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Abstract

The Burren region (inclusive of the Aran Islands) in western Ireland is an example of
a prime landscapes that hosts internationally rare bumblebee species, such as Bombus
muscorum. For the conservation and survival of bumblebees it is important to know
nest-site and spring forage plant preferences. Hence nest habitat choices of spring
bumblebee queens in the Burren region was investigated by observing their nest-site
seeking behaviour. In spring significant nest-site seeking behaviour associations were
found for B. sylvarum, with preferences for calcareous grassland habitat and scrub-
boundaries. The foraging preferences of bumblebee queens in spring were also
recorded with B. sylvarum and B. ruderarius foraging most frequently from Vicia
cracca and Lotus corniculatus, respectively. Significant interspecies foraging
differences were found between bumblebee species recorded in this study. A melanic
colour variety of B. muscorum is found in the Aran Islands, and similar varieties are
known from several other islands off the British Isles. Considerable debate has taken
place over the last 70 years concerning their taxonomic status. The phylogenetics and
genetic differentiation of melanic colour morphs within B. muscorum were examined
using DNA barcoding. On dried museum and recently caught alcohol-preserved
specimens a novel technique involving a modification of the Qiagen DNeasy PBS
DNA extraction protocol for insects was developed to extract DNA from the museum
specimens. The CO1 barcoding region, cytochrome B and ITS region were all
examined. The results can be used to agrue that melanism in B. muscorum has no
underlying phylogenetic significance (e.g. remnants of a Lusitanian distribution or
edge of geographic range effect), and the presence of melanic forms on islands is due
to convergence. Cumulatively the information gathered through this atypical study of
bumblebees in prime landscapes contributes to bumblebee conservation, genetic

analysis and taxonomy. More research on insects in prime landscapes is advocated.
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Chapter 1 Introduction

Chapter 1 Introduction

1.1 Bumblebees in Prime Landscapes

Insect conservation is important for humanity’s wellbeing through the provision
of ecosystem services such as pollination, which insects such as bumblebees are
involved in providing. Bumblebees are in widespread decline with some species
experiencing greater declines than others (Williams and Osborne, 2009).
Consequently, there have been calls for more studies on the ecological niches of
the rare species to help understand the basis of this loss of biodiversity (Goulson
et al., 2005; Fitzpatrick et al., 2007). However, for ecological studies to be
completed, clear species identifications have to be in place. Prime landscapes can
provide invaluable data required for species conservation. The Burren region
(inclusive of the Aran Islands) in western Ireland is a prime landscape that
supports bumblebees that are uncommon and rare in Ireland, such as Bombus
sylvarum and B. muscorum (Santorum and Breen, 2005; Fitzpatrick and Murray,
2006) and elsewhere in Europe (Darvill et al., 2006; Goulson, 2010). Despite
extensive research being carried out on bumblebee decline, little information has
been gathered on the ecological conditions that maintain the rarer bumblebee
species. The spring ecological niches of nest-site seeking and foraging of

bumblebee queens in the Burren region were investigated during this study.

Within the Burren region there are two colour varieties of one of Ireland’s rare
bumblebees, B. muscorum (Fitzpatrick et al., 2006b). One of these colour varieties
has a pale yellow colouration (referred to as “blonde” from here), and is known as
B. muscorum var. pallidus (Evans, 1901). The other colour variety has melanic
colouration. The melanic colour variety of this species in Ireland is found only on
the Aran Islands, and is referred to as B. muscorum var. allenellus (Stelfox, 1933).
However, there are similar colour morphs of the species on islands off Britain and
in Northern Norway (Stelfox, 1933; Richards, 1935; Lgken, 1973). The

phylogenetics and genetic variation within these colour morphs were unclear
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(Williams, 2010a). Hence, the phylogenetic and genetic differentiation of the

colour morphs was examined using the DNA barcoding technique.

1.1.1 Introduction to Bumblebees

Bees are the most important and specialist insect pollinating group (Danforth et
al., 2006). Bumblebees are a member of this group and there has been evidence of

their decline throughout the world (Williams and Osborne, 2009).

1.1.2 Bumblebee Classification

Bees belong to the insect order Hymenoptera and suborder Aculeata (bees, wasps
and ants) (Michener, 1974). Bees, like ants, evolved from wasps (Michener,
1974). There are seven families of bee: Megachilidae, Apidae, Colletidae,
Stenotritidae, Andrenidae, Halictidae, and Melittidae (Michener, 1974). There are
in excess of 16 000 bee species in the world (Michener, 1974). Bumblebees
belong to the genus Bombus, and bear pollen carrying structures (corbiculae)
(Michener, 1974). Worldwide, there are approximately 250 species (Williams,
1998) and 15 recognised subgenera of bumblebees in the world (Williams et al.,
2008). The 15 subgenera of Bombus have been proposed from papers by Cameron
et al. (2007), Williams (1998) and Richards (1968). The sub-generic classification
put forth by Williams et al. (2008) lists the following sub-genera:
Mendacibombus, Bombias, Kallobombus, Orientalibombus, Subterraneobombus,
Megabombus, Thoracobombus, Psithyrus, Pyrobombus, Alpinobombus, Bombus
sensu  stricto, Alpigenobombus, Melanobombus,  Sibiricobombus, and

Cullumanobombus.

1.1.3 Bumblebee Distribution

Bumblebees are found throughout the world. Most bumblebee species are found
in the northern hemisphere in temperate regions and are most abundant in alpine

and high level grassland (Williams, 1985c). A small number of bumblebee species

1-
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are found in southeast Asia and in the tropics in central and southern America
(Williams, 1998). New Zealand also hosts certain introduced bumblebee species
(Williams, 1998). Bumblebees present in North America and Europe are believed
to be the most studied, but the richest bumblebee assemblages are believed to be
present in central Asia (Benton, 2006). Within this worldwide distribution there
are specific colour patterns for the different species, and even within a species
there can be colour variations (Plowright and Owen, 1980; Williams, 2007). To
address the evolution of this diversity a robust knowledge of the phylogeny of the
species needs to be available. This project provides evidence on this subject based

on investigation of the colour varieties of B. muscorum in the British Isles.

1.1.4 Bumblebee Identification

Bumblebee identification is possible through several different techniques.
Bumblebees are easily identified by the non-scientist through their characteristic
buzzing sound and “furry” appearance. However, on deeper inspection,
bumblebee identification is more complex due to the number of different species
and different castes present. There are three bumblebee castes (males, females =
queens, workers), which can have different sizes and hair colour patterns (Sladen,
1912; Alford, 1975). To identify a species, using colour patterns or male/female
genitalia, the sex and caste must be known, as colour differences can occur
between the sexes in bumblebees even amongst members of the same species
(Sladen, 1912; Alford, 1975). The sex of a bumblebee can be determined by
counting the number of antennae. Male bumblebees have 13 segments in their
antennae and female bumblebees have 12 segments in their antennae (Alford,
1975). The sex of a bumblebee can also be inferred from the shape of the rear of
the abdomen (Benton, 2006). Male bumblebees have a rounded shape to the rear
of the abdomen while female bumblebees have a more angular pointed shape to
the abdomen (Benton, 2006). After the sex of a bumblebee is determined it should
be categorised according to caste to aid identification. The three main castes in
bumblebees are the queen, the workers, and the males (Sladen, 1912; Alford,

1975). The castes have the following characteristics:
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1. The queen is the reproductive female of the colony. The queen is
responsible for establishing the nest in spring, laying eggs, and most
importantly, ensuring the successful production of daughter queens and
males. The queen is the largest individual of the three castes. Queens are
easily identifiable for all species in early spring as they are the only caste
present at this time.

2. Worker bumblebees are also females and usually infertile. The worker
bumblebees’ main tasks are to collect food (pollen and nectar), tend to the
brood (while the queen lays eggs) and to maintain the nest. Worker
bumblebees can be found during late spring and up until early autumn.
Worker bumblebees are smaller than queen bumblebees though large
workers can be confused with queens of the same species. Worker
bumblebees can have hair colour patterns that differ from the queen and
male bumblebees of the same species.

3. The male bumblebees appear late in the season and their main purpose is
to fertilise the young queens. The male bumblebees are usually the
smallest of the three castes and usually do not appear until early to mid
summer. Male bumblebees often have a different hair colouration from the
worker and queen bumblebees in the same species.

Once the sex and caste are determined, it is then possible to use identification

keys to identify the species.

Bumblebee species can be identified based on their hair colour patterns and
special structural appendages, internally through examination of male and female
genitalia and genetically using DNA barcoding. Identification using hair colour
characteristics is one of the quickest and most easily used characteristics for
identifying bumblebees. Guides provided by authors such as Prys-Jones and
Corbet (1991) and Benton (2006) provide thorough identification keys and more
specialist keys are also available (e.g. Lgken, 1973; Alford, 1975). Special
external structures can exist between species that aid in identification. For
example, there is a small spine on the leg of B. ruderarius that is not present on
the leg of B. lapidarius, which allows for these species to be distinguished even
though they have similar colour patterns (Alford, 1975). Examination of male and

female genitalia, (in particular those of the male) can also be used to distinguish
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the different species and keys are provided by Alford (1975), Williams (1995) and
Benton (2006). However, when there are colour varieties within a species, such as
melanism, and there are no accompanying structural or genitalia differences, it
can cause confusion especially when the genetics behind the colour variety are not
understood. DNA barcoding (Hebert et al., 2003) is a new molecular analysis
technique that has the potential to overcome this problem. DNA barcoding is
explained in section 1.4 (below). This project investigated the status of the
melanic colour variety of B. muscorum from the British Isles using DNA

barcoding.

1.1.5 Bumblebee Lifecycle

Bumblebees are social species that live in colonies and whose life is determined
by the seasons. Bumblebees are eusocial species. Eusociality can be defined as a
level of social structure in which there is extensive division of labour and co-
operation between the various members of a colony, and where the elite females
produce the offspring. In bumblebees, the elite females are the queens, with one
reproducing queen per colony and the other less elite females in the colony (the
workers) co-operate to maintain and provide for the colony. Male bumblebees
contribute to this eusociality through fertilisation. This eusociality means the
dominant individuals in the lifecycle of a bumblebee colony, and in effect the
most important individuals, are the mated, reproducing and newly emerged virgin
queens. The lifecycle of a bumblebee colony follows the lifecycle of its queens. In
temperate and sub-arctic areas, bumblebee colonies rarely last more than a year,
with the colony dying out (corresponding with the death and/ or removal of the
old queen) in autumn and the young queens being the sole members surviving the
winter (Sladen, 1912; Michener, 1974; Alford, 1975). Lifecycles in tropical
regions are different as colonies can last several years due to climate differences
(Michener, 1974). The annual lifecycle of the bumblebee described below is
common to all bumblebee species in temperate regions of the world, though there
can be variations between species. There are five main stages to a colony cycle of
the bumblebee: queen overwintering; queen foraging; establishment of nest by

queen; colony development and mating of virgin queens (Alford, 1975).
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Queen overwintering is where a new daughter queen finds a safe sheltered area to
hibernate for the winter months until more suitable weather and available forage
becomes available in spring (Alford, 1975). The overwintering queens need to
have successfully mated and to have developed large fat reserves. A successfully
overwintered queen will then emerge in spring to begin queen foraging. Lye et al.
(2009) postulated that the next two stages in the lifecycle of a bumblebee are the
most critical time for bumblebees. These stages are queen foraging and nest
establishment. If either of these stages is unsuccessful, no colony will be founded.
Newly emerged overwintered bumblebee queens need to feed actively and
opportunistically to replenish their fat reserves that have been greatly depleted
over the winter months. If they do not replenish these fat reserves they may not
survive, or have the capacity to establish and provision a nest (Alford, 1975).
When bumblebee queens are establishing a nest they exhibit nest-site seeking
behaviour. A nest-site seeking queen has been defined as a queen exhibiting low
flight close to ground, flying in a zigzag fashion and those observed crawling on
the ground (Svensson et al., 2000). There are, however different foraging and
nest-site preferences among bumblebee species (Sladen, 1912; Alford, 1975), and

these will be discussed in further sections in the introduction.

After a suitable nest-site is found the queen initiates building and provisioning the
nest. Bumblebee queens no longer forage for themselves and instead begin
foraging for the future colony (Sladen, 1912; Alford, 1975). All bumblebee nests
consist of cells for the growing larvae, storage pots for nectar, pollen for the larva
and other structures of wax mixed with pollen which the queen must establish and
provision at the start by herself (Michener, 1974). Once the queen has prepared
the nest she lays her first batch of eggs which she broods through their
development from egg to larva to full grown bumblebee. The first batch of young
bumblebees are worker bumblebees. Once workers are produced, the queen
curtails foraging for pollen and nectar, and maintaining the nest. The new workers
start to forage for themselves, the colony and provision the nest. The use of
pheromones by the queen suppresses egg laying by the workers, and ensures that,

in the short term, only she lays eggs (Alford, 1975).
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The next stage of the bumblebee lifecycle is colony development and this
continues from nest initiation with more bumblebee workers being produced by
the queen and thus more foraging and collection of pollen and nectar that can be
used to provision the nest (Alford, 1975). At some point during this stage the
colony switches from producing just worker bumblebees to producing young male
and queen bumblebees. Once male bumblebees have fully developed they leave
the nest and are believed not to return (Alford, 1975). In contrast the virgin queen
bumblebee actively forages for herself to augment her fat supplies for her
prospective “overwintering” and she returns to the nest after these foraging bouts.
However virgin queens also eventually leave. The bumblebee colony continues to
produce new bumblebees until conflict arises in the bumblebee nest resulting in its
demise (Michener, 1974; Alford, 1975). This conflict often occurs due to worker
bumblebees laying their own eggs which results in aggression from the queen
bumblebee and other workers (Michener, 1974; Alford, 1975). The queen is often
attacked, killed or evicted by the worker bumblebees as they all start egg laying,
or she may also die of old age. Parasitism of the colony may also occur at this
time (Alford, 1975; Goulson, 2010). The colony eventually collapses due to the
loss of the queen, order and control within the nest (Michener, 1974; Alford,

1975).

The final stage in the bumblebee cycle is mating of the new virgin bumblebee
queens (often referred to as gynes) with male bumblebees (Alford, 1975). Male
bumblebees gather in small clusters along field boundaries and other landmarks,
and even patrol in search of a gyne to fertilise. When male bumblebees see a
prospective gyne to fertilise they attach themselves to her body until copulation
has been completed. Multiple males mating with one gyne have been reported
(Benton, 2006). Once the queen has been fertilised, she continues to build up her
fat supplies through foraging and eventually chooses a location for overwintering.
Male bumblebees continue to forage for themselves and search for gynes and

eventually die as the winter sets in (Alford, 1975).
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1.1.6 The Nesting Behaviour of Bumblebees

Bumblebees have particular nesting behaviours that differ from some of the other
bee families (Michener, 1974). However, this nesting behaviour, irrespective of
the species, has some universal commonalities such as small population size, and
nest-site seeking behaviour (Benton, 2006). Bumblebees have a colony size which
is usually less than 500 (Alford, 1975). All bumblebee queens exhibit nest-site
seeking behaviour when searching for a suitable nesting site. Another similarity
that is inherent for all bumblebee nests is that they are extremely difficult to find,
with different methods being employed by researchers to find and quantify nests
such as training a sniffer dog (Waters et al., 2010), placement of artificial nest
boxes (Norgaard Holm, 1966; Richards, 1973, 1978; MacFarlane et al., 1983;
Fussell and Corbet, 1992) and observing nest-site seeking behaviour (Svensson et

al., 2000; Kells and Goulson, 2003; Lye et al., 2009).

On a large spatial scale the availability of nesting sites can determine the structure
of a pollinator community (Steffan-Dewenter et al., 2001), in particular
bumblebees. This is because the nest choice preference among bumblebees is
particular to each species (Sladen, 1912; Free and Butler, 1959; Harder, 1986;
Fussell and Corbet, 1992). The position, structure, and total population often
differ according to species, resulting in different habitat and thus landscape
preferences. The position of a bumblebee nest can be above or below ground and
nests of bumblebees can be made from dead grasses, leaves, fine roots, mosses or
established in disused small mammal nests (Alford, 1975). For example,
bumblebee species of the subgenus Thoracobombus nest above ground. The
species B. pascuorum, a member of this subgenus, nests above ground in grass

and nests of this species can be found during hay cuttings in the summer months

(Fig. 1).

In contrast, bumblebee species such as B. terrestris and B. lapidarius establish
nests underground, most often in disused mammal nests (Sladen, 1912). Despite
the small size of bumblebee nests, the population of bumblebee colonies can also

be species dependent. For example, B. muscorum nests typically have a
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population of 20-40 workers, while B. terrestris nests can have a population of
several hundred at their peak (Benton, 2006). It has been suggested that
availability of nesting sites may play a role in the increased rarity of some

bumblebees in relation to the ubiquity of others (Goulson, 2003; Lye et al., 2009).

\‘;‘
-

\

Fig. 1 - A nest of B. pascuorum (sub-genus Thoracobombus). This nest was
located on the ground and found after hay cutting on the Aran Islands (Inis

Oirr, Aran Islands, 2008, Cathal Reid)

Observations on nest-site seeking behaviour were made as part of this study as the
method to quantify the suitability of habitats within a prime landscape for the
different bumblebee species. Previous research has primarily focused on nest-site
seeking behaviour and nest locations in intensive agricultural landscapes
(Svensson et al., 2000; Lye et al., 2009), agricultural landscapes where agri-
environmental and wildlife friendly farming schemes are in place (Kells and
Goulson, 2003; Lye et al., 2009) and highly humanised environments such as
gardens and parks (McFrederick and LeBuhn, 2006; Osborne et al., 2008). There
has been much data collected on the ubiquitous bumblebee species through these
studies but there is still a dearth of knowledge on the nest-site seeking behaviour,

nest locations and foraging requirements of queens of the rare bumblebee species.
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1.1.7 Pollination and Bees

As previously noted bees are the most important and specialist insect pollinating
group (Danforth et al., 2006). The economic worth of pollinator services was
valued at €153 billion worldwide in 2005 (Gallai et al., 2009). In Ireland,
pollinator services provided by bees have been valued at €85 million euro per
annum (Bullock et al., 2008). Bumblebees’ high value as pollinators for both wild
and cultivated plants was highlighted in the report by the Committee on the Status
of Pollinators in North America (2007).

1.1.8 Bumblebee Foraging

Bumblebees are important foraging insects as they are abundant, have longer
tongues than most other insects for obtaining nectar (and thus pollinate flowers
with longer corollas), will forage in inclement weather and, unlike some species
such as honeybees, bumblebees sometimes forage exclusively for pollen (Benton,
2006). Varying corolla lengths provide opportunities for rewards from plants
which are not accessible to other insect species due to incompatible tongue
lengths (Proctor and Yeo, 1979). A bumblebee is foraging when it is gathering
and searching for pollen and/or nectar from a flowering plant. The ability of
bumblebees to forage optimally is a major determinant of the success or the
failure of a bumblebee colony (Heinrich, 1979). The foraging ability of a
bumblebee species is governed by biological, ecological and environmental traits
(Heinrich, 1979). One of the most important features responsible for foraging
differences between the different bumblebee species is the length of the
bumblebee tongue (proboscis) (Heinrich, 1979), and it has been suggested that
foraging differences could be responsible for the increased rarity of some species
in relation to the ubiquity of other bumblebee species (Goulson and Darvill, 2004;

Goulson et al., 2005).

Bumblebees and other flower nectar foraging insects use their tongue to
investigate and suck nectar from flowers. The morphological feature of tongue

length is important in relation to pollination syndromes, as tongue lengths of
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bumblebees can vary between species, as does the corolla length of plants
(Heinrich, 1979). The differences in the foraging efficiency of different
bumblebee species relating to their tongue lengths has been widely reported
(Brian, 1952; Terids, 1976; Heinrich, 1976a, 1976b; Ranta and Lundberg, 1980;
Ranta and Vepsildinen, 1981; Teris, 1985). It is necessary to know plant species
associations with individual bumblebee species in order to maintain habitats
suitable for bumblebee forage as the behaviour of pollinators is influenced by the

total and relative number of flowering species (Stephens and Krebs, 1986).

One of the critical times for survival and success of a bumblebee colony is when
the spring bumblebee queen emerges from overwintering and must rapidly
replenish her fat supplies so she can survive and establish a nest (Lye et al., 2009).
An ample amount of suitable forage must be available for her at this time. Since
this is one of the critical times for survival of a queen and availability of suitable
forage has been reported as a factor in the increased rarity of certain bumblebee
species (Goulson and Darvill, 2004; Goulson et al., 2005), it is pertinent that
information on the foraging of spring bumblebee queens is obtained. The foraging
of rare spring bumblebee queens in a prime landscape was investigated in this

study.

1.1.9 Melanism and Bumblebees

Melanism is a phenomenon within the animal kingdom wherein there is a
darkening of pigmentation not normally present in a species or group of
organisms. The term melanism derives its name from the common animal pigment
melanin, which is responsible for the darkening of pigmentation. Animal taxa in
which melanism has been reported include: microorganisms, insects, arachnids,
crustaceans, molluscs, birds, and mammals (Majerus, 1998). Melanism has long
been used to investigate evolutionary change (Tutt, 1891). Melanism has been
widely reported and investigated in the order Lepidoptera and many of the
evolutionary changes responsible for the darkening of pigmentation within this
family have been identified (Majerus, 1998). Natural selection is one of the main

evolutionary forces responsible for melanism in the order Lepidoptera (Majerus,
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1998). Melanism is due to adaptive processes or genetic mutations (Majerus,
1998). An adaptive melanistic colour pattern may evolve due to factors such as
defence, the energetic cost of colour production, and previous selective pressures
to which the species has been exposed. Examples of adaptive melanism include
industrial melanism where melanism is controlled by anthropogenic change in the
environment (Majerus, 1998). However melanism does not arise from a single
evolutionary factor thus complicating the study of the evolution of melanic
character in a species. There is little understanding of the genetics underlying the
expression of the melanistic colour trait. There are only a few instances where the
genetic link has been established for the occurrence of melanism within a species
(Majerus, 1998; Majerus and Mundy, 2003). For example, Majerus and Mundy
(2003) reported on mutations in the melanocortin-1-receptor gene which are
responsible for the different coat colours of rock pocket mice (Mammalia).
However the link between genotype and phenotypical expression for the majority

of melanic occurrences within species has not been established.

Colour patterns within bumblebee species can be highly variable (Radoszkowski,
1884; Vogt, 1909) and darkening of colouration or melanism is recognised as
occurring within bumblebee species (e.g. Plowright and Owen 1980; Williams,
2007). Melanism has been reported within species such as B. terrestris (Rasmont,
1982), B. trifasciatus (Williams, 1991), B. cryptarum (Bertsch et al., 2005), B.
campestris (Alford, 1975) and B. muscorum (e.g. Stelfox 1933; Richards 1935;
Lgken, 1973). This melanic colour trait has been known to cause difficulty in
identifying a species such as in the melanic form of B. cryptarum in Germany
(Bertsch et al., 2005). However, the genetics of the two colour varieties were
investigated and the two colour varieties were found to be one species. Melanism
in this instance aids in the identification of this species from the other cryptic
species of similar colouration, B. lucorum and B. magnus (Bertsch et al., 2005).
Once the genetics behind a colour variety are investigated, clarity can be obtained
that allows for conservation measures if necessary. Hence, the genetics of the
colour varieties of B. muscorum in the British Isles were investigated as part of

this study.
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1.1.10 Bumblebees in Ireland

There has been an increasing awareness of bumblebees in Ireland in recent years
as evidenced by the increasing number of reports and papers being published (e.g.
Santorum and Breen 2005; Fitzpatrick et al., 2006b, Murray et al. 2008). There
are 18 bumblebee species found in Ireland (Table 1) (Fitzpatrick et al., 2006b).
Threatened bumblebee species have been identified and classified, and an
International Union for Conservation of Nature (IUCN) regional red list for the
island of Ireland has been produced (Table 1) (Fitzpatrick et al., 2006b). The
growing awareness of bumblebees in Ireland has also led to increasing
information on the distribution of bumblebees in Ireland and escalating concerns
about the conservation of certain species (Santorum and Breen, 2005; Fitzpatrick

et al., 2006b; Fitzpatrick et al., 2007).

Certain Irish bumblebee species are declining at a greater rate than others
(Fitzpatrick et al., 2006b; Fitzpatrick et al., 2007). For example, B. muscorum was
once considered common in Ireland, is now declining (Fitzpatrick et al., 2006a),
while bumblebee species such as B. ferrestris, B. lucorum, and B. pascuorum have
remained common with stable populations in Ireland (Santorum and Breen, 2005).
The rarest bumblebee species in Ireland are the species with late emerging spring
queens and they have experienced a decline in distribution in Ireland in the last 20
years (Fitzpatrick et al., 2007). Bumblebees of the sub-genus Thoracobombus are
late emerging species and are found in Ireland. Bumblebees of this sub-genus are
considered the most threatened in Ireland (Fitzpatrick et al., 2007). In Ireland,
bumblebee species of this sub-genus are B. pascuorum, B. muscorum, B.
ruderarius, and B. sylvarum. Of these four, three are endangered or very
vulnerable (B. muscorum, B. ruderarius, and B. sylvarum) while the other (B.

pascuorum) is one of the most common bumblebees in Ireland.

The decline of bumblebees is Ireland is believed to be driven by agricultural
intensification (Santorum and Breen, 2005). The widespread replacement of hay
with silage has been suggested as a major contributory factor in the decline of the

late emerging bumblebees (Fitzpatrick et al., 2007). Other factors that have been
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suggested as contributing to the decline of bumblebees in Ireland include habitat

loss, habitat fragmentation and climate change (Fitzpatrick et al., 2007).

Table 1 - Species and sub-genus of Bumblebee species in Ireland (derived

from Fitzpatrick et al. 2006b and Williams et al. 2008)

Species Sub-Genus IUCN Red List Classification
B. cryptarum (Fabricius) Bombus s. str. Data deficient
B. lucorum (Linnaeus) Bombus s. str. Least concern
B. terrestris (Linnaeus) Bombus s. str. Least concern
B. hortorum (Linnaeus) Megabombus Least concern
B. lapidarius (Linnaeus) Melanobombus Near threatened
B. bartutellus (Kirby) Psithyrus Endangered

B. bohemicus Seidl Psithyrus Near threatened
B. campestris (Panzer) Psithyrus Vulnerable

B. rupestris (Fabricius) Psithyrus Endangered

B. sylvestris (Lepeletier) Psithyrus Least concern
B. jonellus (Kirby) Pyrobombus Least concern
B. monticola Smith Pyrobombus Least concern
B. pratorum (Linnaeus) Pyrobombus Least concern
B. magnus Vogt Bombus s. str. Data deficient
B. distinguendus Morawitz | Subterraneobombus | Endangered

B. muscorum (Linnaeus) Thoracobombus Near threatened
B. pascuorum (Scopoli) | Thoracobombus Least concern
B. ruderarius (Muller) Thoracobombus Vulnerable

B. sylvarum (Linnaeus) Thoracobombus Endangered

1.1.11 Bombus muscorum

Bombus muscorum is a species in the sub-genus Thoracobombus whose
distribution extends across the palaearctic region. It was first described by
Linneaus in 1758 (Alford, 1975).The common name of B. muscorum is the “moss

carder bee”, which it is derived from the way it builds its nest above ground using
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materials such as moss (Sladen, 1912; Alford, 1975). Bombus muscorum was
previously considered widespread but not common in Britain (Sladen, 1912) but it
has decreased to such an extent in Britain that it is now the subject of an English
Nature Species Recovery Programme. In Ireland B. muscorum was considered
more common than in Britain (Sladen, 1912), however, it is now considered near

threatened (Fitzpatrick et al., 2006b).

Within B. muscorum there are different colour forms most notably that of the
blonde and melanic types, and within these two groups there are variations.

Between Britain and Ireland there are six different varieties (Table 2).

Table 2 - The forms and varieties of B. muscorum in the British Isles

following Alford (1975) and Baker (1996)

Form Location | Variety Author | Distribution
Blonde Mainland | sladeni Vogt The south of the English
mainland, European continent
Mainland | pallidus Evans Irish  Mainland, northern
& islands England, several offshore
islands
Intermediate | Islands orcadensis | Richards | Orkney Islands
Islands scyllonius | Richards | Scilly  Islands, Channel
Islands
Melanic Islands agricolae | Baker Shetland Islands, several of
the Hebride Islands
Islands allenellus | Stelfox | Aran Islands

Blonde (Fig. 2), melanic (Fig. 3) and intermediate types differ from each other in
the amount and distribution of black hairs. The presence of black hairs on the legs
and ventral surfaces are used to differentiate the melanic forms from the blonde.
The melanic island form of B. muscorum was first reported in the Shetlands by
White (1851) and described as B. smithianus. However, an error was made by
White that led to B. pascuorum being used as the type specimen of B. smithianus
(Alford, 1975). The Irish melanic form of B. muscorum, the Aran Island
bumblebee, B. muscorum var. allenellus, was first described by Stelfox (1933).
Stelfox (1933) reported a series of investigations on the species conducted by Mr.
C. Winckworth Allen after whom species is named. The Irish melanic form is
similar to, but generally darker than, the other melanic forms (Fig. 3). In Ireland

the melanic version of B. muscorum is restricted to the Aran Islands and the need

-14-



Chapter 1 Introduction

for its conservation was noted by Fitzpatrick et al. (2006b). The collective term to
describe all the melanic varieties of B. muscorum is B. muscorum var. smithianus

of various authors.

There has been debate regarding the taxonomic status of the different melanic
colour varieties of B. muscorum. Authors such as Richards (1935), Rasmont and
Adamski (1995) have regarded the melanic colour morphs as a separate species.
However, others such as Lgken (1973), Alford (1975), and Baker (1996) reported
no clear morphometric difference between the different melanic and non-melanic
varieties. Previous genetic work has been performed using microsatellites to
establish the relationship between the blonde, intermediate and melanic forms
(Darvill et al., 2006; Judge, 2007). Both Darvill et al., (2006) and Judge (2007)
used microsatellites to study the gene flow between sampled populations of B.
muscorum. Darvill et al., (2006) examined populations in Britain that included
three varieties of B. muscorum. These were B. muscorum var. pallidus, B.
muscorum var. sladeni and the melanic colour morph B. muscorum var.
smithianus. Judge (2007) examined B. muscorum populations in Britain and
Ireland which included the four varieties, B. muscorum var. allenellus (Aran
Islands), B. muscorum var. pallidus (Irish mainland), B. muscorum var. agricolae
(Scotland), and B. muscorum var. scyllonius (Scilly Islands). Neither study
yielded significant genetic differences between the colour morphs that would
warrant special species status for the colour morphs (Darvill et al., 2006; Judge,
2007). However Darvill et al., (2006) reported significant inbreeding within the
isolated island B. muscorum populations in Britain. These studies highlighted the
need for studies on B. muscorum to continue and Darvill et al., (2006) called for
further studies to examine the mitochondrial DNA (mtDNA) of the colour
morphs. For appropriate conservation strategies to be developed for this group of
bees it is imperative that the taxonomic and phylogenetic status of the B.
muscorum varieties is clarified. As part of this study, the genetic variability of the
different colour varieties of B. muscorum, was investigated through examination
of mtDNA, and a nuclear gene called the internal transcribed spacer region (ITS).
The internal transcribed spacer region is a type of ribosomal RNA (rRNA). These
genetic areas were examined in B. muscorum samples retrieved from 15 different

locations in the British Isles.
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Fig. 2 — The mainland form (blonde) bumblebee, B. muscorum var. pallidus

(Clare Island, Co. Mayo, 2005, John Breen)

Fig. 3 - The Aran Islands bumblebee, B. muscorum var. allenellus foraging on

Lotus corniculatus (Inis Oirr, Co. Galway, 2006, John Breen)
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1.1.12 Bombus lucorum agg. and Bombus terrestris

In Ireland, B. lucorum agg. is the collective name given to a group of cryptic
bumblebee species. In spring B. lucorum agg. is the collective name given to
queens of B. lucorum, B. magnus, and B. cryptarum. During summer, B. ferrestris
is included in the B. lucorum agg. group, as bumblebee workers belonging to B.
terrestris cannot be accurately distinguished from B. lucorum, B. magnus and B.
cryptarum. Murray et al., (2008) discovered that it was impossible to accurately
distinguish these species in Ireland without the use of the Polymerase Chain
Reaction (PCR) technique. Murray et al., (2008) set the precedent for the use of

the collective term B. lucorum agg. in Ireland.

1.1.13 Bumblebees in Decline

A decrease in bumblebee abundance, and localised species extinctions, has been
reported throughout the world: Britain (Goulson, 2010); Britain and the
Netherlands (Biesmeijer et al., 2006); Western and Central Europe (Kosior et al.,
2007); Brazil (Martins and Melo, 2009) and North America (Committee on the
status of Pollinators in North America, 2007). In Ireland, bumblebee species of
the late emerging species have been found to be declining (Fitzpatrick et al.,
2007). This decrease has been attributed to changing land use most notably the
intensification of farming, and climatic change affecting the climatic ranges of

bumblebees (Williams, 1985b, 1988, 1989).

Some bumblebee species are experiencing greater declines than others (Williams
and Osborne, 2009). The mechanisms behind these differential declines remain
unclear. Williams (1985a, 1989) suggested that niche differences between
bumblebee species, combined with habitat destruction and, potentially, climatic
changes, are responsible for the more rapid decline of some species in relation to
others. Consequently, there have been calls for more studies on the ecological
niches of the rare species to help understand the mechanics behind this loss of

biodiversity (Goulson et al., 2005; Fitzpatrick et al., 2007).
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1.2 Introduction to Prime Landscapes

A prime landscape is interpreted in this study as a landscape that hosts a wide
range of habitats and species, including those that are considered, rare, due to the

presence of optimum living conditions (both biotic and physical) in the area.

1.2.1 Importance of Prime Landscapes

Within north-western Europe, prime landscapes can offer a glimpse of what the
biodiversity of a region may have resembled pre-agricultural intensification.
Prime habitats support high levels of rare species, and a large amount of data may
be accumulated which can be applied towards the conservation of such rare
species. It is vital that studies on rare species are conducted in such landscapes, as
they can provide information on the optimal ecological niches required for their
survival. Studies conducted in non-prime landscapes, such as intensive
agricultural landscapes, would only provide information on the species surviving
in a sub-optimum environment where the species may be experiencing

environmental stresses (Samways et al., 2010).

1.2.2 Bumblebees in Prime Landscapes

For a landscape to be considered prime for bumblebees it must provide a suitable
environment to support the ecology of both rare and common species of
bumblebees. Three important factors in bumblebee ecology are habitat, nesting
and foraging (Benton, 2006), and a prime landscape for bumblebees must provide
an environment that can support these niches. Prime habitats for bumblebee
foraging and nesting are landscapes with unimproved flower rich grasslands
(Williams, 1988). The changes in agricultural practices worldwide, particularly
land “improvement” through spreading of artificial fertilisers, have particularly
threatened bumblebees (Kwak et al., 1998; Goulson et al., 2005; Carvell et al.,
2006). Some bumblebee species are more threatened than others due to variations
in foraging and nesting preferences (Richards, 1978; Svensson et al., 2000; Kells

and Goulson, 2003). Karst landscapes support unimproved flower rich grasslands
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(calcareous grasslands) which are known to be a prime habitat for bumblebees
(Williams, 1988). The Burren region is such a landscape and hosts rare insect
species such as the bumblebee species B. sylvarum, B. distinguendus and B.
muscorum, all of which are near threatened, threatened, or endangered in the

British Isles (Darvill et al., 2006; Fitzpatrick et al., 2006b; Goulson, 2010).

1.2.3 The Burren Region

The Burren region is defined in this study as the limestone mainland region of
north Co. Clare and the Aran Islands. The Burren region and Aran Islands are in
Western Ireland (Fig. 4). The Burren region and Aran Islands are renowned
internationally for their exceptionally high biodiversity (e.g. Nelson 1999;
Dunford 2002; O’Rourke 2005). The Burren mainland region spans
approximately 24km north to south and approximately 40 km east to west of north
Co. Clare (RPS Cairns, 1994). The Aran Islands consist of three islands (Inis Mor,
Inis Meain and Inis Oirr) situated to the West of Ireland. The climate is of the
Atlantic type (Lousley, 1969). Geographically the Burren region and Aran Islands
are known as karst (Warren and O'Connell, 1993). It is this karst landscape that
facilitates these landscapes prime habitats, which in turn support the region’s

special array of flora and fauna.

The main threat to the conservation of the landscape and biodiversity of the
Burren region is intensive agriculture (Dunford and Feehan, 2001; Dunford, 2002;
O'Rourke, 2005). Ironically, the special biology of the Burren region was initially
shaped by agriculture (Dunford, 2002; O'Rourke, 2005). Evidence from
paleaoecological studies show that agricultural activity has taken place in the
Burren region since Neolithic times (Dunford, 2002). If it were not for this history
of extensive agriculture, the high level of biodiversity that is currently found in
the Burren region would not exist (Dunford, 2002). However, the Burren region
has become increasingly fragmented in the last 30 years due to changing
agricultural practices, with increasing areas of improved grassland and scrub

habitat (Dunford, 2002; Parr et al., 2007).
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Fig. 4 - Map of Ireland with Aran Islands and mainland Burren region

Features of agricultural systems in the Burren region that have developed since

1973 (when Ireland joined the European Union) include: an increase in stocking

density, increased mechanisation, larger farm size, routine application of chemical

fertilisers and a change in cattle breeds (Dunford and Feehan, 2001; Dunford,

2002; O'Rourke, 2005). Similar changes in agriculture did not affect the Aran

Islands, as the rugged terrain on the Islands constrains the use of modern farm

equipment (O'Rourke, 2005). In contrast, the biodiversity of the Aran Islands is

under threat from other factors, including land abandonment and excessive
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construction of holiday homes (personal observation). Extensive agricultural
systems need to be practised and maintained in the mainland Burren region and
Aran Islands to maintain these unique Irish landscapes (Dunford, 2002; O'Rourke,

2005).

1.2.4 Prime Habitats within the Burren Region

It is the prime habitats within the Burren region which support its exceptional
biodiversity (Dunford, 2002; O'Rourke, 2006). Prime habitats within the Burren
region include: unimproved calcareous grassland, turloughs, dunes and limestone
pavement. Unimproved calcareous grassland and limestone pavement are the two
prime habitats which were included in the present study. These habitats are listed
as priority habitats designated under the EU habitat directive 1992. These two
habitat types are also the prime habitat types which cover the greatest amount of

area in the Burren region (Parr et al., 2007).

Unimproved calcareous grassland is one of the main habitats in the Burren region
that supports the region’s biodiversity (e.g. Warren and O’Connell, 1993;
Dunford, 2002; Moles et al., 2005). These unimproved calcareous grasslands
contain niches with particular environmental and biological characteristics that
support a high plant species richness and diversity (Rodwell, 1991). In the Burren
region, there are often more than 40 species of higher plants per square metre in
calcareous grassland (Dunford and Feehan, 2001). The unimproved calcareous
grassland of the Burren region is threatened by land improvement and scrub
encroachment due to land abandonment (Dunford, 2002; ERA-Maptec et al.,
2006). Furthermore, Deenihan et al., (2009) suggested that undergrazing and
overgrazing may also be threats to unimproved calcareous grassland in the

Burren.

Limestone pavement habitat can be described as an area of fissured limestone
bedrock that may be level, terraced or gently sloping. Limestone pavement habitat
has the potential for high plant species diversity and is listed as a priority habitat

in Ireland (Fossitt, 2000). During the 1980s in Ireland, large areas of limestone
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pavement habitat were destroyed in the Burren region by land reclamation (Drew
and Magee, 1994). Currently, limestone pavement in the Burren region is
threatened by unauthorised removal, scrub encroachment (ERA-Maptec et al.,
2006) and, locally, by ill-advised tourist activities such as the construction of

mock dolmens (Dunford, 2002).
1.3 Molecular analysis of insects

Studies on the genetics of insects provide information that increases the
understanding of insect evolution, ecology and conservation (Thompson et al.,
2007). Molecular analysis is the key tool used for genetic investigations.
Molecular analysis is the use of molecular tools for genetic analysis. Molecular
analysis of insects can be used for taxonomic identification, phylogenetics,
population structure and identifying the genetic basis of certain behavioural traits
(Thompson et al., 2007; Samways et al., 2010). Molecular methods can be used to
gather information on population structure particularly through the use of historic
specimens. A detailed background of molecular analysis and molecular ecology is

given in the textbook by Campbell and Reece (2008; chapters 20-24).

1.3.1 Molecular Analysis of Bumblebees

Genetic analysis can contribute to bee conservation through the estimation of
parameters such as population size (numbers of colonies), inbreeding, and species
genetic variability which allow for informed management decisions (Zayed,
2009). Genetic analysis can be important for the conservation of bumblebees as
the genetic structure and sociality of bumblebees can make them vulnerable to
inbreeding (Zayed, 2009). Bumblebees, as do all bees, show haploid-diploidy
which means that female bumblebees (queen and workers) have two sets of
chromosomes (diploid) and male bumblebees one (haploid). This type of ploidy,
in combination with the eusocial nature of bumblebees as insects, makes them
vulnerable to population inbreeding, but it does not imply directly that
bumblebees are more at risk of extinction (Zayed, 2009). The loss of genetic

variation within a bee population is the main factor driving extinction (Zayed,
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2009); the main causes of reduction in genetic variation arise from habitat

fragmentation and loss (Whitlock and Barton, 1997).

Bumblebee genetic analysis has been greatly aided by results derived from genetic
studies on the honeybee and other insects. One of these results was the mapping
of the mtDNA of the honeybee (Crozier and Crozier, 1993) which has aided in
taxonomic (Ellis et al., 2005; Murray et al., 2008) and population studies of
bumblebees (Widmer et al., 1998). Additionally protocols developed for general
insect DNA extraction have also been applied to bumblebees. Examples include:
the PBS technique listed in the Qiagen DNeasy Blood and Tissue handbook
(Anonymous, 2006a), and Junqueira (2002) have been used to extract DNA from
historical samples of bumblebees (Dr. Tomds Murray, Martin-Luther-University
Halle-Wittenberg, personal communication). All of these developments have
greatly enhanced our understanding of bumblebee genetics. However, the
universality of these techniques might not be suitable for specimens killed or
preserved using particular techniques (Dr. Jim Carolan, National University of
Ireland, Maynooth, personal communication). In this project, DNA extraction
techniques designed for historical insect specimens failed and other techniques

had to be specifically developed.

There have been many investigations into the genetics of bumblebees. However,
the majority of published papers on bumblebee genetics have concentrated on the
common species such as B. terrestris (Estoup et al., 1995; Widmer et al., 1998),
B. lucorum agg. (Bertsch et al., 2005; Murray et al., 2008), and B. pascuorum
(Pirounakis et al., 1998; Widmer and Schmid-Hempel, 1999). This is most likely
due to the ease in obtaining the necessary sample sizes of these species for
molecular analysis. Recent advances in DNA extraction technology have allowed
for non-lethal sampling of bumblebees. This has greatly aided the study of the
rarer species such as B. sylvarum and B. muscorum (Goulson et al., 2007).
Molecular studies on the rarer bumblebees are important because they determine
the level of genetic variation and inbreeding, and help resolve phylogenetic
relationships. Such data are vital for the conservation management of a species
(Thompson et al., 2007). To understand the level of genetic variation of any

species, but particularly of rare insect species, it is important to have historical
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DNA records (Thompson et al., 2007). Drawing on techniques developed for
DNA extraction from museum specimens of bumblebees, this study examined the

haplotypes present in bumblebee samples from the 1970s.
1.4 Introduction to DNA Barcoding

DNA barcoding is the characterisation of a species using a fixed short sequence of
DNA that is standardised for the genome of that organism type (CBOL, 2010b).
DNA barcoding is regarded as a master taxonomic key that will enable accurate
identification of a species without a detailed taxonomic knowledge of the species
family (Hebert et al., 2003). The term “DNA barcoding” was coined for this
technique, as it uses a fixed standardised region of DNA as a marker which allows
for rapid and accurate species identification. This is similar to the barcodes on
products in supermarkets that are used for rapid identification and subsequent
billing at supermarket check outs (Hebert et al., 2003). The term “DNA
Barcoding” was originally proposed by Paul Hebert of the University of Guelph,
Canada (Hebert et al., 2003; CBOL, 2010b). The Consortium for the Barcoding of

Life (CBOL) was the global initiative established to implement the technique.

1.4.1 Background of DNA Barcoding

DNA barcoding is a new molecular technique and term which has emerged in the
last seven years to aid in species identification. Accurate and fast taxonomic
identification is important in today’s world of rapidly declining biodiversity, as it
enables the enaction of conservation measures if necessary. The technique was
developed as a solution to problems that were occurring with taxonomic
identification (Hebert et al., 2003). Problems that occur with taxonomic species
identification include: phenotypic and genetic variability of the characters used for
species recognition, morphologically cryptic species, and problems with
identifying species at different life cycle stages as most morphological keys only
provide identification information for one life cycle stage (Hebert et al., 2003).
Another large problem with species identification is the requirement for specialist
taxonomists. Taxonomists are only specialists in their chosen area and it has been

recognised that each taxonomist can on average accurately identify 0.01% of the
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10-15 million species on the planet (Hammond, 1992; Hawksworth and Kalin-
Arroyo, 1995). Despite modern improvements in identification keys such as
computerised interactive keys, a new method was required to overcome these

obstacles and DNA barcoding was developed as a response (Hebert et al., 2003).

DNA barcoding was first introduced in a landmark paper by Hebert et al., (2003).
Prior to this paper, other authors such as Kurtzman (1994) and Wilson (1995) had
proposed that genetic diversity among organisms could be used as a genomic
approach to taxon identification (Kurtzman, 1994; Wilson, 1995). However,
Hebert et al. (2003) were the first to publish this method as a standardised
technique, and were the first to propose a standardised gene area for animal
identification, the mitochondrial gene cytochrome ¢ oxidase 1 (CO1). Hebert et al.
(2003), demonstrated how the CO1 region in the higher animal taxa can be used
to identify species and to assign genetically analysed taxa to the relevant phylum
and order. Hebert et al. (2003) also demonstrated how the technique could be used
to create a model CO1 profile, based on single individual samples from 200
lepidopterans and how it could be used as a DNA barcoding key to identify
subsequent unknown individuals. Subsequent papers have highlighted the
usefulness of this technique (e.g. Hebert and Gregory, 2005; Hajibabaei et al.,
2007; Valentini et al., 2009).

1.4.2 Classification of DNA Barcoding Regions

DNA barcoding involves the analysis of a short sequence of DNA, relative to a
known genomic profile. The gene region that is tentatively established for animals
is encoded within the mitochondrial cytochrome ¢ oxidase 1 (CO1) and composed
of ¢.650 bp. This region is called the “Folmer region”. The “Folmer region” is
located at the 5’ end of the mitochondrial (CO1) subunit. This region is bordered
by conserved sequence regions which allows for high confidence in species
identification. The CO1 region was chosen for animals for a number of reasons
including: the low intraspecies and high interspecies sequence variability of the
CO1 region (Hebert et al., 2003); the robustness of universal primers for this

region (high percentage of 5’ ends recovered) (Folmer et al., 1994; Simmons and
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Weller, 2001); and the CO1 region has a greater phylogenetic signal than any
other gene in the mitochondria (Hebert et al., 2003). Examples of animal groups
where DNA barcoding has been used include: birds (e.g. Hebert et al., 2004 );
bees (e.g. Kim et al., 2009); and marine turtles (e.g. Naro-Maciel et al., 2009).

1.4.3 Utility of DNA Barcoding

DNA barcoding was developed to overcome the challenges faced by
morphological and genetic keys in species identification (Hebert et al., 2003).
DNA barcoding has overcome many of these challenges and has opened up new
avenues of scientific research, not originally envisaged when the technique was
originally proposed. The major advantage of DNA barcoding over other
taxonomic methods for species identification is the lack of subjectivity, and the
ability of such DNA sequences to be re-analysed in the future, in accordance with
the development of other genetic taxonomic techniques. DNA barcoding allows
for non-specialists to identify a specimen. DNA barcoding can allow for
assignment of new species, discovery of new variation within a previously
presumed single species and aid in the documentation of biodiversity in poorly
sampled regions in the world. Species identification helps protect endangered
species, taxonomic research, sustainable harvesting of natural resources,
exploration of marine biodiversity, control of disease vectors and agricultural

pests, and monitoring of environmental quality (Valentini et al., 2009).

1.4.4 The DNA Barcoding Initiative and Repository

DNA barcoding as a technique was established to provide a global standard for
species identification (Hebert et al., 2003). To promote and utilise the full
potential of this method effectively, a global initiative was required and this was
recognised at the “Taxonomy, DNA and the Barcode of Life Conference” in 2003
(Stoeckle et al., 2003). The CBOL was the resulting initiative that was created.
The CBOL was established in 2004 and has a membership of over 200
organisations, from 50 different countries (CBOL, 2010a). Member groups

include: natural history museums; biodiversity and conservation organisations;
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non-governmental organisations (NGOs); and zoos (CBOL, 2010a). The CBOL
promotes barcoding through working groups, workshops, conferences, outreach,
and training (CBOL, 2010a). The CBOL assists in the rapid compilation of CO1
barcodes through repositories and to do this the CBOL had to initiate the

establishment of a repository for such records (Ratnasingham and Hebert, 2007).

A major component of the DNA barcoding concept is that the CO1 barcodes
obtained for the various species should be collated in a database, that will serve as
a global bio-identification system for animals (Hebert et al., 2003). The CBOL
entered into talks with Genomic repositories prior to establishing a barcoding
repository. A database which contained information on the genetic diversity of
species was already present prior to the DNA barcoding project, called Genbank.
However, Genbank is a database for records of all genetic sequences, whereas a
repository was needed for the DNA barcoding project that would serve as a
repository for records of a single gene for bioidentification (Hebert et al., 2003;
Ratnasingham and Hebert, 2007). Such a database was established and it was
named the Barcode of Life Data System (BOLD) (Ratnasingham and Hebert,
2007). BOLD aids in the acquisition, analysis, distribution, storage and
publication of DNA barcode sequences and is free to researchers (Ratnasingham
and Hebert, 2007). New technological developments have the potential to increase
the analysis and input rate of barcodes. This aids the rapidity in identification of

species (Ratnasingham and Hebert, 2007).

1.4.5 Functionality of DNA Barcoding

There are four main components to DNA barcoding projects, the specimens, the
laboratory analysis, the database, and the data analysis. The specimens are the
core part of the data analysis. Specimens are readily available through museums,
biological banks (such as seed banks) and individuals’ private collections. The
laboratory analysis thus follows barcoding protocols to obtain DNA sequences
from these specimens. DNA extraction and specimen preservation techniques are
the critical parts of these barcoding protocols in the laboratory. If no DNA is

preserved nothing can be extracted or sequenced. Ivanova et al. (2010) provide

27-



Chapter 1 Introduction

guidelines on how to preserve, extract, and sequence DNA for DNA barcoding

projects. However these are general guidelines, and are not species specific.

If DNA extraction and specimen preservation are the critical parts of DNA
barcoding projects it can be said that from the information derived from
sequences, the database component is the next most important part. It is essential
that the information derived from the sequences in relation to each species is
made available so that taxonomists can label unknown species. The two main
barcode databases are 1) The International Nucleotide Sequence Database
Collaborative and 2) BOLD (CBOL, 2010b). The data analysis is the final
component of a barcoding project and it works by correlating sequenced
specimens with the nearest matching references in a database. Such information is
compiled in a “bottom-up” approach and it is expected that a large encyclopaedia
of information will be available for analysis and potentially free access (CBOL,

2010b).

1.5 Aims

Based on the above review, the following aims of this thesis are

1. To investigate the nest site-seeking preferences of bumblebee queens in
prime habitats

2. To resolve the phylogenetic relationship between the colour morphs of B.
MUscorum

3. To develop a technique for extracting DNA from museum specimens of

bumblebees
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Chapter 2 Bumblebee Nest-site Seeking and

Foraging in Prime Landscapes

2.1 Abstract

Insect conservation is important for humanity’s wellbeing through the provision of
ecosystem services such as pollination, which insects such as bumblebees are
involved in providing. Bumblebees are declining worldwide with some species
experiencing greater decline and more localised extinctions than others. Despite
extensive research being carried out on bumblebee decline little information has been
gathered on the ecological conditions that maintain the rarer bumblebee species. This
study examined the nest-site seeking behaviour, nesting locations, and foraging of
spring bumblebee queens in the prime landscape of the Burren region (inclusive of the
Aran Islands) in Western Ireland. Prime habitats support high levels of rare species.
This study recorded a bumblebee species assemblage containing a number of
internationally and nationally rare species at high levels. Bombus sylvarum was the
fourth most common species recorded exhibiting nest-site seeking behaviour, yet it is
recognised as one of the most endangered bumblebee species in Britain and Ireland.
Other internationally and nationally rare species observed during this study include B.
muscorum, and B. distinguendus. Significant nest-site seeking associations were
found for B. pascuorum, B. sylvarum, and B. ruderarius for calcareous grassland
habitat and stonewall- and scrub-boundaries. Bombus muscorum var. allenellus and B.
pascuorum nests were located during this study enabling a preliminary comparison
with results from nest-site seeking behaviour. Significant interspecies foraging
differences were found between bumblebee species recorded in this study. More
research in prime habitats and more support, acknowledgement and rewards for the

farmers participating in agri-friendly practises in these regions is advocated.
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2.2 Introduction

Insects contribute to the functionality of almost every terrestrial and freshwater
ecosystem in the world. The conservation of insects is essential to maintain ecosystem
services such as climate regulation and pollination upon which the human race
depends for its survival (Kremen and Chaplin-Kramer, 2007; Samways et al., 2010).
However, insects are becoming extinct more rapidly than at any other time in history
(Samways et al., 2010). This acceleration can be directly attributed to anthropogenic
activities that are resulting in worldwide environmental change. These environmental
changes include habitat loss and fragmentation, invasive alien species, climate
change, pollution and over-harvesting resulting in worldwide landscape change
(Samways et al., 2010). Worldwide, agricultural intensification and expansion is the
greatest driver of environmental change resulting in biodiversity loss and habitat
homogeneity (Robinson and Sutherland, 2002; Tilman et al., 2002). A loss in habitat
heterogeneity in landscape results in a decrease in insect diversity and abundance
(Samways et al., 2010). The simplification of invertebrate communities in a landscape
results in an increase in pest outbreaks and limitation of ecosystem services

(Tscharntke et al., 2007).

Agricultural landscapes and ecosystems are often considered poor areas for
biodiversity conservation (Tscharntke et al., 2007). However, insect conservation is
not always threatened by agriculture. In western Europe, extensive farming practices
such as low intensity grazing can create species-rich habitats. Many species depend on
extensive agricultural systems for their survival in a region (Dunford, 2002;
Tscharntke et al., 2007). Nevertheless, agricultural intensification and expansion is the
biggest driver of biodiversity loss in the world (Tilman et al., 2001; Robinson and
Sutherland, 2002). Agriculture has been modifying the earth’s landscape for the last
4000 years, with the most concentrated period of land transformation and
intensification taking place in the mid-twentieth century (Robinson and Sutherland,
2002). Agricultural subsidies in the early years of the European Union encouraged
this rapid acceleration in the intensification of land by having production linked
subsidies. The rapid acceleration in the agricultural intensification of land in a country
upon joining the EU has been noted in Britain and Ireland (Dunford, 2002; Robinson
and Sutherland, 2002). Reformation of the Common Agricultural Policy (CAP) in
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Europe is now attempting to militate against the early effects of agricultural policy in
the EU. Subsidies are now almost exclusively decoupled from production (Schmid et
al., 2007). Supporting measures are now being directed to conserving semi-natural
landscapes with a high biodiversity (Anonymous, 2006b). These landscapes are often

referred to as prime landscapes.

Prime landscapes can provide invaluable data required for species conservation.
Within north-western Europe, prime landscapes and can offer a glimpse of what the
biodiversity of a region may have resembled pre-agricultural intensification. The
Burren region is such a prime landscape in western Ireland. The Burren region is
defined in this study as the limestone region of north County Clare, and the Aran
Islands (derived from Praeger (1939)). It is an area known internationally for its
exceptionally high biodiversity. Extensive agriculture is practised in many parts of the
region. The Burren region has become fragmented in the last 30 years due to changing
agricultural practices, with increasing areas of improved grassland and scrub habitat
and decreasing calcareous grassland habitat (Dunford, 2002; Parr et al., 2007). The
European Union financially assisted the Irish Government in setting up the BurrenLife
project in 2004 to develop a sustainable agricultural model for the region to help
promote its conservation (Anonymous, 2005). The Burren region hosts rare insect
species such as the bumblebee species, B. sylvarum, B. distinguendus and B.
muscorum, all of which are rare in Europe (Darvill et al., 2006; Fitzpatrick et al.,
2006b; Kosior et al., 2007; Goulson et al., 2008; Goulson, 2010). Karst landscapes
support unimproved flower rich grasslands (calcareous grasslands) which are known

as a prime habitat for bumblebees (Williams, 1988; Edwards, 1998).

Bumblebees are considered an insect taxon of high conservation importance as they
contribute to the ecosystem service of pollination. Localised species extinctions and a
decline in abundance of bumblebees have been reported in many parts of the world
(Peters, 1972; Williams, 1982; Biesmeijer et al., 2006; Committee on the status of
Pollinators in North America, 2007; Fitzpatrick et al., 2007; Kosior et al., 2007;
Martins and Melo, 2009; Goulson, 2010). The main drivers of bumblebee decline are
thought to be climate change and changing agricultural policy and practises
(Williams, 1985b; Williams, 1986a; Williams, 1988; Goulson et al., 2005; Carvell et

al., 2006), however there are different reasons for bumblebee decline depending on
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the location in the world (Williams and Osborne, 2009). Introduction of exotic
bumblebees (Matsumura et al., 2004; Inoue et al., 2008), spread of pathogens (Colla
et al., 2006; Otterstatter and Thomson, 2008), use of pesticides and herbicides
(Williams, 1986b) and urbanisation (Williams, 1986b) are all thought to be factors for

bumblebee decline in different parts of the world.

In comparison to the more common bumblebee species, rare bumblebee species are
known to be declining at a faster rate and suffering more from localised extinctions
(Williams and Osborne, 2009). While the mechanisms behind these differential
declines remain unclear, a series of papers (Williams, (1985a, 1989)) suggested that
niche differences between bumblebee species, combined with habitat destruction and,
potentially, climatic changes, are responsible for the more rapid decline of some
species in relation to others. Consequently, there have been calls for more studies on
the ecological niches of the rare species to help understand the mechanics behind this

loss of biodiversity (Goulson et al., 2005; Fitzpatrick et al., 2007).

Springtime habitat niches are of high ecological importance for the propagation and
survival of annual insects, including bumblebee species. In spring, the sole
procreating unit of the nest, the queen bumblebee, emerges from hibernation. To
survive and reproduce successfully a spring bumblebee queen must rapidly replenish
her fat supplies and successfully establish a nest in the space of a few weeks (Alford,
1975). However there are different nesting choice (Sladen, 1912; Free and Butler,
1959; Harder, 1986; Fussell and Corbet, 1992) and foraging preferences between the
bumblebee species (Brian, 1952; Terds, 1976; Heinrich, 1976a, 1976b; Ranta and
Lundberg, 1980; Ranta and Vepsildinen, 1981; Terds, 1985). Consequently for a
landscape to be considered prime for bumblebees, it must provide a diverse range of
habitats with a wide range of suitable nesting locations and foraging types. However,
the springtime habitat niches that bumblebee queens of the rare species require for

nesting and foraging are virtually unknown.

Nesting locations of bumblebee queens are notoriously difficult to find in large
numbers. Attempts to quantify the nesting locations of bumblebees such as training a
sniffer dog (Waters et al., 2010), placement of artificial nest boxes (Norgaard Holm,
1966; Richards, 1973, 1978; MacFarlane et al., 1983; Fussell and Corbet, 1992), and
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observation of workers movements during the summer months (Aislinn Deenihan,
personal observation) have provided limited results. Observation of bumblebee
queens exhibiting nest-site seeking behaviour has been used most recently to quantify
the nesting locations of bumblebees (Svensson et al., 2000; Kells and Goulson, 2003;
Lye et al., 2009). Previous research has primarily focused on nest-site seeking
behaviour and nest locations in intensive agricultural landscapes (Svensson et al.,
2000; Lye et al., 2009), agricultural landscapes where agri-environmental and wildlife
friendly farming schemes are in place (Kells and Goulson, 2003; Lye et al., 2009) and
highly humanised environments such as gardens and parks (McFrederick and LeBuhn,
2006; Osborne et al., 2008). There has been much data collected on the ubiquitous
bumblebee species through these studies but there is still a dearth of knowledge on the
nest-site seeking behaviour, nest locations and foraging requirements of queens of the
rare bumblebee species. Prime landscapes can provide the location to elucidate this

information.

This study aims to
e determine the nest-seeking preferences of bumblebees in a prime landscape
® investigate if there is a correlation between habitat features and bumblebee
abundance and species number in a prime landscape.
® investigate the foraging of bumblebee queens in late spring/early summer in a

prime landscape

2.3 Materials and Methods

2.3.1 Overview of Methods

Nest-site seeking behaviour and bumblebee queen foraging was investigated using the
prime landscape of the Burren region as a case study. A prime landscape is interpreted
in this study as an area with habitat(s) that host a wide range of species including
those that are considered rare due to the provision of apt living conditions (both biotic
and physical) in the area. A nest-site seeking queen has been defined as a queen
exhibiting low flight close to ground, flying in a zigzag fashion and those observed

crawling on the ground. Bumblebee queen nest-site seeking behaviour primarily
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occurs along field boundaries and open areas (Svensson et al., 2000). Foraging
bumblebee queens were defined as those collecting nectar and/or pollen from
flowering plants. The cryptic species group B. lucorum, B. magnus and B. cryptarum
were all recorded as the species Bombus lucorum agg. following research by Murray
et al. (2008). The species and caste type of each bumblebee observed was identified
following Prys-Jones and Corbet (1991). The taxonomy for B. muscorum was detailed
according to the two colour morphs found in the region. Within the Burren region
there is a melanic colour variety of B. muscorum known as the Aran Island
bumblebee, B. muscorum var. allenellus. The melanic morph is restricted to the Aran
Islands in Ireland. The need for the conservation of B. muscorum var. allenellus was
noted by Fitzpatrick et al. (2006). The colour variety that is recorded in the rest of
Ireland is known as B. muscorum var. pallidus. The taxonomy was described in this
way to allow for examination of the nest-site seeking preferences between the two

colour varieties.

A combination of standing at one point and a quadrat method was used to observe
nest-site seeking behaviour (following Carvell, 2002). This method was adopted
because it allows a greater area to be covered and it does not require straight line
transects which are problematic in the Burren region. The Burren region is highly
divided among hundreds of small farmers with field sizes of 10m x 20m present on
one of the Aran Islands (Aislinn Deenihan, personal observation). The chosen
methodological combination allowed observation of species nest site-seeking
behaviour along field margins and open areas. This method was also used to
investigate foraging behaviour. The statistical tests that could be applied were limited
due to the low number of records for certain species of bumblebee exhibiting nest-site
seeking and foraging. Absence of scrub and improved grassland habitat type on the
Aran Islands prevented overall comparison of habitat and boundary types within the
Burren region. However, the methods used allowed the number of nest seeking
bumblebees to be quantified for each habitat type and associated boundary type, and

data on foraging bumblebee queens to be collated.
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2.3.2 Study Sites

The largest habitat types in the Burren region are calcareous grassland, improved
grassland and limestone pavement (Parr et al., 2007). Bumblebee queens exhibiting
nest-site seeking behaviour and foraging were recorded in these habitats with the
different boundary types: scrub, hedgerow and stonewall as defined by Fossitt (2000)
and delineated by Parr et al. (2007).

2.3.3 Sampling

Sampling took place in the mainland Burren region and Aran Islands (Fig. 5). Thirty-
six 10m x 10m quadrats were established in the mainland Burren region of the County
Clare mainland (Fig. 6). Twelve were established in each of the main habitat types in
the mainland Burren region: calcareous grassland, improved grassland and limestone
pavement. Each quadrat was established with one of the different boundary types:
scrub, hedgerow and stonewall — four quadrats with each boundary type. Eighteen
similar quadrats were established on each of the two of the three Aran Islands, (Inis
Oirr and Inis Medin) with boundary types of Hedgerow and Stonewalls (Improved
Grassland habitat and Scrub boundary types do not occur on these two Aran Islands)
(Fig. 7). The quadrats were chosen randomly using habitat maps and visual
observation in the study sites. The quadrats were chosen using habitat maps and visual
observation in the study sites. Approximately twice as many quadrats were chosen
initially as desired. There was an excess of potential quadrats at the preliminary stage
of this study as land access negotiations with landowners were still taking at this
stage. The final quadrats were chosen by picking numbers from a hat, with each
number representing a quadrat with access permission. Quadrats were separated by

from 200 m to 20 km, with the shortest distances being, of necessity, on the islands.
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Fig. 5 — Outline of Ireland showing the location of the mainland Burren region

and Aran Islands
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Fig. 6 — Map of the mainland Burren region (Clare County Library, 2007) with

the location of each quadrat indicated by a red square
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Fig. 7 — Outline map of the two Aran Islands sampled, Inis Oirr and Inis Meain,

with the location of each quadrat indicated by a red square

Bumblebee species differ in their emergence time (Alford, 1975). To facilitate the
inclusion of the largest number of bumblebee species exhibiting nest-site seeking
behaviour, the study took place from mid-spring to early summer, between the dates
of April 18th to June 18th in the years 2008 and 2009. The start date was determined
by the onset of appropriate weather conditions and the study was limited to this early
and mid-season to minimise the effects of the bumblebee parasite Sphaerularia
bombi. The parasite affects the queen’s orientation and nest seeking behaviour
causing them to dig and nest in unusual places, and nest seek throughout the summer

until death (Lundberg and Svensson, 1975).

Certain climatic and time conditions were adhered to when collecting data for the
study. Field sites were only visited when temperatures and wind speed ranged from 6-
24°C and 0-4m/s respectively. No observations were taken during precipitation and
when wind speed was over 4m/s. The time of inspections varied randomly between
sites and in random orders during the day between 08:30 and 19:30. Each study site
was visited a maximum of twice a week and not on consecutive days. This sampling
strategy was adopted for two reasons. Firstly, to avoid oversampling nest-site seeking
queens who visit favourable nesting locations multiple times before establishing a
nest. Secondly, to avoid over sampling certain species, as different species of
bumblebee nest-site seek at different times due to differences in emergence times

from overwintering. Bumblebee queens exhibiting nest site-seeking behaviour were
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counted and identified in each quadrat on six occasions for 15 min each, for a total of
1.5 h of observation. All bumblebee queens foraging on the study quadrats during this
time were also recorded. Quadrats were not taken to quantify the available forage as
the highly heterogeneous nature of the Burren landscape prevents an even distribution
of forage and bumblebee species even within the same habitat type. Additionally
because of the length of the study (approximately three months) there would be

different flower species predominant at different times further skewing any analysis.

2.3.4 Bumblebee Nest Locations

Bumblebee nests located during the study had the species and the habitat and
boundary types present recorded. Additionally the following vegetation characteristics
surrounding the nest were recorded following Carvell (2002); vegetation structure,

vegetation height, depth of ground moss, and percentage of bare rock present.

2.3.5 Analysis

The data were analyzed using Microsoft Excel ®, SPSS ver. 16, Canoco ver. 4.5. To
investigate the effect of habitat and boundary type on bumblebee nest site-seeking
queens, the records for the total number of bumblebee queen species at each site were
converted into presence/ absence data. Cross tabulation and chi-squared tests were
then performed in SPSS ver. 16 on the results for habitat type and then boundary type.
Canoco ver. 4.5 was used to further analyse the data. Following preliminary
assessment of the data using a detrended correspondence analysis (DCA), a canonical
correspondence analysis (CCA) was performed on the data. The habitat /
environmental variables were input as dummy (0, 1) variables and combined to
provide 12 environmental variables. Canonical correspondence analysis (CCA) was
employed because a preliminary analysis using DCA of the species data indicated that
the method was appropriate (length of gradient = 3.913). The habitat / environmental
variables were input as dummy (0, 1) variables and combined within Canoco ver 4.5
to provide 9 environmental variables (calcareous grassland * hedge; calc_grass * wall;
calc_grass * scrub; similarly for improved grassland and bare rock). In CCA, the

Canoco ver 4.5 forward selection procedure was used to select variables, with
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acceptance of entry at P<0.05. Once no further variables were available for selection
(i.e. all remaining had P for entry >0.05), the procedure was re-run including only the
selected variables which were entered simultaneously. The statistical significance of
the model was tested using Monte Carlo permutation tests under a reduced model for
the canonical axis (1000 permutations) and environmental variable-axis relationships.
Automatic forward selection was used on the environmental variables. Only
bumblebee species where more than 10 queens were observed exhibiting nest site-
seeking behaviour were evaluated. A co-occurrence test was run in EcoSim ver. 5.0
(Gotelli and Entsminger, 2000) to test for significance of association between
bumblebee species and plant species visited. Cross-tabulation was performed in SPSS
ver. 16 to determine the observed and expected counts between each of the bumblebee
species recorded foraging and the associated flowering plants, and to determine if chi-

squared or G- tests should be performed. .

2.3 Results

2.3.1 Number of Bumblebee Queen Species Observed and Number of
Bumblebees Recorded Nest-Site Seeking

In total, 108 field hours were spent observing the quadrats while investigating the
nest-site seeking behaviour and foraging of bumblebee queens. Twelve species of
bumblebee queen were observed and the date of their first emergence was noted
(Table 3). B. sylvarum was recorded throughout the Burren mainland region on the
three habitat types; calcareous grassland, limestone pavement and improved
grassland. In 2008 and 2009, B. lucorum agg., B. jonellus, B. pascuorum, B. pratorum
and B. terrestris were all observed in the Burren region prior to the initiation of the
study. Species considered uncommon in north western Europe that were observed
during the study included B. distinguendus, B. muscorum pallidus, B. muscorum
allenellus, B. campestris, B. bohemicus and B. sylvarum. All species bar B. bohemicus

were observed in both study years.
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The combined number of bumblebees recorded nest-site seeking for the study period
in 2008 and 2009 was 222, representing nine species (Fig. 8). Most of these
observations occurred in 2008 (69.4%). The cuckoo bumblebees B. bohemicus and B.
campestris were also observed nest seeking but were not recorded as they ultimately
depend on the nest seeking preferences of their host species. Bombus pascuorum was
recorded nest seeking most often (37.8%), followed by the B. lucorum agg. (19.8%),
B. lapidarius (15.3%), B. sylvarum (10.4%), B. ruderarius (4.9%), B. muscorum
allenellus (4.1%), B. terrestris (3.2%), B. jonellus (2.3%) and B. hortorum (2.3%).

Table 3 - Observed bumblebee queen species and date of first observation time
* where the term prior emergence is used in lieu of a date, it indicates the species was
observed nest-site seeking in the Burren region in preliminary field work prior to the

initiation of the study.

Bumblebee Species Date Of First Observation

2008 2009
B. bohemicus May Ist Not observed
B. campestris May Ist May 2™
B. hortorum May 15" May 10"

B. jonellus

Prior emergence

Prior emergence

B. lapidarius

Prior emergence

Prior emergence

B. lucorum agg.

Prior emergence

Prior emergence

B. muscorum var. allenellus

April 24"

May 1%

B. muscorum pallidus

April 24"

May 16"

B. pascuorum

Prior emergence

Prior emergence

B. pratorum

Prior emergence

Prior emergence

B. sylvarum

May 10"

May 16"

B. terrestris

Prior emergence

Prior emergence

-54-




Chapter 2 Bumblebee Nest-Site Seeking and Foraging in Prime Landscapes

z 90 o
g 80
o
g ™
5 60
s 50 @ 2008
L 40 @ 2009
£ 30
3
- 20
2
£ 10 A
=
Z 0 -
. s S ° S G
{bego ' 6‘§® b%,\g\ Qb\? 0@6\ < (§Q§\ < g &\0 (@?’
S N & $ & N & ¥ ©
&§ B A Q> S < oS R »
& 2 2 ¥ QS &
%. QO
\3“3
S
.

Fig. 8 - Number of nest-seeking bumblebees observed for each species

2.3.2 Observed Bumblebee Queen Preferences and Associations with

Habitat and Boundary Types.

Bombus sylvarum, B. ruderarius and B. pascuorum showed significant preferences for
habitat type (Table 4). No significant relationships were recorded with boundary type
(Table 5). Further analysis carried out in Canoco ver. 4.5 showed, in more detail, the
relationships between the combined habitat and boundary type and bumblebee
species. The overall CCA ordination was significant (F = 1.617; p = 0.015). The
results of the ordination are in Table 6 and Fig. 9. The ordination diagram (Fig. 9)
suggests that the nest-site seeking behaviour of B. sylvarum, B. ruderarius and B.
pascuorum 1is associated with calcareous grassland stonewalls and scrub type
boundaries. Bombus lucorum agg. was most associated with improved grassland with
a hedgerow boundary, and limestone pavement with a stone wall boundary. B.
lapidarius was most associated with limestone pavement with a hedgerow boundary,
and improved grassland with a scrub boundary. In an effort to separate the effects of
the island and mainland, an identical analysis was carried out on island-only and
mainland-only data. The island-only analysis was not significant (F-ratio = 1.18; p =
0.3077). Likewise, the mainland-only analysis was not significant (F-ratio = 2.363; p
=0.7203).
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In order to compare the nesting behaviour patterns on the islands versus the mainland,
a CCA analysis was then carried out which was confined to those habitats which
occurred on both islands and mainland. Hence, observations made in improved
grasslands and on scrub boundaries were excluded as these did not occur in the island
samples. This left a database of 96 rows for the analysis. The CCA analysis was
carried out, as before, by first selecting significant variables using forward selection.
Only island_calcareous_wall and island_calcareous_hedge were significant. The
ordination is shown in Fig. 10. Total inertia was 3.168; F-ratio was 4.114 and p =
0.002.) Bombus terrestris was the only species that showed an association and this

was with Calcareous grassland with a hedgerow boundary.

Table 4 -Chi-squared results from pre