation feature so that

re-visitation of flowers was avoided.

The above two studies demonstrated that foraging behaviour was modified as a result of
the spatial arrangements of food plants. Although there is no doubt that hedgerows
supply important forage resources for bumblebees, the use of the artificial linear features,
devoid of resources, within this investigation demonstrates that the bees do not
necessarily use hedgerows as an extension of habitat, but may use them as navigational
aids. The overall connectedness of a landscape may therefore be important to the

movement of pollinators.
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Bees exhibit a great reliance on sight for foraging. A sun compass and the polarisation
pattern of the sky (Wehner ef al., 1996), as well as landmarks (Chittka et al., 1995a) are
used for directional information. Distance estimation relies on the retinal image flow of
the landscape structure and specific familiar landmarks as the bee flies along (Esch et al.,
2001). Chittka & Tautz (2003) demonstrated that distance estimation could be disrupted
in honeybees when their trained flight paths are lined with a chequered pattern.

The relative importance of sight for navigation was investigated by Chittka et al. (1999).
In complete darkness, B. impatiens were observed to walk outside of the nest and locate
sucrose solutions. Although odour marks were detected, with the feeder being the
primary scent beacon, the marks were not direct and the same trails were never followed
twice. Correct directionality was still achieved, albeit to a lesser extent, even after the
scent marks were eliminated. The suggested mechanism by which they achieved this was
a magnetic compass, also used by honeybees and other arthropods. They were also
successful in distance estimation using some sort of internal, non-visual measure of path
length. A path integration strategy was not employed indicating that light is required for
this. These visual-independent strategies might be used to be able to navigate in the
darkness of the nest, although the extent to which tactile cues are also used is unknown.

They may also supplement the usual visual cues.

Using an experimental array of artificial landmarks, Chittka e al. (1995b) observed that
trained honeybees used a combination of artificial landmarks and expected distance from
the hive to navigate to a feeding site. The bees clearly exhibited vector learning in that
successful location of the feeder was dependent not only by the target landmark itself, but
also the preceding landmark. Landmarks, either incorporated in the flight path from the
hive to the feeder or marking the location of the feeder, exerted a great influence on bees'
choice of goal distance. The expected flight distance was flown first before retrieving

memory of the target landmark.

A study of distance estimation in honeybees suggested that they can memorise a
sequential landmark array (Chittka & Geiger, 1995). To test whether bees relied on

distance rather than landmarks, bees were trained to a feeder located some distance away
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from the hive. Artificial landmarks were placed between the hive and the feeder. In
different investigations, the number of landmarks was altered. Although the majority of
bees still landed on the trained distance feeder, a significant proportion of the bees
depended on the number of landmarks encountered (protocounting) to reach a feeder. If
there were more landmarks encountered than in training, bees would land at a shorter
distance from the feeder, similarly, if some landmarks were removed, the bees would fly a
greater distance and overshoot the feeder.

If bumblebees do use familiar landmarks within the landscape for navigation, then it is
plausible that the artificial linear features and hedgerow studied in this investigation were
used in this way. Bumblebees are capable of remembering the location of forage patches
by reference to landmarks (Chittka & Geiger, 1995; Chittka ef al., 1995a; Menzel et al.,
1998; Goulson & Stout, 2001). However, this does not explain why the isolated patch
was not approached directly from either of the other two connected patches, even though
it was the same distance away. If the bees were using the linear feature as a landmark to
orient toward the connected forage patches, then there would have been the same
proportion of flight directions from the other two patches. What was strikingly clear was
the direct and linear way in which the bees arrived or left the connected patches. In
contrast, the isolated patch was approached from an apparent randomness of directions
throughout 360°. The intensive monitoring of patch traffic prohibited prolonged
observation of bees after they left. It is not known whether they circled to orientate to the
isolated patch. If they had associated flying along the linear feature with a resource patch
then no reorientation would be necessary to locate the connected patches. However, the
combination of the sun and the linear landmark positions should have made the location
of the isolated patch clear. It is unknown just how much of the landscape area is visible to
bumblebees, flying at different heights, in just one aerial view (Chittka, pers. comm). The
flight heights of bumblebees using the artificial feature were not specifically measured but
field notes recorded relatively low heights between the connected patches. These varied
from midway up the linear feature to just above it (approximately 0.5m - 1.2m above
ground level). Bumblebee arrivals and departures at the isolated patch appeared to be
more variable with greater heights being observed. Bees departed with sharp inclines or

arrived with steep descents.
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Altering the position of the linear feature to connect the otherwise isolated patch did not
affect the flight directions of bumblebees between connected patches in this study. Flight
directions were significantly more likely to be direct between the connected patches rather
than from any other angle. The newly isolated patch was approached and departed using
an irregular set of directions. Bumblebees reacted instantly to the new arrangement and
changes in their flight directions started from the first day the position was altered. There
was no detectable transitional change in the pattern of flight directions which might have
indicated the bees were learning a new arrangement. Changing the position of the two
dimensional linear feature to connect patches A and C instead of A and B (Figures 3.6a &
3.7a) might have affected the pattern of visitation rates per patch. Before the connection
position was changed, the connected patches received significantly greater visits than the
isolated patch. After the connection was changed, there were no significant differences in
visitation rates between patches. However, the opposite effect was observed using the
three-dimensional feature (Figures 3.8a & 3.9a). Connected patches received higher

visitation rates affer the position of the linear feature was changed and not before.

The experiments were performed in separate years and the different environmental
conditions together with another year’s set of bees make interpretations difficult. The
importance of treating pollinators as individuals should not be overlooked since many
behavioural differences such as foraging-site and plant preferences as well as level of
flower constancy exist between individuals (Chittka & Thomson, 2001).
Neurophysiological processes such as flower detection efficiency and learning ability also
merge with genetic factors, age and parasite infection. The combined effect of all these
variables makes explaining or predicting the behaviour of pollinators incredibly difficult.
Results from any study where individual variability is unquantified require cautious
interpretation and limited extrapolation to the population as a whole; broad
generalisations should be avoided (Chittka & Thomson, 2001). This is particularly
pertinent in this study in view of the relatively small number of individuals responsible
for making a large number of flights (Table 3.2). However, the majority of individuals
responded in the same way in two consecutive years and there was little variation in their
response to the experimental array. This replication of the results is an important outcome
of the study and demonstrates that different colonies of bees perceived the experimental

arrangement in similar ways.
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The responses of bees to the position change of the linear feature dispel the possibility
that the formerly isolated patch produced less nectar and was therefore less attractive as a
resource, independent of its connectedness. Although nectar production was not
measured in this study (attempts to measure nectar secretions using micro-capillary tubes
were unsuccessful) Williams (1997) found that flowers 4 - 7 hours old yielded the highest
secretion rates. Inflorescences contain many simultaneously open flowers and the
profusion of flawers over the whole patch appeared to maintain a near constant standing

crop for the duration of the study.

There were no significant differences in the pattern of flight directions between patches
when the tapes were used as the linear feature. This connecting feature may not have
appeared particularly prominent to the bees. Most species of bee have three colour
receptor types, most sensitive in the UV, blue and green parts of the spectrum (Spaethe et
al., 2001). Spaethe et al (2001) also showed that white artificial flowers had poor colour
contrast with green backgrounds, which made them difficult to detect for B. terrestris
even though they had a good brightness contrast. For object recognition and detection
over greater distances, bees may not utilise their colour vision, instead they use the signal

from their green receptors only (Briscoe & Chittka, 2001; Chittka, 2001).

Hoverflies

The distribution of species over all the experiments reflected their documented habitat
preferences (Stubbs & Falk, 2000). Baccha sp. and F. cuprea prefer more shaded habitats
such as woodland margins and hedgerows. In the landscape experiment, patches A and B
were considerably more shaded with patch A adjacent to a woodland edge and B close to
converging hedgerows and mature trees. Most of the other species prefer more open and
sunny areas with the numbers of E. balteatus, S. scripta known to be boosted by influxes

of migrants (Stubbs & Falk, 2000).

Patch connectedness did not affect the abundance of foraging hoverflies at each patch in
all the experiments. Although there was a statistically weak difference between patches

where tapes were used as the connecting feature (Table 3.8), this result was not repeated
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in the other five experiments which were of longer duration. Mean abundance per patch
was similar between all patches and all experiments despite differing sample numbers and
the data being gathered in different years. The results did not reflect any changes in

abundance as a result of seasonal migrants.

A fundamental difference between hoverflies and bumblebees is that the former are non-
social insects and do not live in nests. Their only foraging requirements are to improve
their own longevity and fecundity (Hickman & Wratten, 1996). Little is known of how
hoverflies move across the landscape. Since they do not have to repeatedly return to a
nest, it is possible that they do not have to navigate at all. They can follow a nomadic
lifestyle and may not be reliant on having to orient themselves to landmarks within the
environment. Although hoverflies have excellent vision, the influence of linear features
on hoverfly flight paths might have more to do with their physical structure than on

providing any orientation function (Colley & Luna, 2000).

Sutherland et al. (2001) investigated hoverfly distribution in response to landscape spatial
structure. Five single large patches of grass and flower mixtures and four groups of nine
smaller patches (with the same area) were created within a barley field. There was little
difference in syrphid abundance in both the fragmented and the larger patches. However,
E. bc.zlteatus was more likely to be found at the field margins whilst Sphaerophoria spp.
had a more uniform distribution. There was a greater diversity and abundance of
hoverflies in the hedgerow at the field margin rather than further into the open field, even
though the hedge contained fewer floral resources than the within-field patches. It was
suggested that the hedgerow supported more E. balteatus since it provided shelter from
predators and lekking sites. The distribution of hoverflies across the landscape might be
dictated by a combination of the density of food plants as well as landscape structure
affecting flight paths (Sutherland et al., 2001). Lovei et al. (1992) reported that hoverfly
mobility is affected by the prevailing winds since greater numbers were found in sticky

tréps on the windward sides of P. tanacetifolia strips.

Because of the difficulty in tracking hoverfly movement, very little information is
available on their dispersal abilities across the landscape, although Hickman & Wratten

(1996) found evidence of linear features acting as barriers. They examined the
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effectiveness of sowing P. tanacetifolia strips as a hoverfly attractant to augment the
density' of aphidophagous hoverflies. The distinctive pollen of the plant enabled
identification of those individuals which had fed from the source strip. Gut dissections of
E. balteatus caught in traps were found to have dispersed 250m away from the source.
Hoverfly dispersal may be impeded by the presence of physical structures which disrupt
the vegetational ground cover. Fewer hoverflies were caught in traps where a linear
feature, such as a tarmac road or a creek and hedge, was located between the pollen

source and the traps.

An important consideration on hoverfly movement and response to spatial structure is that
it may not just be species-specific (Sutherland ef al., 2001), but may differ between
individuals, the sexes and stage in the life cycle (Chittka & Thomson, 2001). Adults are
highly mobile (Hickman & Wratten, 1996; Sommaggio, 1999; Sutherland et al., 2001)
but, in their New Zealand study examining the efficacy of flower strips to enhance
aphidophagous hoverflies, White et al. (1995) found that gravid Melanostoma fasciatum
moved away from the flower strips in search of oviposition sites. Immature M. fasciatum
were more likely to utilise the pollen within the flower strips to aid egg maturation. Such
immature females may attract males looking for a mate and therefore disperse less than
the gravid females. Some species such as E. balteatus are known to frequent lekking
places for mate searching (Sutherland er al., 2001). The hoverfly sexes were not
distinguished in this study but a higher proportion of immature males and females may

have affected their distribution around the experimental patches.

Although P. tanacetifolia produces copious amounts of nectar (Williams, 1997), the short
labia of most hoverflies prohibits access to it and they probably only feed on the pollen
(White et al., 1995). Some species of hoverfly are melliphagous whilst others such as E.
balteatus feed almost exclusively on pollen (Gilbert, 1993). In this study, all foraging
hoverflies were observed to alight on the stamens and feed on pollen. Whilst some
species are generalist feeders, many others exhibit a high degree of selectivity in host
plant selection (Haslett, 1989). R. campestris is known to select blue or purple flowers
with deep tubular corollae as it has the longest mouthparts of any British species
(>10mm) (Gilbert, 1993). Temporal preferences were observed by Colley & Luna (2000)

where hoverflies switched preference from senescing plants to those flowers still in full
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flower. When several seed mixtures were compared, Hymenoptera preferred P.

tanacetifolia whilst syrphids preferred more open flowers (Carreck & Williams, 2002).
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Conclusions

Both the two- and three-dimensional black fabric artificial linear features appeared to
affect the inter-patch movements of bumblebees. The measuring tapes exerted little or no
observable effect. There were more direct flights between patches connected by the
artificial feature than to and from the isolated patch, even though it was the same distance
away. There were very few direct movements between the isolated patch and the
connected patches. Flight was concentrated along the linear features even following a
change in its position. This instant change suggested that the bees used the feature as

some sort of visual cue or navigational aid. These results were replicated over two years.

In all but the tapes experiment, connected patches received more visits than the isolated
patches. However, this was only significant in three out of the six experiments.
Bumblebees exhibited patch constancy and were far more likely to be reobserved foraging
on the patch on which they were marked. The connected patches in the landscape-scale
experiment did receive significantly more bumblebee visits than the isolated patch.
Although direct flight paths could not be followed for their duration, the last sighting of
individuals leaving the connected patches was always toward the other connected patch
rather than toward the isolated patch. Similarly, at the isolated patch, relatively few
departures were oriented toward the connected patches. The abundance of visiting

hoverflies to each patch was not affected by the presence of any connecting feature.

This chapter has shown that artificial linear features can indeed influence the flight
directionality of bumblebees. It supported field observations in Chapter 2 where
bumblebees were significantly more likely to be observed flying along hedgerows than in
more open habitat. Similar patterns were observed in the landscape-scale experiment,
which show that the phenomenon occurs at larger and perhaps more ecologically
meaningful scales. Since pollinator movement is so important for gene flow, pollination
and seed-set (Waser et al., 1996), the hedgerow network in lowland Britain could serve as
a 'transport infrastructure' where bumblebees and perhaps other pollinators are more likely
to occur. The presence of plants located close to linear features might receive more visits

and therefore be at an advantage compared with those plants situated in relatively insular
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patches. This idea is tested in the next chapter where plant fecundity is compared with the

plants' apparent connectedness with existing hedgerows in the landscape.
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Summary

Previous fieldwork had indicated that non-foraging bumblebees (Bombus spp.) were far
more likely to be observed flying along hedgerows rather than in adjacent open fields
(Chapter 2). This chapter focused primarily on bumblebee movement at a medium-scale,
using an experimental array whereby patches of Phacelia tanacetifolia (Hydrophyllaceae)
were arranged equidistantly at 30m in a triangular arrangement. An artificial linear
feature connected two of the patches. Observations of the flight directions (bumblebees)
and visitor abundance (bumblebees and hoverflies (Syrphidae)) were recorded.
Bumblebees were far more likely to approach and depart the connected patches by flying
along the linear feature than by any other direction. The isolated patch, in contrast, was
not approached from the other two patches. Bumblebee abundance to the connected
patches was not necessarily greater than to the isolated patches. There were no significant

differences in hoverfly abundance between patches.

Later, the same experimental array was scaled up to fit within the farm landscape
structure, using an existing hedgerow as the connection. A similar pattern of flight
directions emerged. Mark, release and reobservation techniques revealed that a relatively
small number of individuals made most of the flights in all the experiments. Analysis of
mean percentage reobservations showed that individual bumblebees were significantly
more likely to be reobserved on the same patch on which they were marked. Linear
landscape features might represent navigational aids with which bumblebees orient
themselves. The overall connectedness of the landscape may therefore be important to

bumblebee movement.
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Chapter 4: Pollination of plants in habitat fragments with
varying degrees of connectedness: A bioindicator approach

Introduction

Habitat fragmentation has caused many formerly common wild plants to become rare by
reducing population size (Fischer & Matthies, 1998; Luijten ef al., 2000). Smaller
populations are at an increased risk of extinction (Dudash & Fenster, 2000; Eisto ef al.,
2000; Kéry etﬁ al., 2000; Young et al., 1996 & 2000). Human perturbations have
degraded and reduced the natural habitats of such plants constraining them to live in small
and isolated habitat fragments. This is of particular concern since the evolutionary
pdtential to adapt to the changing environment cannot keep pace with the dramatic
reductions in population size. The formerly common plant species are more susceptible
to extinction since they are not as resilient as those naturally rare plants, which normally
live in small populations with low levels of genetic variation (Charlesworth &
Charlesworth, 1987; Huenneke, 1991).

When a population is reduced in size, the number of individuals and therefore genetic
variation between those individuals decreases. Small populations tend to be more
homozygous whilst larger populations exhibit greater variation. Genetic drift therefore
exerts a more prominent role within the gene pool. Genetic drift is a normal process and
occurs in all populations. Random fluctuations in the fitness of different alleles and
therefore gene frequencies occur and are expressed in the offspring resulting in a non-

representative sample of the parental genes (Young et al., 1996).

However, the stochastic effects of genetic drift become more influential when the
population is small. The frequency of certain alleles can alter significantly even though
natural selection has not occurred. There are relatively few alleles with intermediate
frequencies therefore chance alone dictates whether alleles are more likely to become
extinct or to become fixed as the only allele present (Ouborg & van Treuren, 1994;
Dudash & Fenster, 2000; Eisto et al., 2000; Luijten et al., 2000). The variation originally
present within the ancestral population diminishes in the absence of immigration or

mutation, as even adaptively superior alleles are permanently lost from the gene pool.
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Such small populations undergo indeterminate evolution, which is little influenced by the

relative adaptiveness of the various alleles (Keeton & Gould, 1993; Young et al., 1996).

Significant reductions in reproduction were directly related to the small population sizes
of the declining perennials Primula veris and Gentiana lutea. 1t was suggested that the
lower seed-set per fruit and per plant were attributable to inbreeding depression or pollen
limitation (Kéry ef al., 2000). Fischer & Matthies (1998) also found that fecundity was
reduced in small populations of the rare Gentianella germanica and concurred that
genetic effects were the cause, although pollen limitation may also have contributed to
fitness reductions in the field. Significant reductions in the fitness of small populations of
Arnica montana were reported by Luijten et al. (2000). However, there was no evidence
that inbreeding was responsible since selfing rates were assumed to have been reduced by
the self-incompatibility of the plant. Pollen limitation or the absence of cross-compatible
mates were probable causal factors since the probability of asynchronous flowering is

higher in smaller, sparser populations.

Depressed reproduction may also be attributable to habitat quality as reproduction is often
influenced by resource availability (Oostermeijer et al., 1998). Of the few studies that
have investigated the relationship between population size and fitness, discernible
evidence of reproduction being resource limited varies depending on the measure of
fitness being investigated (Fischer & Matthies, 1998). More detailed knowledge of the
inbreeding histories of small populations is required before generalisations that genetic
effects are the sole cause of reduced reproduction can be made (Ouborg & van Treuren,
1994).

Another consequence of fragmentation is the loss of fitness within the plant population.
As the percentage of homozygosity for deleterious traits increases, there is an increased
likelihood of inbreeding with closely related neighbours which leads to inbreeding

depression (Silvertown & Charlesworth, 2001).

Plant-pollinator interactions within fragmented habitats
Allele immigration, via pollen and seed dispersal, can also be impeded by habitat
fragmentation. The population viability of plants is strongly influenced by pollinators as

they determine both the quantity and quality of offspring through pollen limitation and the
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extent of self-fertilisation (Waser et al., 1996). Pollinators require a regular and reliable
supply of nectar both spatially and temporally (Corbet, 1995). The geographical distance
between plant populations should not exceed natural pollinator foraging distances if they

are to receive sufficient pollinator service and gene flow (Kwak et al., 1998).

An unrewarding mosaic of non-entomophilous monocultures, often surrounds plant
populations growing in habitats fragmented by agricultural land (Jennersten et al., 1992).
The network of hedgerows which intersect arable land can therefore provide valuable
floral resources which can enhance the foraging distances of pollinators (Saville ef al.,
1997; Walther-Hellwig & Frankl, 2000).

Pollinator diversity is reduced by habitat fragmentation and plant-pollinator interactions
are disrupted. Smaller, isolated plant populations are more likely to suffer from reduced
reproductive success and inbreeding depression (Lamont et al., 1993; Agren, 1996).
Pollinator behaviour may also be affected with individuals spending less time on each
plant (Agren, 1996) yet this may be species-specific (Kwak et al., 1998; Goverde et al.,
2002). Plant-pollinator interactions are more sensitive to change in smaller plant
populations as the plants receive fewer visits and pollen transfer is reduced as the
comparatively low densities are less attractive to pollinators as an energy source (Agren,
1996; Jennersten et al., 1992; Kwak et al., 1991). Outcrossing is reduced and selfing
more frequent, resulting in a reduced fitness of the population to enable it to withstand

stochastic events (Kearns ef al., 1998).

In contrast, Kwak et al. (1998) found that large populations of Salvia pratensis (Labiatae)
produced lower seed-set than those in smaller populations. This relates to the fact that the
legitimate pollinators were more frequent at lower S. pratensis densities than in those
patches with high pollinator species richness, where there were a larger number of nectar
robbers. High plant species richness has been correlated with higher visitor numbers. It
was not worth the effort expended for nectar robbers to visit these sparser populations.
Since different species respond in differing ways to the spatio-temporal heterogeneity of
floral resources, those bumblebees (Bombus spp.) with greater foraging ranges are able to

utilise more patches within their larger range (Walther-Hellwig & Frankl, 2000).
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Mustajérvi et al. (2001) suggested that the size and spatial arrangement of plant
populations influences plant-pollinator interactions. By examining the density of plant
populations, they showed that sparse populations of Lychnis viscaria (Caryophyllaceae)
had higher reproductive success than those plants in larger populations. The greater
visibility and larger sized inflorescences within sparse populations received higher
visitation rates by bumblebees, the principal pollinators, and more flowers were probed.
As long as individual plants growing in sparse populations were vigorous, self-compatible
and had few interspecific competitors, reproductive success need not be compromised.
Bumblebee foraging behaviour appears to remain relatively constant in habitats where
one plant species dominates over a more diverse mix of species (Brittain & Newton,
1933; Brian, 1954). Plant density is generally considered to be a more important factor
than population size (Kwak et al., 1998). However, pollinator visitation was the most
important limiting factor in the outcrossing rate of self-incompatible plants (Rathcke &
Jules, 1993; Mustajéarvi ef al., 2001).

Nectar production is a heritable, costly trait and volumes vary between individuals of the
same species and between flowers on the same plant. Pollinators are able to discriminate
between high and low rewarding flowers of different species, with nectar-rich flowers
receiving greater pollination service. However, Klinkhamer ef al. (2001) reported that it
becomes increasingly difficult for pollinators to remember the exact location of high
rewarding flowers within a population of the same species. The small-scale spatial
arrangement of Echium vulgare was important in affecting the relationship between
nectar production rates and pollination service. Nectar poor plants are able to benefit
from the pollination services enjoyed by neighbouring nectar rich plants. Pollinators
exhibited increased discrimination when plants were separated by distances of more than

6m.

Facilitation by other co-flowering plants can assist in gene flow as pollinators are
attracted to these areas. QOostermeijer et al. (1998) reported increased pollinator service
by bumblebees and higher seed-set in Gentiana pneumonanthe where heathers such as
Erica tetralix and Calluna vulgaris were flowering nearby. When adaptively superior
alleles are lost, the plant population is less likely to adapt to be able to withstand
stochastic events and extinction becomes more probable. However, the negative effects

of genetic erosion can be ameliorated by increased gene flow within the landscape.
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Pollen from other populations can augment the genetic diversity of small isolated
populations. Increasing pollinator movement between habitat remnants to increase pollen
flow is therefore an important factor in maintaining plant population viability (Kwak &
Vervoort, 2000).

The results of fieldwork conducted in 2000 suggested that pollinating insects did appear
to fly along hedgerows more frequently than in adjacent, more open habitats (Chapter 2).
Landscape scale studies of pollinator flight are inherently difficult to conduct owing to the
large distances that must be covered and the unfeasibility of manipulating landscape
structure for experimental purposes. To isolate whether linear features did influence
pollinator flight, a small-scale experiment using three Phacelia tanacetifolia
(Hydrophyllaceae) patches and an artificial linear feature linking two of the patches
demonstrated bumblebee preferences for the linear feature (Chapter 3). Bumblebee flight
directions were strongly influenced by the artificial features with the vast majority of
flights concentrated along the linear structures. It was then necessary to investigate
whether this same pattern occurred at the landscape scale. Using the same experimental
design, three P. tanacetifolia patches were planted within the landscape. Two of the
patches were connected via an existing hedgerow with the third patch located midfield
with no connections (Chapter 3). Once again, at the point of last sighting, bumblebees
were more likely to use the hedge when arriving at or departing from patches. Individual
bees marked at the connected patches were significantly more likely to be re-observed

visiting one of the connected patches rather than the isolated patch.

These studies were based on field observations, which provided insights into pollinator
abundance, flight direction and visits to particular locations. ~Whilst investigating
pollinator behaviour within the landscape is quintessential to addressing the aims of this
study, their functional role as pollinators required some quantification. Measuring the
fecundity of plants that require bumblebee visitation to set seed could provide a useful
bioindication of pollination success, which complement the previous studies of pollinator

flight at the landscape-scale.

Having established the predisposition of bumblebees to fly along hedgerows, it followed

that plants growing within patches where these hedgerows converge may receive greater
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pollinator visitation, ultimately leading to higher seed-set, than those plants in patches

with fewer or no connections (Figure 4.1).

In order to test this hypothesis, the reproductive success of Salvia pratensis (Labiatae),
planted in 15 differently connected patches, was compared and used as a bioindicator of

pollinator visitation.
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Figure 4.1 Location and connectedness of S pratensis patches. Scale: 1:10,000. Photograph
taken: May 1990, reproduced with permission from NRSC Litd.
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Methods

All observations and experiments were conducted at the same farm location as described

in the 'study site’ section in Chapter 2.

Plant selection

S. pratensis was chosen for this experiment because it fulfilled a number of prerequisites
necessary to demonstrate that seed-set was limited by pollinator activity. S pratensis is a
rare and threatened herbaceous perennial (Figure 4.2), found on calcareous grasslands and
is native to southem England. It prefers well-drained soil and reaches 30 - 100cm in
height (Rose, 1981). Flowering in June and July, the purple/blue flowers are
zygomorphic, with a hood-forming sickle shaped upper lip (Figure 4.3).

Figure 4.2 Sp’(f@’ﬁigﬂowering from successive whorls Figure 4.3 Typical flower

The protandrous, nectar-rich flowers possess a see-saw pollination mechanism in which
pollen transfer is triggered by way of an insect-mediated design. The tissue between the
two anther-lobes (connective) is elongated and at its lower end forms an enlarged blade
which partly obstructs the entrance to the flower. The connective is joined to the corolla
by a spring-loaded torsion joint made up of compressed short anther-filaments. To obtain

nectar, a bee must push its head into the flower. As it does so, it drives the anther blade

103



Chapter 4
backwards and upwards, thereby causing the anther lobes to swing downwards,
transferring pollen to the bee’s abdomen. The stigmas mature later and protrude from the
front of the flower ready to receive pollen from visiting insects (Proctor ef al., 1996). The
plant is self compatible but requires bumblebee visitation to set seed (van Treuren ef al.,
1993; Kwak et al., 1996). The superior ovary has four lobes which ripen to four separate
one-seeded nutlets (Rose, 1981).

The species is recorded as extinct within Northamptonshire (Gent & Wilson, 1995;
McCollin et al., 2000). Species records at Northamptonshire Wildlife Trust reported only
unconfirmed sightings of the plant within the county in 1978 (Allen Smith, pers. comm.).
S. pratensis is a suitable species because its absence within the study area meant that no
other populations could act as a pollen source, providing a "closed" system. Secondly,
seed production was only possible via insect-mediated pollen transfer. Consequently, all
seeds produced within the experiment were directly attributable to insect vectors within

the system.

Although S. pratensis flowers are protandrous, geitonogamy is still possible. This
restricts the amount of genetic variation within small populations and is no different from
autogamy. The greater the distance between populations of S. pratensis, the less likely
they are to be visited by bumblebees carrying pollen from other S. pratensis populations,
creating genetic isolation. Such effects may be ameliorated by the presence of connecting
hedgerows, which can augment the gene flow of this species. Even large patches of
isolated super abundant resources such as entomophilous crops may only be accessed by
bumblebee species with large mean foraging distances. Species such as the rare, long-
tongued Bombus muscorum, which does tend to forage locally, appear reliant on
connections to nearby foraging patches. Habitat fragmentation within the arable
landscape may be particularly damaging to their continued existence (Walther-Hellwig &
Frankl, 2000).

Although this research recorded non-foraging flight along hedgerows (Chapter 2), there is
no doubt that the numerous flowering hedgerow plants were an important food resource,
providing nectar which was otherwise absent in the surrounding cropped areas (Clements
& Tofts, 1992a). The presence of simultaneously flowering species in fragmented

habitats can act as stepping stones for pollinators, allowing them to reach more distant
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plant populations. Without such resources, gene flow may seriously be inhibited even

over relatively short distances (Kwak et al., 1998).

S. pratensis is particularly vulnerable to the effects of habitat fragmentation since it is
specialised on long and medium tongued bumblebees for its pollination. Continual
selfing of S. pratensis in small populations with already high levels of homozygosity
results in gradual yet persistent reductions in plant fitness (Hegland et al., 2001). Field
experiments demonstrated that survival of outcrossed progeny was 16 - 63% higher than
selfed progeny.” Such genetic erosion is particularly apparent in those populations with a
long history of inbreeding. A positive correlation between population size and genetic
variation was demonstrated both in the field and glasshouse (Ouborg & van Treuren,
1994).

Site Selection

Semi-natural habitat patches were selected for their varying degrees of connectedness,
suitability for plant growth and accessibility. The patches were all non-cropped areas of
land principally field corners and their locations are shown in Figure 4.1. Patch
descriptions, planting and observation dates are summarised in Table 4.1. An effort was
made to réplicate connection numbers, which ranged from 0 - 5, in an attempt to represent
different patch attributes. However, landscape scale experiments are difficult to
rigorously standardise since each area will be inherently different in terms of its species

composition and surrounding land use (see discussion in Chapter 1).
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Chapter 4

Patchno. No.of Date Observation datesand Approx. No. of other Land type = Adjacent field
& name connec- planted times area (m”) experimental use
tions patches within
300m radius
New 5 24 May 17 July 1245-1355 5300 1 newly planted barley; pasture
spinney (1) 23 July 1510-1620 spinney
30 July 0900-1010
Cherry 4 24 May 19 July 1645-1755 2025 2 mature cherry pasture; wheat
spinney (2) 21 July  1340-1450 tree spinney
25 July  1525-1635
Cattle 4 24 May 17 July 1555-1705 18 4 gateway/field pasture; fallow
crush (3) 24 July 1705-1815 intersection
. 26 July 1630-1740
B 4) 4 22May 17 July 1725-1835 23 2 field corner  barley; pasture;
21 July 1510-1620 oilseed rape
26 July 1000-1110
Christmas 3 24 May 19July 1220-1330 1069 3 Christmas tree  wheat; pasture
tree (5) 22 July  1025-1135 plantation
26 July 0830-0940
Snowdrop 3 18 May 19July 1345-1455 1466 3 scrub/carr pasture
6) 24 July 1000-1110
25 July 1655-1805
A (D) 3 18 May 20 July 0830-0940 1227 3 woodland barley; Vicia
23 July 1345-1455 edge sp.; pasture
26 July 1120-1230
Stream 3 22 May 18July 0900-1010 12 4 stream-side  pasture
8) 22 July 1150-1300
27 July  1645-1755
Oak tree 2 25May 18July 1025-1135 2468 2 mature oak  pasture; wheat
® 22 July 0900-1010 wood
27 July  1520-1630
Stables 2 24May 18July 1155-1305 305 0 newly planted pasture
(10) 21 July 1205-1315 spinney
27July  1340-1450
Thistle 2 25May 20July 1125-1235 689 4 field cormer  wheat; pasture
ay 23 July 1215-1325
30 July 1215-1325
Big sheep 2 22May 20July 1645-1755 10 4 field comer  pasture; wheat
(12) 21 July 1640-1750
25July 1400-1510
C (13) 0 18 May 19July 1510-1620 825 2 disused barn  barley
24 July  0830-0940 with enclosure
27 july  1210-1320 *
Reservoir 0 25May 20July 0955-1105 278 1 covered pasture
(14) 23 July 1635-1745 reservoir
25 July  1225-1335
Blackpool 0 22May 17 July 1425-1535  Sha 0 fallow field  wheat; pasture
(15) 24 luly  1140-1250
30 July 1035-1145
Notes:

Pasture contained occasional weeds such as Cirsium spp., Urtica spp. and Trifolium spp.
Fallow fields had recently been treated with a herbicide application.
The fields of Vicia spp. and oilseed rape had finished flowering by the time S. pratensis was in flower.

* Contained 12 x 25cm diameter of P. tanacetifolia from a concurrent study within this PhD (Chapter 3).
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The majority of hedgerows used in this study were centuries rather than decades old and
well established field boundaries. The principal woody species comprised Crataegus spp.
and Prunus spinosa, with Urtica dioica, Cirsium spp. and Rumex spp. dominating the
herb layer. Parallel drainage ditches were frequently present, sometimes with additional

fencing. All hedgerows were mechanically trimmed approximately every other year.

The number of hedgerows converging on a patch was counted. If a patch was situated in
the middle of a hedgerow, it was considered to have two connections since insects could
reach the patch from both directions. Although this is still true for those patches with, for
example, three and above converging hedgerows, the numbering system reflected number

of hedgerows and not flight directions.

S. pratensis planting

Forty five S. pratensis plants were purchased from English Cottage Garden Nurseries,
Aldington, Kent. Sown on 3 March 2001, the plants were in their first season of growth
and had not previously flowered. All plants were at approximately the same stage of

growth with circa six basal leaves and five emerging leaves.

Three plants were used per patch to allow for possible plant failure. Each plant was
assigned a random number generated on an MS Excel 97 spreadsheet (Microsoft Corp.,
1997). The numbers were then sorted into ascending order. The first set of three plants
was allocated to the first patch and the next three to the next patch, and so on. The
location of the plants within each habitat patch was determined by ensuring that the area
was as central and as open as possible to allow sufficient light to satisfy the species’

natural growth requirements.

S. pratensis were planted directly into the ground in each of the 15 patches and
surrounded by open-topped wire cages to prevent mammal browsing. The cages were
constructed using 1.0 - 1.5m high chicken wire, mesh size 25mm, and secured with three
hazel poles approximately 1m high, hammered into the ground (Figure 4.4). Existing
vegetation was cleared and the soil lightly dug over. The plants were planted in a
triangular formation, approximately 30cm apart and watered. Slug mini-pellets
containing metaldehyde were applied within the wire cage so that pellets fell 10 - 15cm

apart. Every plant within each set was labelled with an identification number.
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Figure 4.4 Recently planted S. pratensis in the Stream patch.

Flower production
The sets of plants were m onitored every week for general plant health and developing
inflorescences. The inflorescences were numbered and labelled with string tags for future

identification. The progress of individual flowers was followed every day for 25 days.

Whorls of flowers were counted from the inflorescence base. Each whorl was examined
and flower production and longevity was recorded. The number of buds, open flowers
and shrivelled flowers was counted to ensure that reproduction was occurring normally.
The resulting seed numbers were then a true reflection of pollination; any deficit in seed
numbers would most likely be attributable to pollination failure and not to other factors

such as predation or bud abortion.

The plants were still flowering at the end of the investigation and continued to flower,
albeit less intensely, until October. However, time restrictions prevented further
monitoring. The relatively short time period from bud to seed-set provided sufficient data

for the purposes of this study.

Pollinator abundance
Visiting insects were observed for one hour at each patch on three non-consecutive days

between 17-30 July 2001 (Table 4.1). The order in which each patch was observed was
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randomised and the total time expended to observe pollinators in 15 patches was
considerable (45 hours). It was therefore not feasible, within the fieldwork period, to
record temporal patterns of insect visitation. The aim of the exercise was to record
visiting insect diversity, identify legitimate pollinators and quantify visitor abundance.
Legitimate pollinators were those which came into contact with the fertile anthers which
swung downwards as the insect pushed its head into the flower, or were observed to

contact the mature stigmas of older flowers (Proctor et al., 1996).

Pollen deposition

Fallen flowers were collected from each set on 24 August and 3 September 2001 and
preserved in 70% alcohol. In the laboratory, the stigmas were removed from the flowers
and the number of pollen grains adhering to each stigma was counted with the aid of a

binocular dissecting microscope.

Seed production

Following fertilisation, the four-lobed ovary developed into 4 separate one-seeded nutlets.
Fertilised ovules were easily distinguishable from non-fertilised ones by their greatly
expanded size and their black colouration following ripening. The black seeds within
each whorl were clearly visible. All whorls were examined on each visit and their seed

numbers were recorded in situ.

Data analysis
All statistical analyses were conducted using SPSS for Windows, Version 9.0 (SPSS Inc.,
1998). All data were checked for normality using a Kolmogorov-Smirnov test prior to

analyses.

Variation in plant vigour between sets

Variation in mean inflorescence and flower number of each set of plants was compared
between patches using one-way ANOVA. An Fpay test confirmed that the variances were
homogenous and all observations were obtained randomly. This would indicate whether
plants were distributed randomly between patches with respect to their general vigour,

thus minimising potential bias in reproductive success.
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Seed-set
Percentage seed-set was calculated to allow comparison between the different patches,
taking into account the natural variation in inflorescence number between discrete
patches. Using existing knowledge of S. pratensis reproductive biology, each whorl

normally produces six flowers, with each flower usually producing four seeds (Scott,
1989).

Seed sucopss= (observed seed set) <100

potential seed set

Pearson correlations were used to indicate possible relationships between the number of

connections and:

1. Total insect visitor number per patch
2. Pollen grain number per stigma, per patch
3. Mean per cent seed-set per patch

These observations were on a ratio scale and all sample units were obtained randomly.

In hindsight, a proximity matrix of Pearson correlations was conducted to include a
measurement of the nearness of patches to each other. For the distances between patches,
measurements were taken using a ruler on a 1:5,000 scale map, then converted into
metres and entered into a proximity matrix. Taking Patch 1 for example, the distance
between this patch and all the other patches was tabulated and the mean calculated. This
process was repeated for all other patches and then entered into a Pearson correlation
matrix (Table 4.9).
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Results

Plant vigour between and within sets

All plants within the experimental assay developed normally compared with other
documented studies (Scott, 1989; Hegland er al., 2001) and reproduced successfully,
yielding means of between 8 - 12 inflorescences per patch (Table 4.2). The largest
variation in plant vigour between patches was in the number of whorls and flowers
produced from the inflorescences (24.8 and 88.3, respectively). Patch A and the New
Spinney patch produced the highest number of flowers (>700). Twelve out of the 15
patches produced between 500 - 700 flowers each. The vast majority of flowers lasted
2.4 days before the lower lobe withered and the stigma began to brown, with very little
variation between patches (SD=0.1). Homogeneity of variance was confirmed using the

F max test.

Table 4.2 Summary of mean reproductive potential of S. pratensis between patches (sorted by flower
number)

Patch  Patch name No. Infl-plant Whrls-infl Flwrs-plant  Flwr longevity
no. connec- (days)
tions

Mean SD Mean SD Mean SD Mean SD

7 A 3 12.0 26 206 1.1 7707 163.1 25 0.6
1 New spinney 5 12.0 2.0 17.1 3.8 7497 1675 24 0.6
12 = Big sheep 2 11.3 49 19.6 1.4 680.0 3533 25 0.7
11 Thistle 2 10.7 2.1 20.1 33 661.7 1305 24 0.7
10  Stables 2 11.0 1.7 19.8 0.8 6610 1108 24 0.7
4 B 4 10.3 35 203 1.4 648.0 272.1 2.5 0.7
14  Reservoir 0 9.7 12 208 22 6297 1753 24 0.7
13 C 0 9.7 2.1 20.0 1.5 5943 173.8 24 0.6
3 Cattle crush 4 9.3 25 203 0.8 579.7 1566 2.6 0.6
6  Snowdrop 3 9.7 L5 19.3 1.5 5643 983 25 0.7
8 Stream 3 9.7 2.1 19.2 1.7 563.0 169.7 24 0.7
5  Christmas tree 3 8.7 1.2 20.1 1.2 531.0 114.1 2.4 0.7
9  Oaktree 2 8.7 1.5 19.8 1.5 5273 1096 25 0.8
2 Cherry spinney 4 8.0 1.0 2038 1.1 5120 906 25 0.7
15  Blackpool 0 83 25 18.2 1.2 4560 1356 24 0.7

ANOVA Tables 4.3 and 4.4 demonstrate there were no significant differences in
inflorescence or flower number between or within all plants in the 15 different patches.
The plants’ general vigour was therefore randomly distributed, thus minimising potential

bias in reproductive success.
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Table 4.3 ANOVA summary table: Inflorescences between patches

Source of SS df S¢ F P
variation

Between 67.8 14 4.84 0.860 0.61
Within 169.0 30 5.63

Total 236.8 44

Table 4.4 ANOVA summary table: Flowers between patches

Source of SS df S* F P
variation

Between 327436.0 14 23388.29 0.765 0.70
Within * 916871.0 30 30562.37

Total 1244307.0 44

Pollinators

A total of three bumblebee and two hoverfly (Syrphidae) species were recorded in most S.
pratensis patches (Table 4.5). Only B. pascuorum and B. hortorum were observed to trip
the see-saw pollination mechanism. The patch with five connecting hedgerows had the
highest number of individual insects (50) overall, and the greatest abundance of species,
except for the hoverfly Episyrphus balteatus. The Blackpool patch had the lowest
abundance of visiting insects with just six individuals of two different species being
recorded over the three sample dates. B. pascuorum was the most numerous and
ubiquitous species, and was observed in all patches. B. hortorum was the least recorded
specieé, observed in only eight patches around the farm. The other hoverfly species,
Rhingia campestris was recorded in éll but one of the experimental patches. Patch C had
no connections, but was still the third most visited set of plants, particularly by B.

pascuorum.
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Table 4.5 Total number of insects and mean insect visitors per hour, per patch. Ranked by insect
abundance

No. Total Mean visitors/hour
no.

connections Patch insects B pascuorum B. hortorum B. pratorum E. balteatus R. campestris
5 New spinney 50 5.7 4.3 2.7 13 2.7
4 Cattle crush 34 4.0 2.0 1.7 2.0 1.7
0 C 27 4.3 1.7 1.7 2.0
4 B 24 4.0 2.3 1.0 1.0 1.0
3 Xmas tree 23 2.3 1.0 23 1.3 2.0
4 Cherry spinney 19 33 1.0 2.0 1.7
3 Stream 19 1.7 1.0 1.0 2.3 2.0
3 Snowdrop 18 33 23 1.0
3 A 18 23 1.0 13 1.0 15
2 Oak tree 18 1.7 2.0 1.7 2.0
2 Stables 18 1.0 2.0 23 1.0
2 Thistle 17 2.3 1.0 2.0 2.0
2 Big sheep 17 2.0 1.7 2.0
0 Reservoir 10 2.7 1.0
0 Blackpool 6 1.7 1.0

With the exception of Patch C, Figure 4.5 suggests that there was a general trend of
increased insect visitor abundance as the number of connections per patch increased.
There was a significant correlation between the total numbers of legitimate pollinators (B.
pascuorum and B. hortorum) and patch connectedness (Pearson correlation: r = 0.68, df
= 13, p<0.01). When species were analysed individually, there was no correlation

between discrete species and connectedness (Table 4.6).
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Figure 4.5 Total number of individual visitors per patch over three days. Pearson correlation: r= 0.63, df

= 13, p<0.05
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Table 4.6 Pearson correlation results of the relationship between individual species abundance and number
of connections per patch (* = p<0.05, ** = p<0.01)

Species r df n
B. pascuorum 0.45 13 15
B. hortorum 0.68 4 6
B. pratorum 0.03 8 10
E. balteatus -0.18 9 11
R. campestris 0.49 7 9
B. pascuorum + B. hortorum 0.68** 13 15
Total visitors 0.63* 13 15
Pollen deposition

There was large variation in the number of pollen grains deposited per stigma (Table 4.7).
The Cherry Spinney patch had the highest mean number of pollen grains (32.2). Thirteen
patches contained means of between 10 and 29 pollen grains per stigma. The largest
difference between the highest and lowest scoring patches was just under 200 pollen

grains.

Table 4.7 Summary of the number of pollen grains per patch (sorted by mean pollen grains per stigma)

Pollen grains Pollen grains per stigma

per patch
Patchno. Patchname No. connections Total Mean SD N
2 Cherry spinney 4 290 322 8.2 9
1 New spinney 5 290 29.0 19.0 10
8 Stream 3 282 28.2 11.5 10
3 Cattle crush 4 232 25.8 8.9 9
9 Oak tree 2 250 25.0 5.8 10
4 B 4 202 224 7.3 9
6 Snowdrop 3 197 219 13.6 9
5 Christmas tree 3 147 16.3 12.6 9
10 Stables 2 128 16.0 10.9 8
7 A 3 152 15.2 10.8 10
14 Reservoir 0 118 13.1 54 9
12 Big sheep 2 112 12.4 8.6 9
13 C 0 111 12.3 8.5 9
15 Blackpool 0 101 10.1 7.6 10
11 Thistle 2 99 9.9 11.4 10

There was a highly significant increase in the number of pollen grains per stigma per

patch as patch connectedness rose (Pearson correlation: r = 0.44, p<0.01, Figure 4.6).
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Figure 4.6 Number of pollen grains per stigma per patch. Pearson correlation: r=0.44, df = 138, p<0.01

Seed-set

Higher seed-set was recorded for patches with a greater number of connections (Table
4.8). Patches 1, 2 and 3 all yielded over 70% seed-set compared with Patches 14 and 15,
which had less than 55%. A highly significant relationship was apparent when
percentage seed success was plotted against patch connectedness (Figure 4.7). Plants
with four or five connections produced between 7 - 23% more seeds than those plants

within unconnected patches.

Table 4.8 Mean and total seed-set per patch and per cent seed success

Seed-set per patch Total per patch
Patch Patch name No. Mean SD Potential  Observed  Per cent seed-
no. connec- seed-set seed-set set

tions (obs/pot)*100
1 New spinney 5 2186.7 519.1 8996 6560 72.9
3 Cattle crush 4 1669.3 414.5 6956 5008 72.0
2 Cherry spinney 4 1435.7 256.0 6144 4307 70.1
4 B 4 1789.0 749.5 7776 5367 69.0
8 Stream 3 1514.7 454.0 6756 4544 67.3
9 QOak tree 2 1391.7 317.3 6328 4175 66.0
7 A 3 1994.7 380.2 9248 5984 64.7
5 Christmas tree 3 1356.3 280.3 6372 4069 63.9
6 Snowdrop 3 1403.7 278.8 6772 4211 62.2
11 Thistle 2 1638.7 341.6 7940 4916 61.9
13 C 0 1422.0 448.1 7132 4266 59.8
10 Stables 2 1540.0 275.1 7932 4620 58.2
12 Big sheep 2 1559.7 894.1 8160 4679 57.3
14 Reservoir 0 1382.0 491.8 7556 4146 54.9
15 Blackpool 0 937.0 287.4 5472 2811 51.4
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Figure 4.7 The relationship between percentage seed-set per patch and patch connectedness. Pearson
correlation: r=0.89, df = 13, p<0.01

Table 4.9 Proximity matrix (Pearson correlations) ** = significant at 0.01 (2-tailed).

No. connections Mean Mean %  Total Mean Mean Mean
flwrs seed-set pollinators pollinators pollen distance
grains between
patches
No. ' 280  .890** .660** 415 Je1** 305
connections
Mean flwrs 280 -.003 407 .239 -.170 -.165
Mean % .890** -.003 578+ 357 .834**  -.055
seed-set
Total .660** 407  .578%* T91** .659**  -101
pollinators
Mean 415 239 357 T191%* .361 .140
pollinators
Mean pollen .761** -.170  .834** 659** 361 -.165
grains
Mean -.305 -165 -.055 -.101 .140 -.165
distance
between
patches

As well as the previously mentioned correlations with the number of connections, there
were significant correlations between mean pollen grains, total pollinators and mean per
cent seed-set. Mean distances between patches and flower number per patch had no

significant relationships with the other variables (Table 4.9).
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Discussion

Flowers

No systematic bias was evident in the general vigour of plants since there were no
significant differences in inflorescence or flower number between patches (Tables 4.3 &
4.4). Although the majority of S. pratensis flowers are hermaphrodite, male-sterile and
intermediate flowers are known to occur (Scott, 1989). Flower type was not measured in
this study and it is possible that this factor may have accounted for some of the observed
variation in seed production between patches. However, Scott (1989) reported that the
incidence of hermaphrodite flowers was approximately 88 - 95% and that even male-
sterile plants achieved good seed-set. Flower type should have been evenly distributed
around the different patches since all plants were randomly allocated to patches. In this
study, flower and inflorescence number were used as a measure of plant vigour and
therefore potential fecundity. However, genetic variation between plants may still
determine the extent to which the process between pollen deposition, fertilisation and the
production of viable seeds is successful. Plant clones could have been used to ensure
genetic homogeneity between plants and patches to mitigate against any genetic
disparities. Apart from the practical limitations of successfully rearing the required plant
quantities within time constraints, genetic variation between plants is a natural
phenomenon and the experiment represented the genetic heterogeneity in naturally

occurring populations.

Pollinators

A general trend of increasing visitor abundance with greater patch connectedness was
apparent when all insects were totalled. When the total numbers of B. pascuorum and B.
hortorum were summed, there was a highly significant relationship between these
legitimate pollinators and patch connectedness. No correlation between individual
species and patch connectedness was evident. However, plants located in patches with
high connectedness, appeared to benefit from an increased pollinator service. This is

particularly important for plants that depend upon specific pollinators to set seed.

Although 45 hours of observations were conducted for 15 patches, this equated to only
three hours per patch. The time of day at which each patch was sampled was randomised

but only snapshots of insect visitation could therefore be recorded. It could not quantify
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diurnal variation in pollinator visitation rates. The recording of plant-pollinator

interactions often requires many hours of observations in return for relatively little data.

However, the increased pollinator abundance in the highly connected patches does agree
with the results from Chapters 2 and 3 that pollinators, particularly bumblebees, were
more likely to be observed flying along hedgerows. The increased connectedness of these
patches might have increased the permeability of the landscape and made movement

across it easier (Baudry & Merriam, 1988).

Although Patch C had no connections, it still received a relatively high visitation rate
compared with the other isolated patches. This patch also contained 12 x 25cm diameter
pots of P. tanacetifolia which were part of another investigation within this project
(Chapter 3). It is certainly possible that the nectar rich P. tanacetifolia was a contributory
factor for the comparatively high visitation rate as many individuals were observed to
move between the two plants and forage on both species. However, the mean pollen
grains per stigma (Table 4.7) and mean percentage seed-set (Figure 4.7) were relatively
low for this patch indicating that pollination was not as successful as the visitation rate
might suggest. This was a surprising finding as in all other cases a high visitation rate
resulted in high pollen deposition and greater seed-set. Nectar robbing from holes bitten
in the base of the corolla tubes could have explained this phenomenon. Scott (1989)
reported B. pascuorum was a secondary robber using existing holes probably bitten by B.
terrestris and B. lucorum. In this study, although no nectar robbing was directly
observed, it might still have occurred as flowers were not systematically examined for

holes.

The presence of the P. tanacetifolia could have caused a reduction in pollen deposition
due to a dilution effect; yet this is unlikely as it was also present in patches A and B and
no similar effect was observed there. In all other cases, patches with a high number of
connecting hedgerows received higher visitation rates. That the presence of P.
tanacetifolia possibly influenced a greater visitation rate in this isolated patch suggests
that it is not necessarily only the patch’s isolation which may affect the plant’s
attractiveness to pollinators and therefore its reproductive success, but the quality of the

surrounding matrix even at relatively small scales. Patch C was an open and sunny site
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and contained many plants attractive to pollinators such as Cirsium spp., compared with

many of the other experimental patches.

Only six individuals were recorded at the isolated ‘Blackpool’ patch. The plants here also
yielded the fewest seeds. This patch was the most isolated in terms of distance to the
nearest linear feature (Figure 4.1). The field in which the plants were located had also
received a herbicide application a few weeks prior to their planting resulting in very little
living vegetation within the whole field. It is unknown if the patch’s poor performance
might have been a result of its isolated location within the landscape or because there was

a lack of vegetation in the vicinity but was probably a combination of these two factors.

It is acknowledged that it is difficult to establish conclusively that the increased
bumblebee visitation rates in the highly connected patches were due solely to more
connecting hedgerows converging on these patches. Alternative explanations such as the
suitability of the surrounding matrix and presence of attractive forage could have
provided other reasons to explain the greater pollinator abundance in the highly connected

patches (Mustajérvi et al., 2001).

B. pascuorum and B. hortorum are the only previously recorded pollinators of S.
pratensis, (Kwak et al., 1996) having tongue lengths long enough to reach the nectar
(8.6mm and 13.5mm, respectively). B. pratorum has a much shorter tongue length
(7.1mm) (Prys-Jones & Corbet, 1991), but was observed visiting the flowers. The
individuals observed might have been newly emerged bees merely attempting to feed.
Although this can result in pollen transfer, their pollinating ability would depend upon the
number of attempts made and the abundance of individuals. R. campestris has the longest
mouthparts of all the hoverflies (>10mm) and is known to prefer deep throated blue
flowers (Gilbert, 1993). The hoverfly was not observed to trip the pollination mechanism
but was most often observed alighting on and probing the exposed style in the more
mature flowers. Occasionally it would probe on the bottom lip of the flower, possibly
drinking from tiny droplets of nectar spilt from a previous visit from a bumblebee. E.
balteatus, which is known to feed almost exclusively on pollen, was rarely observed
feeding. These two hoverfly species may cause some indirect pollen transfer between
flowers of S. pratensis, but are unlikely to be important pollinators and have not been

recorded previously in the literature.
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Pollen deposition

There were significantly more pollen grains deposited on the stigmas on flowers within
the highly connected patches (Figure 4.6). The high variation in the number of pollen
grains attached to each stigma between patches reflects the natural variation of successful
pollen transfer (Robertson, 1992) and is probably attributable to the low sample size of
fallen flowers collected and examined under the microscope (n=8 - 10, Table 4.7). The
total mean number of flowers recorded from all patches ranged from 456 - 771 but
inspected flowers constituted only 2.2% and 1.3%, respectively, of the total flowers
present. However, the higher pollinator visitation rates and greater seed-set recorded in

the highly connected patches provide another measure of pollen transfer.

Successful pollination of protandrous, self-compatible flowers depends upon the number
of flowers open simultaneously on the same plant, pollinator behaviour and the quantity
of pollen transmission (Proctor et al., 1996). Frequently, less than 20% of the insect’s
pollen load is transferred to each flower it visits (Robertson, 1992). Pollen deposition
reduces concomitantly with distance travelled from the source flower (Levin & Kerster,
1974). Yet pollination may still be extensive, albeit highly variable, depending on the
amount of pollen carried, the length of visit, pollinator behaviour and flower condition
(Pettersson, 1991). Pollen delivery is often the most important limiting factor on
flowering plant fecundity due to the wide variation and unpredictability of spatial and

temporal abundance of pollinators (Jennersten, 1988; Larson & Barrett, 1999).

Seed-set

Since S. pratensis depends upon insect pollination to set seed, it is likely, with the
exception of Patch C, that the higher seed yields in the highly connected patches were
influenced by the greater abundance of legitimate pollinators (Figure 4.5, Table 4.6) and
the increased pollen deposition (Figure 4.6). Although the species can suffer from bud
abortion, flower and seed predation, for populations not suffering from inbreeding
depression, the most important factor affecting seed-set is pollen limitation (Scott, 1989;
Kwak et al., 1996).

The results suggest that these pollinators appear to be concentrated alongside hedgerows.

Therefore, where these hedgerows converge, the increased ‘pollinator traffic’ can have a
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beneficial effect on plant reproductive success. In a similar study, Centaurea jacea was
grown in 15 landscapes around Géttingen, Germany, differing in the proportion of semi-
natural habitats. Seed predation and number of flower-visiting bees increased with
landscape complexity. There was a positive relationship between flower visitation rate
and seed number per undamaged flower heads. However, seed-set did not increase with

increasing landscape complexity, possibly due to a concomitant rise in seed predation

(Steffan-Dewenter et al., 2001).

In a separate study, further evidence that plant-pollinator interactions are sensitive to
habitat fragmentation was recorded by Steffan-Dewenter & Tscharntke (1997) in Sinapis
arvensis and Raphanus sativus. Forty small patches of these self-incompatible species
were planted at increasing distances away from eight species-rich chalk grasslands. For
both species, the diversity and abundance of flower visiting bees declined at increasing
distances away from the established grasslands, whereas other insect groups did not
change. Seed-set followed a similar trend with R. sativus evidently more vulnerable to
habitat fragmentation with a 50% reduction in seed-set at just 260m (Steffan-Dewenter &
Tscharntke, 1997).

In a three-year study, Murren (2002) reported conflicting results of the effects of habitat
fragmentation on the epiphytic orchid Catasetum viridiflavum in the tropical biome of
Central America. The orchid depends upon the endemic, euglossine bee Eulaema
cingulata for reproductive success. The study examined the orchids’ pollinators, pollinia
viability and reproductive success on ten island fragments created during the construction
of the Panama Canal, compared with those on five mainland sites. Although there was no
difference in the frequency of bees on both the islands and the mainland sites, all trapped
bees were visitors from the mainland sites. Island plants suffered significantly lower fruit
set for two out of three years compared with those from mainland sites. However, for one
year (an El Nifio year) there were no significant differences in the reproductive success
between each habitat type suggesting a degree of connectedness between sites. The
dramatic variations between sites and years demonstrate the need for longitudinal studies
in such situations to allow for temporal variations in environmental conditions before
more reliable summations about the effects of habitat fragmentation on pollinators and

plant reproductive success may be drawn.
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Rocha & Aguilar (2001) demonstrated that pollinator visitation and pollen deposition
were reduced in discontinuous habitat. They reported that the reproductive biology of the
dry forest tree Enterolobium cyclocarpum was disrupted by habitat fragmentation. Trees
in continuous forest habitats had more pollen deposited on their flowers, produced greater
fruit and seed-set and the vigour of seedlings was greater than in those trees existing in

pasture habitat.

It is highly unlikely that the positive correlation of seed-set and connectedness could have
occurred merely as a result of greater densities of legitimate pollinators naturally present
in the locality. Patches with both high and low connectedness were located relatively
close to each other (Figure 4.1, Table 4.9), but still yielded dissimilar seed-set results.
Observation walks revealed no evidence of bumblebee nests located within any of the
patches, providing more support that it was the greater number of converging hedgerows
which was the most important factor explaining the higher seed-set. However, recent
evidence suggests that bees do not forage close to their nests anyway (Osborne et al.,
1999; Saville et al., 1997).

Plant reproductive success was measured in this investigation by quantifying seed
production. However, the quality of seed production was not assessed. The plant was
used as a convenient tool to indicate pollinator visitation. Seed viability and germination
success would be more appropriate in studies measuring the reproduction of S. pratensis
populations within the landscape. It is acknowledged that seed production only accounts
for female reproduction and that this experiment has not considered the male component
of pollen production and dispersal. However, the fertility of S. pratensis per se was not
being examined in this study. The plants were used as bioindicators of pollinator
visitation within the landscape. Even if pollen dispersal was poor, sufficient pollen was
distributed by pollinators to produce a significant correlation between seed-set and highly

connected patches.

Implications for the conservation of plant-pollinator interactions

The results from this investigation have implications for both plant and insect
conservation. The mutual relationship between S. pratensis and bumblebees exemplifies
many plant-pollinator interactions and reflects the problems involved in their

conservation (Fisher, 1998). The rare S. pratensis depends upon relatively few species of
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insect, principally long-tongued bumblebee species for its reproductive success. The
nectar-rich flowers provide an energy source to sustain colonies of bumblebees. These
important pollinators are themselves becoming rarer, partly as a result of reduced
availability of nectar-rich flowers throughout their life-cycle (Williams, 1982; Pr{s-Jones
& Corbet, 1991; Osborne ef al., 1991; Benton, 2000; Corbet, 2000). An inevitable cycle
of decline compounds the problem of rarity in both guilds (Kearns & Inouye, 1997).

Only two bumblebees (B. hortorum and B. pascuorum) were observed to pollinate the
specialised S. pratensis. These findings agree with Kwak et al. (1996) who studied the
relationship between the pollination of rare plant species and insect diversity in the
Netherlands. B. hortorum is declining in the Netherlands and is predicted to disappear
soon leaving B. pascuorum as the only remaining legitimate pollinator. However, the
existence of the species is not enough to ensure survival of S. pratensis since the presence
of B. pascuorum workers must coincide with the flowering phenology the plant. Very
few workers were observed during their study and no other insect groups are known to

pollinate the plant (Kwak e al., 1996).

The well documented national declines in bumblebee abundance and localised species'
extinctions have been attributed to a reduction in food and nest sites as a consequence of
agricultural intensification and changes in land use (Osborne et al., 1991; Banaszak,
1996; Westrich, 1996). Pollination of both wild flowers and entomophilous crops are
being compromised (Free, 1993). Sowing nectar and pollen-rich plants in non-cultivated
land can ameliorate the adverse effects of an impoverished farmland. For example,
Banaszak (1983) and Kwak et al. (1996) identified a positive relationship between food
plant diversity and insect diversity. Wildflower mixtures sown in set-aside or
conservation headlands produce a profusion of flowers and attract a wide variety of
pollinators and other beneficial insects (Hickman & Wratten, 1996; Carreck, et al., 1999;
Frank, 1999; Ullrich & Edwards, 1999). Whilst such flowers have obvious benefits for
the target insects, Kevan & Baker (1984) suggested that the more invasive plant species
incorporated within the wildflower mixtures may outcompete those rarer plants requiring
conservation by attracting more pollinators to the detriment of the rarer plants. Keller et
al. (2000) warned that native plant populations may also be at increased risk of genetic
introgression of foreign genes from wildflower mixtures. Only plants of relatively local

origin should be used within such seed mixtures.
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The successful implementation of these conservation strategies demands that they be
agronomically practical and inexpensive (Carreck et al., 1999). The results from this
study indicate that the siting of wildflower mixtures might be more beneficial in areas of

land with high connectivity.

Habitat fragmentation and destruction can cause dramatic changes in the size and spatial
structure of plant populations (Elstrand & Elam, 1993; Oostermeijer et al., 2000)
affecting complex ecological interactions (Rathcke & Jules, 1993; Fisher, 1998). Small,
more isolated populations are more vulnerable to chance events and local extinction
(Young ef al., 1996). The results from this study suggest that an examination of the
landscape context in which the threatened plant species grows would contribute to an
understanding of how it persists, allowing more appropriate conservation strategies to be

applied.

The importance of landscape scale research in plant-pollinator interactions has only
recently started to be addressed (Steffan-Dewenter & Tscharntke, 1997; Steffan-Dewenter
et al., 2001). Too often, investigations have focused upon small-scale interactions, or
species in isolation. A multi-disciplinary research approach is required if the application
of conservation management strategies is to be optimised (Bronstein, 1995; Dramstad &
Fry, 1995; Corbet, 1997; Allen-Wardell et al., 1998). This investigation has monitored
plant-pollinator interactions over the landscape-scale and demonstrated that the spatial

arrangement of linear features can influence bumblebee visits and plant fecundity.
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Conclusions

This chapter has shown that total insect visitor abundance was greater in the more highly
connected patches. In the majority of cases, as a result of the greater number of
legitimate pollinators, more pollen was transferred to flower stigmas, which in turn led to
greater seed-set. There was no correlation between individual insect species abundance
and increasing patch connectedness. Yet when the abundance of the two legitimate
pollinators (B. pascuorum and B. hortorum) was totalled, there was a highly significant

positive relationship between pollinator abundance and patch connectedness.

There was great variation in the number of pollen grains adhering to the stigmas both
within and between patches. Although this reflected the natural variation in pollen
deposition, the observed variation was probably more likely to be attributable to the small
sample size of flowers analysed. The plants chosen for this study required bumblebee
visitation to set seed. The recorded seed-set was therefore directly attributable to the
activity of bumblebees. The connectedness of the landscape may therefore have
important implications for the movement of insects across the landscape and the
maintenance of plant and pollinator populations, especially where the plant is dependent

upon a particular pollinator to set seed.

Although it was not the aim of this study to assess outcrossing rates and gene flow
between the plants located in the different habitat patches, it would have provided an
insight into the scale of bumblebee movements and how much pollen was being
transferred between patches. Without genetic markers, this is impossible to ascertain
since the species is self-compatible. The more extensive the spatial scale of pollen
transfer in this landscape then the more likely populations of this rare plant could

maintain genetic heterozygosity (Ouborg & van Treuren, 1994).

The next chapter summarises the conclusions from this project. It consolidates the results
and conclusions from each of the experimental chapters and discusses some of the
implications, limitations and improvements for developing fruitful areas for further

research.
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Summary

The typical arable landscape of lowland Britain is characterised by numerous linear
features such as hedgerows, roadside verges and drainage ditches, which are important
habitats for wildlife (Clements & Tofts, 1992a; Kirby, 1995). Previous fieldwork had
suggested that artificial linear features did influence pollinator flight behaviour and that
hedgerows appeared to facilitate pollinator movement across the landscape (Chapters 2
and 3). Therefore, plants in semi-natural habitat patches possessing numerous
connections, might receive greater pollinator visitation than those patches with few or no
connecting hedgerows. A bioindicator experiment was designed to elucidate the
relationship between the reproductive successes of Salvia pratensis (Labiatae) growing in
patéhes with a high number of connections compared with plants growing within poorly
connected patches. The results suggested that pollinator abundance, pollen grains per
stigma and seed-set were greater in highly connected patches compared with patches with
fewer connections. The overall connectedness of a landscape may therefore be important

to both pollinators and those plants which depend on them for reproduction.
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Chapter 5: Conclusions

This thesis has examined the way in which linear landscape features influence pollinator
flight behaviour, concentrating on hedgerows. Although bees and butterflies have been
the subject of intensive study by researchers, there was a dearth of information on how
these insects interacted with linear landscape elements and how this may affect their
movement through the landscape. By using a combination of direct observation and
experimental manipulation, this study has provided further insight into the way in which

linear features can modify pollinator flight directionality.

One of the dominant landscape features within lowland agricultural Britain is the
hedgerow network. Their widespread distribution permeates the farmland matrix
increasing the structural and biotic heterogeneity in an otherwise unsuitable agricultural
environment (Forman & Baudry, 1984; Clements & Tofts, 1992a; Baudry & Bunce,
2001). The results from Chapter 2 showed that linear flight of non-foraging bumblebees
(Bombus spp.) and butterflies was far more likely to occur adjacent to the hedgerow than
in the open fields, which they bordered. Since these insects were not searching for food,
it was postulated that pollinators may have been using the hedgerows as landmarks in
which to orient their movement through the landscape. It was therefore suggested that
landscapes rich in hedgerow networks are likely to exert a greater effect on insect flight
directionality, than in less well connected landscapes that contain sparser hedgerow
complexes. Fruitful areas for further research might involve a ‘before and after’ scenario
where observations recorded along the length of an artificial linear feature are then
compared with observations in the same location, following removal of the linear feature.
This would indicate whether the presence of the linear feature was a factor explaining the
observed pollinator flight activity. Another variation on the observations of pollinator
flight along hedgerows in this investigation could have involved selecting a hedgerow
with another hedgerow parallel to the first, in the same field. Observations could have
continued, perpendicular to the first hedgerow, across the field to the other hedgerow.
Not only would this have given more information about flight directionality in relation to
hedgerows in the same locality but it might also have revealed patterns of possible

attenuation of linear flight directions and abundance between the two parallel hedgerows.
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The results from this first investigation generated many questions such as: Is the structure
of the linear feature important? Does it have to be two or three dimensional? Would
stone walls, roads, ditches or canals etc. exert the same effect? Can linear features
facilitate or enhance movement of pollinators across the landscape? What are the
implications for both insects and plants? In a heavily fragmented landscape, can linear

features connect otherwise isolated patches and augment pollination, seed set and gene

flow?

The investigation in Chapter 3 sought to answer some of these questions, using a
medium-scale experimental array with artificial linear features thus connecting two
patches of potted Phacelia tanacetifolia (Hydrophyllaceae) leaving one patch isolated.
This attempted to produce a more controlled environment in which to address insect flight
behavioural responses to linear features. Would the observed linear flight directions
along hedgerows recorded in the field observations in Chapter 2 be replicated in an

artificial arena?

The results demonstrated that most of the artificial linear features were used by
bumblebees, both to approach and depart the connected patches. These findings
confirmed the field observations from Chapter 2 that linear features appeared to influence
flight behaviour. The black weed control fabric used in the two and three dimensional
artificial linear features influenced bumblebee flight directionality, whilst the measuring
tapes had no observable effect. Even though the isolated patch was the same distance
away, arriving bumblebees did not appear to approach it directly from the other two
connected patches. The same pattern also applied to departing bumblebees. The artificial
features had a profound influence on bumblebee flight directionality when foraging on
these three patches. Altering the position of the linear feature to link two different
patches confirmed that it was the linkage component between the patches that affected
flight behaviour rather than any inherent differences in the attractiveness of the patches
themselves, or their location within the landscape. The number of individuals observed
making the flights was relatively small compared with the number of actual flights made.
However, the experiment was repeated several times using different artificial features and

in two separate years with consistent results.
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The results from the present study clearly indicated that a linear feature could strongly
influence flight directionality at the medium-scale. It was then necessary to conduct the
investigation at the landscape scale using an existing hedgerow as the connecting
structure (Chapter 3). The outcome of this experiment accorded with those at the
medium-scale. The presence of the hedgerow appeared to affect bumblebee approaches
and departures to the connected patches. Because of the distances involved, it was not
possible to observe direct bumblebee movement between the connected patches.
However, until out of sight, bumblebees were significantly more likely to arrive and
depart the connected patches, using the hedgerow, than in any other direction.
Furthermore, it was more probable that bumblebees marked on each of the connected

patches would be reobserved on each of the connected patches than on the isolated patch.

One very important finding from the medium-scale experiments was that visitation rates
to the isolated patches were not necessarily lower than those to the connected patches.
This illustrates that approximately the same numbers of bumblebees were visiting all
three patches but it was the direction of inter-patch movements which was influenced by
the linear feature. In three of out five of the medium-scale experiments, there were no
significant differences between visitation rates to the connected and unconnected patches.
Yet when the data for the marked bees only were analysed separately, the connected
patches were visited more than the isolated one. There was no explicit evidence that the
insular patches were disadvantaged in terms of bumblebee visitation due to their lack of
connection to the other patches at thirty metres. However, in the landscape scale study, it
was interesting to note that visitation rates to the isolated patch were significantly smaller
than those to the two connected patches. Furthermore, the marked bees observed visiting
the isolated patch were largely comprised of a different set of bees from the ones visiting
the connected patches. Approximately 90 - 95% of bees marked on patches A and B were
reobserved on the connected patches with the few remaining, visiting the isolated patch.
The reciprocal pattern of patch visitation was also recorded for patch C. In each of the six
experiments, individual bees displayed high forage patch fidelity, which is consistent with
other studies (Dramstad, 1996; Saville ef al., 1997). Bees marked on a particular patch
were far more likely to be reobserved foraging on that patch than on any other. One
major drawback of assessing differences in visitation rates between the patches is that the
bees were marked whilst they were foraging, rather than at the nest. Since it is well

documented that bumblebees exhibit high rates of patch constancy whilst foraging,
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marking of nectaring bees will inevitably reflect their favoured patches (Goulson, 2003).

However, the viability of this technique was valuable in showing the flight directions of
individual bees.

A number of different designs could have been incorporated into the medium-scale
experimental arrays, one of which could have included four flower patches, two of which
were connected and two left isolated. In the present study, there was only one isolated
patch. Having another isolated patch would have made the experiment more balanced
and allowed some broader comparisons of flight directionality and visitation rates
between the isolated patches. Secondly, an array involving an artificial linear feature
terminating with only one patch might have revealed whether bumblebees might have
associated the linear feature with a food source. Any number of differing combinations of
patches and linear features might have been used to test different hypotheses. However,
within the limited fieldwork time available, the design used in this experiment did

demonstrate directional movement along the linear feature's length.

In all six experiments in Chapter 3, hoverfly (Syrphidae) abundance on all three patches
was not significantly different and numbers did not appear to be affected by the presence
of the connecting linear feature. Because of time constraints only one ‘snapshot’ count of
individuals was taken on each day. More frequent counts would have generated a bigger
data set, which would have allowed comparisons to be made within, as well as between,
each day. Flight directions of these flies are extremely difficult to follow by eye due to
their small size and rapid, darting movements. It would have been very interesting to gain
information on their flight directions in response to the artificial linear features. New
technology such as harmonic radar currently used to track bees and butterflies (Osborne et
al., 1999) may well be adapted to follow hoverfly flights in the future. Information on
hoverfly movement through the landscape would be invaluable as they are known to be
highly mobile and potentially good environmental bioindicators at large scales
(Sommaggio, 1999). Although their distribution across a range of habitats has been
studied, their assemblages are likely to reflect their particular habitat requirements
(Gilbert, 1993; Morris, 1998). Some species are strong fliers and highly territorial but
little is known of the distances they fly on a daily basis. Hoverfly movements are likely
to differ greatly from that of social insects, where foraging is solely for individual

survival rather than for the benefit of a colony.
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In some of the medium-scale experiments, the isolated patches received significantly
fewer bumblebee visits than the connected patches. These, together with the findings of
the landscape scale study, might have important implications for plant fecundity in those
populations existing in fragmented landscapes. Habitat fragmentation has frequently been
cited as being a significant detrimental factor in the decline of many specialist plant
populations (Rathcke & Jules, 1993; Young et al., 1996; 1999; Kearns et al., 1998). If
linear features do facilitate pollinator movement across the landscape then some
quantification of bumblebee-mediated pollen transfer may give some indication as to the
functional role of these landscape elements in improving connectivity of plant populations
within fragmented landscapes. Seed set as a measure of fecundity might provide some
tangible evidence of a landscape's connectivity having an effect on a plant's reproductive
success. This was assessed in a bioindicator experiment in Chapter 4 where Salvia
pratensis (Labiatae) was planted in 15 different patches around the farm study area, all
varying in their connectedness to existing hedgerows. Pollinator visits, pollen deposition
and seed-set were all significantly greater on plants in those patches with high
connectedness to hedgerows. Confidence in these results was particularly strong since the
plant is dependent on bumblebee visitation to set seed and so the higher reproductive
success found in the highly connected patches was directly attributable to the higher
bumblebee visitation rates recorded. Secondly, the plant had previously been recorded as
an extinct species from the county in which the investigation took place, there were

consequently no other populations which might have 'donated' pollinators.

The maintenance of genetic heterogeneity is a fundamental factor determining the
existence of plant populations within the landscape (Kwak et al., 1996; Young et al.,
1996). Interesting areas of further research involving the measurement of gene flow
between habitat patches would provide further insights into the effects of landscape
connectivity on plant-pollinator interactions. Studies of pollinator and gene movement
across the landscape, using genetic markers in Trifolium repens and Cirsium arvense, are
currently under investigation by Elizabeth Cant at Rothamsted Research (unpublished).
The measurement of gene flow in Chapter 4 would have helped to elucidate the larger
spatial scale of successful pollen transfer between the 15 different patches of S. pratensis.
The experiment focused solely on the relationship between a patch’s connectedness and

the reproductive success of the plants within it. Since the plants were self-compatible, it
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was not known whether the plants were fertilised by pollen originating from within the
patch or from other patches. Genetic markers would have been invaluable in assessing

the effects of distance and connectedness on inter-patch pollinator movements and gene

flow.

The inherent difficulties of making direct observations of insect movements within the
landscape have no doubt been a contributory factor to the lack of research in this area.
However, advancements in new technology may offer more opportunities to address these

questions.

When all the fieldwork investigations conducted within this project are combined, a more
coxhplete picture of pollinator flight within the landscape has emerged. The project has
examined a wide variety of issues pertaining to the influence of linear landscape features
on pollinator behaviour. This holistic approach is a theme which is increasingly being
recognised by researchers who stress the importance of the use of appropriate spatial
scales in relation to the plant-pollinator landscape (Lima & Zollner, 1996; Steffan-
Dewenter, 2003).

Fieldwork has focused on pollinator behaviour and responses to both artificial
experimental arrays and natural hedgerows. Such a complex issue necessarily
encompasses discussion on a multitude of disciplines such as insect vision, their cognitive
and navigational skills and animal movement at the landscape scale. The genetic
consequences of this pollinator service within the context of landscape connectivity, have
been addressed, as population stability within fragmented habitats is a recurrent theme
within landscape ecology. The overall results of this project concur with many studies
which have found evidence that insects are influenced by structures and patterns both at
the small-scale (Plowright & Galen, 1985; Dafni et al., 1997; Horridge, 1996; 2003) and
at the landscape scale (Chittka & Geiger, 1995; Chittka et al., 1995b; Wehner et al., 1996;
Dover & Fry, 2001; Westphal et al., 2003).

In the light of the documented declines of pollinator diversity (Williams, 1986; O’Toole,
1993; Westrich, 1996) and widespread habitat fragmentation in lowland Britain, the
effects of linear features on pollinator movement within a fragmented landscape have

never been more important. The results gained from this study contribute to an expanding
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knowledge base of animal movements within the landscape. The conservation of
pollination systems is far more likely to be effective at habitat or landscape levels where a
wider view of the influences on plant-pollinator interactions can be taken (Corbet, 1997).
At a time when the complexity of ecological interactions is only just being understood, it

is becoming increasingly clear that landscape level processes can play a role in affecting

plant-pollinator relationships.
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Context of this study

This study encompasses the disciplines of landscape ecology, conservation biology,
behavioural and pollination ecology. It is evident from the literature that large knowledge
gaps exist when these specialities are combined (Lima & Zollner, 1996). Until relatively
recently, pollinator research has mainly focused upon small-scale studies of foraging
behaviour but with little information on the way in which this relates to the landscape.
The landscape ecology literature has increasingly addressed connectivity, but studies on
direct measurement of movement corridors lack clarity or suffer from poor experimental
design, and in any case, insect studies within the landscape are poorly represented (Beier
& Noss, 1998). Bronstein (1995) emphasised the importance of pollinator movement
within the landscape, which is particularly pertinent in view of continuing declines in

pollinator diversity and abundance and of continuing fragmentation in lowland Britain.

The results of this study contribute knowledge to the way in which particular linear
landscape features influence the flight behaviour of pollinators. The findings have
implications for the conservation management of plant and pollinator populations. It also
provides a greater understanding of the way in which crop and wild flower pollination is
influenced by landscape structure, and potential extent of pollen transfer. It attempts to
consolidate knowledge from previously disparate ecological specialisms to provide a
realistic picture of the way in which insects travel through the landscape and investigate

which factors influence such movements.
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