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change, invasive species, pesticides, parasites and pathogens and it is thought that these
multiple stressors act together to impact populations. However, their relative
importance is unknown and there are wide knowledge gaps in relation to the current
status of species populations and their response to environmental variables such as
climate, habitat and land use change.
Citizen science offers a potential method of collecting data at a broad enough scale to
measure species population responses to environmental stressors and it has
successfully been applied to other taxa, particularly UK birds and butterflies. This thesis
investigates the use of citizen science to address the current knowledge gaps in the
status of UK bumblebee populations by analysing volunteer-collected data on current
distribution and abundance trends in relation to habitat and climate change. Results are
compared to previous studies to infer long-term changes in population dynamics.
The value of applying citizen science methods to bumblebee monitoring is highlighted,
revealing evidence for decline of some common species and the recent retraction of rare
species to their climatic optima. The main findings reveal a potential impact of climate
on the distribution of winter-active bumblebees. They also indicate that, while urban
parks and gardens provide refuge for bumblebees in an otherwise impoverished
landscape, urbanisation may favour short-tongued generalist species over long-term
specialists. The outcomes of this thesis have important management implications for UK
bumblebee populations including the need for reassessment of the conservation status
of B. soroeensis and the sympathetic management of urban parks and gardens for longtongued specialists through the provision of suitable forage material.

USING CITIZEN SCIENCE TO MONITOR
BUMBLEBEE POPULATIONS

Leanne Maura Casey
School of Life Sciences
University of Sussex

A thesis submitted for the degree of Doctor of Philosophy
May 2016

SUMMARY ABSTRACT
Bumblebees are important pollinators of crops and wildflowers and are currently in
global decline. The main drivers of decline include agricultural intensification, climate
change, invasive species, pesticides, parasites and pathogens and it is thought that these
multiple stressors act together to impact populations. However, their relative
importance is unknown and there are wide knowledge gaps in relation to the current
status of species populations and their response to environmental variables such as
climate, habitat and land use change.
Citizen science offers a potential method of collecting data at a broad enough scale to
measure species population responses to environmental stressors and it has
successfully been applied to other taxa, particularly UK birds and butterflies. This thesis
investigates the use of citizen science to address the current knowledge gaps in the
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compared to previous studies to infer long-term changes in population dynamics.
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Chapter 1
GENERAL INTRODUCTION
1.1 Loss of biodiversity and the threat to associated ecosystem services
The Convention on Biological Diversity officially defined biodiversity as “diversity of life
at a genetic, ecosystem and species level” and also described it as “the variability among
living organisms from all sources including, inter alia, terrestrial, marine and other
aquatic ecosystems and the ecological complexes of which they are part; this includes
diversity within species, between species and of ecosystems” (United Nations, 1992). It
encompasses the entire biological hierarchy from alleles to kingdoms while also
including the diversity of interactions at each level of organisation (Sarker and Margules,
2002). The appearance of the term “biodiversity” in scientific journals increased
dramatically following the ratification of the Convention on Biological Diversity in Rio de
Janeiro in 1992 as scientists faced the challenging task of quantifying the diversity of life
on earth and understanding the processes that govern it. Conflict arises regarding
conceptualisation of the term and in relation to methods of measuring biodiversity and
its importance (Eiswerth and Haney, 2001; Moonen and Barberi, 2008). This has led to
difficulty in the practical application of the term for purposes such as policy-making and
landscape planning and management (Moonen and Barberi, 2008; Sarker and Margules,
2002) which is further constrained by the requirement for cost and time effective
approaches to measurement (Buchs, 2003, Hilty and Merenlender, 2000). As a solution,
indicator taxa are often used as a proxy to measure diversity and ecosystem functioning
(Gaston, 1996, Buchs, 2003). These are often charismatic “flagship” taxa (Gaston, 1996),
for example Thomas (2005) demonstrated that extinction rates in British butterflies,

1

which are very well monitored as a result of their visibility and popularity, are similar to
those in a range of other insect groups. This led to him suggesting that similar monitoring
schemes be extended to other popular insects, including bumblebees, which could also
act as indicators for lesser-known taxa.
Despite the challenges that exist in monitoring biodiversity, major developments have
been made in describing the association between species diversity and ecosystem
processes and in identifying functionally important species (Loreau et al., 2001; Hooper
et al., 2005; Balvanera et al., 2006; Magurran, 2013). High levels of biodiversity generally
lead to better ecosystem functioning (Balvenera et al., 2006; Hooper et al., 2005) and
delivery of ecosystem services, defined as any benefit that humans derive from
ecosystems (Mace et al., 2012; MA, 2005). These services are vital to our survival,
providing healthy fertile soils, clean air, clean water, disease and pest regulation, climate
regulation, and food and fibre production along with cultural and aesthetic benefits
(Mace et al., 2012). It is therefore of great concern that we are losing biodiversity at an
alarming rate with knock on consequences for ecosystem functioning, the provision of
ecosystem services and human wellbeing (Mace et al., 2012; Balvanera et al., 2006;
Hooper et al., 2005; MA, 2005; Loreau et al., 2001). It has been estimated that
biodiversity is declining a thousand times faster than at rates found in the fossil record
due to the impact of humans on the planet in the form of habitat destruction, overexploitation, pollution and ecosystem alteration (Frankham et al., 2004; MA, 2005). The
Millennium Ecosystem Assessment (2005) estimated that over 60% of global ecosystem
services were already overused or deteriorating as a result of this decline. Rates of
biodiversity loss are set to accelerate in response to the inevitable increase in human
population density (Visconti et al., 2015). This threat may be exacerbated by the spatial
2

congruence between people and biodiversity with research showing that humans tend
to occupy areas of high species richness for a wide range of taxonomic groups (see Luck,
2007 for review) and that almost one fifth of the global human population resides within
biodiversity hotspots (Cincotta et al., 2000; Gaston and Spicer, 2013). Drastic global
action needs to be undertaken if we are to halt biodiversity loss and protect the
ecosystem services on which we depend. Previous global targets set by the Convention
on Biological Diversity to slow biodiversity loss by 2010 have not been met, and
indicators that measure metrics that relate to human benefits from biodiversity are all
still in decline (Collen et al., 2015). In response to an international recognition of urgent
need for further action, the United Nations set up the Intergovernmental Panel on
Biodiversity and Ecosystem Services (IPBES), modelled after the influential
Intergovernmental Panel on Climate Change). The recent 2016 IPBES report warns of
global declines in pollinators and calls for an increase in monitoring of these functionally
important taxa in order to protect associated ecosystems and pollination services
(Schmeller and Bridgewater, 2016).
1.2 Ecosystem pollination services threatened by pollinator declines
Pollination can be defined as the deposition of pollen from a male anther on to the
female stigma of a flower (Faegri and Van der Pijl, 2013)). Pollinators act as vectors of
pollen transfer, facilitating sexual reproduction in flowering plants. Traditionally, plantanimal pollination interactions were thought to have evolved during the Cretaceous
period coinciding with an explosive diversification of angiosperms (Grimaldi, 1999;
Kearns and Inouye, 1997). However, Ren et al. (2009) have recently challenged this
evolutionary timeline by providing evidence to suggest that pollination of non-
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angiosperms by lacewings occurred prior to this during the Mesozoic period with biotic
pollination becoming the dominant angiosperm strategy by the late Cretaceous
(Ollerton and Coulthard, 2009). The original pollinators are thought to have been
generalised insects such as beetles, anthophilic Diptera, sphecid wasps and primitive
moths with the Order Diptera being the most pivotal in early angiosperm pollination
(Grimaldi, 1999). A recent study involving the collation and analysis of global data on
pollination vectors estimated that 87.5% of angiosperms are animal pollinated, ranging
from 78% in temperate zones to 94% in tropical communities (Ollerton et al., 2011).
Although geographical bias is inherent to this type of global study, for example in this
case there is an entire lack of data from Northern Africa, these figures are based on the
most comprehensive dataset that currently exists. A diverse range of insect species of
the Orders Hymenoptera, Diptera, Lepidoptera and Coleoptera pollinates these extant
entomophilous species. In plant-animal pollination, the primary goal for the plant is the
efficient transfer of pollen while the pollinator aims for optimal acquisition of food
resources. This conflict of interest leads to both parties exerting selective pressure
driving the co-evolution of plants and their pollinators. As plant reproductive success
relies on efficient pollen transfer, plants have evolved traits to attract suitable
pollinators, which in turn drive the co-evolution of specialist pollinator traits and
behaviour suitable for optimal foraging (Bronstein et al., 2006).
Pollination services are critical for maintaining ecosystems and biodiversity through this
long-established relationship that has evolved between wild plants and their pollinators.
Pollination also has an economic value and provides benefits to human health through
crop production. The global production of crops that depend on pollinators is an industry
worth up to US$577 billion annually (IPBES, 2016). These include food crops along with
4

crops that provide biofuels (e.g. canola and palm oils), fibres (e.g. cotton), medicines,
forage for livestock, and construction materials (IPBES, 2016). Many crop species require
insect pollination to give sufficient yields (Stoddard and Bond, 1987; Williams et al.,
1987; Free, 1993; Goulson, 2003; Klein et al., 2007). It is estimated that over 75% of
human food crops rely at least in part on pollination (IPBES, 2016) with over a third of
all crops using insects as vectors (McGregor, 1976; Corbet et al., 1991; Klein et al., 2007;
Williams, 1995). Pollinated food crops include fruit, vegetables, nuts, seed and oils which
are highly nutritious dietary sources of vitamins and minerals that are essential for
human well-being (Daily and Karp, 2015). Pollinator decline could lead to significant
global health burdens from both non-communicable diseases and micronutrient
deficiencies (Smith et al., 2015)
There is widespread concern that we may be nearing a “pollination crisis” due to global
declines in pollinator species in response to habitat degradation, agricultural
intensification, pesticide use, parasites and pathogens, invasive species and climate
change that threaten biodiversity, ecosystem health and pollination services (Holden,
2006; Gross, 2008; Goulson et al., 2015; IPBES, 2016). Conflict exists regarding the use
of the term “pollination crisis” with some scientists challenging its validity due to a lack
of global data on pollinator declines across a wide range of taxonomic groups and little
evidence for declines in crop production (Ghazoul, 2005; 2015). However, while there
is an overall paucity of global data on pollinator populations, highlighting the need for
widespread monitoring (Ghazoul, 2015; Goulson et al., 2015; IPBES, 2016), analyses of
existing datasets do reveal a concerning trend towards decline across several continents
and numerous taxonomic groups. In Europe studies have revealed declines in wild bees
(Kosier et al., 2007; Nieto et al., 2014), honeybees (Potts et al., 2010), hoverflies
5

(Biesmeijer et al., 2006) butterflies (Fox et al., 2015), moths (Fox et al., 2013) and wasps
(Ollerton et al., 2014). In Asia there is evidence for declines in the wild bee populations
of China (Xie et al., 2008; Williams et al., 2009) and Japan (Matsumara et al., 2004; Inoue
et al., 2008). North (Grixti et al. 2009, Cameron et al. 2011, Burkle et al. 2013) and South
(Morales et al., 2013; Schmid-Hempel et al., 2014) American populations of wild bees
are also showing evidence for decline as are South African populations (Pauw, 2007). In
addition, a recent global assessment of the red list index for bird and mammal
pollinators reveals deterioration in their status with most species moving towards,
rather than away from, extinction (Regan et al., 2015). While more studies are needed
to quantify the impact of these pollinator declines on crop production, there is some
evidence to suggest that crop yields are affected by changes in associated pollinator
populations (Aizen and Harder 2009; Garibaldi et al., 2013; Tylianakis, 2013). Aizen et
al. (2008) did not reveal a decrease in crop production, however their analysis of a long
term FAO dataset highlighted the fact that cultivated crops have become more
pollinator dependant and they warned that if this trend continues, declining pollinator
populations may not meet the demand for crop pollination. Ghazoul (2005) argues that
many food crops do not depend on pollinators including those that are wind-pollinated,
such as rice, wheat and maize or self-pollinated such as lentils peas and soya. However,
studies have recently shown that crops that do depend on pollinators are particularly
important for human health, containing essential vitamins and minerals (Free 1993;
Klein et al., 2007; Eilers et al., 2011; Vanbergen et al., , 2013) and that micronutrient
deficiencies in areas where they are unavailable due to a reduction in dietary variety and
an overdependence on food staples (Smith et al., 2015).
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Conserving a high diversity of pollinators is important for effective conservation of plant
communities and crop production through functional complementarity, whereby
different species specialise in pollinating flowers on different parts of the plant at
different times throughout the flowering season and have different responses to
environmental perturbations (Blüthgen and Klein, 2011; Fründ et al., 2013; Brosi, 2016
but see Kleijn et al., 2015). It is therefore of great concern that the recent assessment of
pollinators by IPBES highlights that, in many cases, over forty percent of insect
pollinators are threatened at a local level (IPBES, 2016). The report also highlights
substantial gaps in our knowledge of insect pollinator population dynamics which make
a global assessment of decline impossible. Researchers emphasise an urgent need for
effective monitoring of pollinator species in order to inform management strategies and
conserve the critical ecosystem service of pollination (IPBES, 2016; Goulson, 2015).
1.3 Declines in bumblebees, a functionally important pollinator taxon
Wild bees are important pollinators of native plants with a large number of wild flowers
specialised to depend upon them for reproduction (Corbet et al., 1991; Osborne et al.,
1991; Kwak et al, 1991a and 1991b; Rathcke and Jules, 1993; Goulson 2003; Biesmeijer
et al., 2006; Johnson, 1996; Johnson and Steiner 2000; Kenta et al., 2007). They display
spatial complementarity through different preferences for plant species, varieties or
foraging locations making them particularly efficient pollinators (Hoehn et al. 2008;
Brittain, Kremen & Klein 2013). They also play a significant economic role in global crop
production, providing $150 billion annually (Gallai et al, 2009). Wild bees offer insurance
against changes in the abundance of managed stocks and in many cases produce a
higher crop yield (Garibaldi et al. 2013; Woodcock et al. 2013).
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Bumblebees (Bombus spp.) are highly valued wild pollinators of crops (Corbet et al.,
1991) and wildflowers (Osborne and Williams, 1996). Bumblebee physiology and
behaviour are such that they are particularly efficient at collecting pollen. Their plump,
hairy body increases the likelihood of coming into contact with plant reproductive parts
while foraging and provides a suitable surface for pollen to adhere to (Stanghellini et al.,
1997 and 1998; Thompson and Goodell, 2001). Unlike other pollinators, they are
partially endothermic, producing body heat by rapid muscle contraction (Heinrich, 1979)
and their thick pile of setae provides insulation allowing them to be active at times of
the day and in weather conditions during which most other pollinators are unable to
forage (Corbet et al., 1993; Goulson, 2003). Due to their ability to withstand inclement
weather conditions, they emerge earlier and hibernate later than most other
pollinators, providing pollination services throughout most of the flowering season
(Goulson, 2003). They are also polymorphic both within and between species, allowing
them to exploit a diverse range of flowers comprised of different shapes and sizes
(Sladen, 1912; Goulson, 2003; Peat et al., 2005). Bumblebees are also one of few
pollinators specialised for buzz pollination, a rapid contraction of the flight muscles that
produces vibrations to release large quantities of pollen from the anthers of certain
plants that are dependent on it for reproduction, such as members of the Solanaceae
family (Goulson 2003; Van den Eijende et al., 1991). Finally, bumblebee populations are
comprised of both specialist and generalist pollinators with long-tongued bumblebees
specialising on flowers with deep corollas, such as members of the Fabaceae family and
short-tongued generalists pollinating a more diverse array of plant taxa (Goulson, 2003,
Goulson and Darvill, 2004) increasing their overall efficiency as pollinators.
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Bumblebees have undergone serious declines in recent decades in North America,
Europe and Asia (Kosier et al., 2007; Colla and Packer, 2008; Grixti et al., 2009; Williams
and Osborne, 2009; Goulson et al., 2008; Cameron et al., 2011; Williams et al., 2009). In
North America, some Bombus species have been declining gradually over a number of
decades (Colla and Packer, 2008; Grixti et al., 2009; Williams and Osborne, 2009)
whereas others have undergone precipitous declines over short time-spans, for example
since late 1990s, B. terricola and B. occidentalis have disappeared from much of their
range and B. franklini has become extinct (Williams and Osborne, 2009; Goulson, 2015).
In Japan, declines in native Bombus spp. have been observed recently (Matsumara et
al., 2004; Inoue et al., 2008) and in China, declines have been reported from the lowland
area of the Sichuan Basin (Williams et al., 2009). Substantial range contractions have
occurred in European bumblebee species in recent decades with some local extinctions
and four species have disappeared entirely from the continent (Williams, 1982; Kozier
et al. 2007; Williams and Osborne, 2009; Goulson et al., 2008, 2015). In the UK, two
species (B. cullumanus and B. subterraneus) have been driven to extinction in recent
decades and analysis of historical distribution maps highlights severe range contractions
in six out of twenty-four extant species (B. ruderatus, B. humilis, B. muscorum, B.
distinguendus, B. sylvarum and B. ruderarius) which led to their protected status under
the UK Biodiversity Action Plan (1992-12) (Williams, 1982; Goulson, 2003; Goulson et
al., 2008). A further four species, B. jonellus, B. monticola, B.rupestris, and B. soroeensis
are thought to be rare or declining (Williams and Osborne, 2009). Range dynamics of
these species, however, has not been quantified since the early 1980s and more up-todate information is needed to assess their current status. Additionally, while some UK
species (B. terrestris, B. lapidarius, B. lucorum, B. pascuorum and B. pratorum) are
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thought to have remained common based on the available distribution maps, there is
an entire lack of information on bumblebee abundances and we do not know whether
they are less abundant than formerly and if they are currently in decline (Goulson, 2015).
Citizen science surveys could potentially fill these knowledge gaps by providing a costeffective means of long-term bumblebee population monitoring over a broad
geographical scale (Goulson et al., 2015; IPBES, 2016). The value of citizen science in
monitoring bumblebee populations is explored in this thesis using long-term UK
bumblebee datasets.
1.4 Citizen science
1.4.1 History of citizen science
Citizen science can be defined simply as the engagement of non-professional volunteers
in scientific research or more formally as ‘a method of integrating public outreach and
scientific data collection locally, regionally, and across large geographical scales’ (Cooper
et al., 2007). The scope of citizen science is far-reaching with projects existing across
areas as diverse as astronomy, molecular science, conservation biogeography, computer
science and ecology (Dickinson et al., 2010)
Members of the public have been actively participating in citizen science for centuries.
In 1874, the British government funded the Transit of Venus project to measure the
Earth’s distance to the Sun which engaged the admiralty in collecting data all over the
world (Ratcliff, 2008; Dickinson et al, 2010). Amateur ornithologists have been collecting
data on the migration timing of bird species in Finland since 1749 (Greenwood, 2007).
In 1900 the Audubon Society launched the first Christmas Bird Count across the US and
Canada which has been running ever since, providing the longest time-series of animal
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population monitoring and resulting in the publication of over 350 scientific papers on
bird population dynamics, community ecology, biogeography and census methods
(Devictor et al., 2010; Silvertown, 2009). Modern-day science also incorporates
historical collections collected by amateur naturalists and stored in museums and
herbaria to investigate species distribution and phenological changes over time (MillerRushing et al., 2012)
In recent years citizen science has gained greater attention among the scientific
community, particularly in the field of ecology due to the urgent need for broad-scale
species monitoring in the face of current rates of biodiversity loss and threats to
ecosystems services (Silvertown, 2009; Dickinson et al., 2010). Developments in
technology in the age of the World Wide Web have increased the visibility, functionality,
and accessibility of citizen science projects. For example, E-bird, launched in 2002 by the
Cornell Lab of Ornithology and the National Audubon Society collects five million bird
observations monthly from amateur ornithologists who submit records to an online
central database, which is then used to analyse changes in species distribution and
abundance (Sullivan et al., 2014; E-bird, 2016). Online support, feedback and training
can now easily be given to large numbers of volunteers, improving levels of enjoyment
and motivation which in turn improves the consistency of participation and data
provision (Rottman et al., 2012). Scientific and technological research into increasing the
efficiency of collecting, storing and analysing large volumes of data that varies in quality
and consistency, including the use of online systems that flag up unusual records and
the use of rigorous statistical approaches, has also led to major developments in this
field (Dickenson et al., 2010; Miller-Rushing et al., 2012; Isaac et al., 2014).
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1.4.2 Reconnecting people with nature with mutual benefits for biodiversity and
human wellbeing

Recent studies have highlighted the importance of human interaction with nature for
both biodiversity conservation (Miller, 2005) and human health (Dallimer et al., 2012;
Berman et al., 2008; Ulrich et al., 1991; Parson et al., 1998). In light of these findings, it
is of concern that human beings are becoming increasingly disconnected from the
natural environment due to a combination of global biodiversity loss combined with
rapid urbanisation.
Urbanisation has led to some of the most profound land use changes globally and is
considered one of the main drivers of species decline and biodiversity loss (McKinney,
2002, 2006). A recent analysis of IUCN Red List Data by Maxwell et al. (2016) placed
urbanisation as the third greatest driver of biodiversity decline after agricultural activity
and over-exploitation. While expanding urban environments are associated with a loss
of biodiversity overall, this relationship is complex with certain taxa increasing in
diversity in urban areas (McKinney et al., 2008). Pollinator studies reflect this complexity
with some investigations highlighting urban environments as a potential ecological
refuge for pollinators in an otherwise impoverished landscape (Goulson et al., 2002,
Goulson et al., 2010, Osborne et al., 2008) while others reveal a negative association
between urbanisation and pollinator diversity (Bates et al., 2011; Hernandez et al., 2009;
Arhne et al, 2009; Geslin et al., 2013). It is clear that further monitoring and research is
needed to elucidate the potential impact of expanding urban environments on
populations (McKinney 2008; Fox, 2013).
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Over half of the world’s population now lives in urban areas with >80% of UK citizens
residing in towns and cities and these figures are expected to rise by 2030 (United
Nations Population Division, 2014). Miller (2005) highlights the current relevance of
Pyle’s (1978) “extinction of experience” whereby urbanisation leads to biotic
homogenisation which triggers a response of apathy towards nature in city inhabitants.
This apathy leads to a lack of biodiversity protection and a more depauperate natural
environment which deepens isolation from nature further. Regional efforts are being
made to reconnect human beings with nature through the protection and provision of
green spaces in urban environments, environmental education programmes and
involving the public directly in conservation activities (Dearborn and Kark, 2010; Miller
2005, 2006). However, given the current rates of urban sprawl, more widespread change
is needed in order to protect our connection with nature and motivate people to
conserve our remaining wilderness areas.
Citizen science offers a platform to reconnect human beings with nature while collecting
much needed large-scale information on ecological trends in an affordable manner
(Dickinson et al. 2010; Tulloch et al., 2013). Studies have shown that individuals taking
part in a citizen science project report a better connectedness with nature leading to a
desire to protect and conserve it (Koss, 2010; Stepenuck and Green 2015; Gooch, 2005).
These realizations by participants foster a positive attitude towards environmental
protection leading to associated behavioural change such as an increase in political
activity linked to nature conservation and changes in land-owner’s management
techniques (Stepenuck and Green 2015). Volunteers also benefit from better physical
health and fitness linked to an increase in activity and nature access (Pillemer et al.,
2010) and also improved emotional health with individuals reporting feelings of
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enjoyment, empowerment and pride linked to their participation (Koss, 2010;
Stepenuck and Green 2015; Gooch, 2005). Socialising with other volunteers while
working on a common goal led to a reported increased in the mental wellbeing of
individual volunteers (Pillemer et al., 2010; Stepenuck and Green 2015; Gooch, 2005).
Citizen science projects are also an effective environmental education tool with
volunteers acquiring ecological knowledge, scientific literacy and an ability to think more
scientifically through training, participatory learning and social learning (Dickinson et al.,
2010; Trumbull et al., 2000; Bonney et al., 2009; Stepenuck and Green 2015). This
increased community-level connectedness, awareness and motivation has the potential
to effect positive changes to natural resource management and policies (Stepenuck and
Green 2015).
1.4.3 Citizen science as an ecological monitoring tool
The value of using citizen science in ecological monitoring has been emphasised in
recent decades in light of the current need to monitor broad-scale species population
dynamics in relation to environmental stressors and mitigate against global biodiversity
losses (Dickinson et al., 2010; Silvertown 2009). The use of volunteers allows data to be
collected on a scale that would otherwise be impossible. There are many examples of
citizen science projects across a wide range of taxa that have produced valuable
information on species population trends in relation to environmental stressors such as
habitat degradation, climate change and invasive species (Dickinson et al., 2010;
Devictor et al., 2010; Silvertown, 2009).
In the UK, birds and butterflies are particularly well monitored by citizen science surveys
(Pollard and Yates, 1993; Bibby, 2003; Silvertown, 2009). The British Trust for
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Ornithology (BTO) launched Garden BirdWatch in 1994 and there are now more than
14, 000 citizen scientists recording weekly maximum counts of common bird species that
visit their gardens (Plummer et al., 2015). The survey has been highly successful from an
ecological perspective, leading to scientific publications revealing bird species responses
to habitat and land-use change (Chamberlain et al., 2004; McKenzie et al., 2007;
Chamberlain et al., 2007; Ockendon et al., 2009), climate change (Plummer et al., 2015)
and disease (Lawson et al., 2012). It has recently been extended to incorporate other
taxa with volunteers additionally monitoring mammals (Toms and Newson, 2006) and
bees (D. Goulson, pers. comm.). The UK Butterfly Monitoring Scheme (UKBMS) was
established in 1974 and volunteers have since collected butterfly abundance data on
weekly transects for 71 species (Pollard and Yates, 1993). This long-term data has
produced valuable information on species population trends in relation to changes in
habitats (Warren et al., 2001; Oliver et al., 2010; Oliver et al., 2012) and climate (Warren
et al., 2001; Pateman et al., 2012; Pearce-Higgins et al., 2015). Public surveys have also
generated useful data on UK bumblebee nesting ecology but these tend to be small in
spatial and temporal scale (Fussell and Corbet, 1992 a, b; Osborne et al., 2007; Lye et al.,
2012). However, they highlight the potential of using citizen science as an ecological tool
for monitoring bumblebee populations.
Despite the magnitude of valuable information that can be derived from ecological
citizen science projects, challenges exist in ensuring data quality and using this practice
as a valid means of scientific investigation. Fortunately this is an area of active research
that has produced tested guidelines regarding the use of standardised methodology,
data management and statistical techniques (Dickinson et al., 2010; Silvertown., 2009;
Isaac et al., 2014) and once these are adhered to, citizen science data has been shown
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to yield similar results to those collected by specialists (Delaney et al., 2008; Devictor et
al., 2010; Newman et al., 2010; Fuccillo et al., 2015).
1.5 Aims and objectives
Bumblebees are in global decline and there is an urgent need to understand the
population dynamics of these important pollinators in relation to environmental
stressors; however, there is a paucity of data that is required to assess species
populations. The most comprehensive distribution dataset exists for the UK and this has
revealed severe range contractions for a number of species between 1960 and 1980
(Williams, 1982). However, it has not been analysed since and information on the
current range dynamics of these species is lacking. There is also an entire lack of data on
bumblebee abundances so that, while certain species are widespread and appear
common, we do not know if they are declining in abundance. Bumblebees are
charismatic, popular insects suitable for citizen science monitoring which has the
potential to collect distribution and abundance data on the scale required to monitor
species trends in relation to environmental variables. The aim of this thesis is to fill in
the knowledge gaps in UK bumblebee population dynamics using data collected by
volunteers.
Specific objectives are:
1.

To assess the efficacy of different types of training on the identification of
bumblebee species by volunteers (Chapter 2)

2.

To assess the use of already-existing citizen science datasets to elucidate drivers
of bumblebee population change (Chapters 3, 4, 5, 6)
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3.

To investigate the effect of environmental variables on the distribution of winteractive bumblebees in the UK using volunteer-derived data (Chapter 3).

4.

To use historic citizen science data to investigate whether UK bumblebee species
that underwent range contractions in the past have suffered further contractions
in recent years (Chapter 4) and to assess population change in common species
(Chapters 4, 5, 6)

5.

To investigate climatic-associations of UK bumblebees by modelling historic data
and to ascertain whether declining species are moving towards their climatic optima
(Chapter 4)

6.

To assess habitat-associations of UK bumblebees using citizen science distribution
(Chapter 4) and abundance data (Chapters 5, 6)
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Chapter 2
EVALUATING TRAINING METHODS FOR VOLUNTEERS OF CITIZEN-SCIENCE
MONITORING SCHEMES: A COMPLEX VERSUS A SIMPLE APPROACH.
2.1 Abstract
Citizen science is revolutionising the field of ecology, generating powerful volunteer
derived datasets that enable the detection of species’ population changes over a broad
geographical scale. Despite concern regarding the accuracy of citizen science monitoring
data, very little attention is currently directed at the training of volunteers in species
identification. Here, the efficacy of two different training sessions of equal duration is
evaluated in improving bumblebee identification skills of volunteers (n=122). In a simple
training session, volunteers were introduced to the seven most common UK bumblebee
species and in a contrasting complex session a further eleven species were included.
Volunteers were assessed using pre- and post- training quizzes from which improvement
scores were calculated. Training method profoundly influenced the ability of volunteers
to identify bumblebee species. Simple training led to a vast improvement in the
identification of the common UK bumblebee species and some improvement in the
identification of other species. In contrast, volunteers in the complex training session
became worse at identifying the common species and showed little improvement in
identifying other species. Findings highlight the importance of considering methods of
training for volunteers of citizen science monitoring schemes and have implications for
such schemes worldwide.
2.2 Introduction
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The involvement of non-professional volunteers in scientific enquiry, sometimes known
as “citizen science” has becoming increasingly widespread, particularly during the past
decade (Dickinson et al., 2010). It is not a new phenomemon; one of the earliest citizen
science projects has been running since 1900 (National Aubedon Society's Christmas
Bird Count; Chapman 1900). Citizen science is being successfully employed in a variety
of scientific fields including computer science, geography, astronomy and archaeology;
however, it is currently most influential in ecology (Dickinson et al., 2010). Species
monitoring programmes, in particular, have benefited from citizen science. The
involvement of volunteers in these programmes has enabled data collection on the
broad geographical scale required to detect species range shifts and changes in
population trends over time. This has led to an increase in our knowledge of how
populations respond to environmental change and powerful volunteer-derived datasets
are revealing population responses to climate and habitat change for a wide range of
taxa (butterflies: Roy and Sparks, 2000; Warren et al., 2001; birds: Newson et al., 2009;
Renwick et al., 2012; amphibians: Lepage et al. 1997; plants: Cleland et al., 2007). Other
benefits of citizen science projects include scientific education of the public through
volunteer training and feedback (Bonney et al., 2009).
One of the major challenges associated with citizen science is ensuring sufficient data
quality (Silvertown 2009; Dickinson et al., 2010). Citizen science data is often “mined”
for data subsets that are likely to be of higher quality and statistical methods accounting
for observer error can also be applied. However, dealing with citizen science data at the
analysis stage is notoriously complicated, requiring rigorous statistical techniques
(Bonney et al., 2009), and efforts should be made to eliminate observer errors as much
as possible during data collection. Strategies suggested to address the issue of data
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quality at the data collection stage of long-term monitoring surveys include the
provision of adequate training for volunteers (Dickinson et al., 2010) as well as the
development of rigorous, standardised protocols (Silvertown 2009; Dickinson et al.,
2010; Matteson et al., 2012).
Training provided to volunteers varies greatly between citizen science schemes. Some
offer none, while others offer online training (e.g. Invasive Species Survey in USA,
Graham et al., 2007), group training by an experienced recorder, or the opportunity to
spend time with professional scientists in the field (e.g. UK Butterfly Monitoring Survey,
UK Moth Counts, Fox et al., 2011). Some studies have attempted to quantify the quality
of citizen science data collected following training, by comparing data collected by
volunteers to those collected by professional scientists (e.g. Brandon et al., 2003; Bell
2007; Kremen et al., 2010). For example, Newman et al. (2010) describe poor
performance of volunteers in identification of invasive weeds following online training,
when compared to trained scientists. Given the large volumes of data now being
collected by citizen scientists from numerous countries, it is remarkable how little
attention has been given to attempting to assess which type of training is most effective.
There is an urgent need to compare training techniques, and to assess their relative
merits in enhancing the identification skills of volunteers.
Here a simple experiment designed to inform delivery of indoor training sessions for the
identification of UK bumblebees is described. When designing such a presentation for
beginners in bumblebee identification, it is not clear how much information to include.
How many of the 24 UK species should be covered? The literature suggests that inclusion
of too much information may reduce learning (Sweller 1988; Mayer et al. 2001), but how
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much is too much? The improvement in identification skills of two groups of volunteers
was assessed. Volunteers were subjected to two contrasting training sessions of equal
duration, one in which only a small number of common bumblebees are included, and
the second in which a large number of both common and rare species were introduced.
This study also examines how individual bee species differ in the accuracy with which
they are identified, and how the different training types improve this accuracy.
2.3 Methods
A total of 122 volunteers took part in the study. Volunteers were recruited by advertising
a “BeeWalk Training Day” at The Cooperative Company Supermarkets across the UK as
The Cooperative Company sponsored the study along with The Bumblebee Conservation
Trust. The “BeeWalk Training Day” involved a bumblebee identification training session
on arrival and a bumblebee walk on which identification skills could be practiced in the
afternoon. Volunteers that attended training days most likely represent a subset of the
general population with an existing interest in natural history, however this is likely to
be the case for individuals participating in any species monitoring programme. None of
the volunteers had previous experience in identification or recording of bumblebees
(Bombus spp.). Volunteers were divided into two treatment groups. 65 volunteers
received a “simple” form of bumblebee identification training and 57 volunteers
received “complex” training. Training was delivered in a series of five sessions with each
volunteer attending one session; three for the simple treatment and two for the
complex treatment. Both training types involved a 30 minute indoor presentation on
identification of UK bumblebees. In both treatments volunteers were taught the basics
of bumblebee anatomy, how to distinguish bumblebees from other Hymenoptera, how
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to distinguish between males, queens and workers and how to separate true social
bumblebee species from the cuckoo bumblebee species (subgenus Psithyrus) that mimic
them. A box containing pinned specimens of the seven most common bumblebees was
passed around during the presentation and the same specimens were used for each
treatment and each training session. In the “simple” form of training volunteers were
introduced to seven of the most common bumblebee species in the UK (Table 2.1). In
the complex form of training a further 11 species were introduced (Table 2.1). In both
treatments the key distinguishing features of each species were explained using
diagrams and photographs. Towards the end of the training session, volunteers were
shown photographs of the species that had been described and were invited to
determine the identity of each in an informal group setting.
The effect of training on volunteer ability to identify bumblebee species was tested using
pre- and post- training quizzes. The pre-training quiz was carried out when volunteers
first arrived and the post-training quiz was carried out directly after identification
training to ensure that other activities, such as the bumblebee walk, did not influence
results. Each quiz consisted of 19 bumblebee photographs comprising 14 species (Table
2.1). Post-training quiz photographs differed from those used in the pre-training quiz
but photographs were similar in terms of the visibility of key species traits. The order of
species was randomised for both quizzes. Photographs were projected onto a white
screen for one minute and volunteers were asked to identify each species. In both preand post-training quizzes, volunteers were provided with a colour bumblebee
identification guide (BBCT, 2010). An improvement score was calculated for each
volunteer by subtracting the total number of questions they answered correctly in the
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post-training quiz from the total number of correct answers in their corresponding pretraining quiz.
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Table 2.1 Species described in the “simple” and “complex” training types and quantity of each
species included in quizzes.
Species
Bombus terrestris*
Bombus lucorum*
Bombus hortorum*
Bombus lapidarius*
Bombus pratorum*
Bombus pascuorum*
Bombus hypnorum*
Bombus jonellus
Bombus distinguendus
Bombus ruderarius
Bombus sylvarum
Bombus monticola
Bombus vestalis
Bombus sylvestris
Bombus rupestris
Bombus barbutellus
Bombus campestris
Bombus bohemicus

Simple Training
√
√
√
√
√
√
√
x
x
x
x
x
x
x
x
x
x
x

Complex Training
√
√
√
√
√
√
√
√
√
√
√
√
√
√
√
√
√
√

Quantity
2
2
1
2
2
2
1
1
2
1
1
1
0
0
1
0
0
0

* the seven common species included in both training types.

In order to assess the effect of training type on the ability of volunteers to identify
bumblebee species, a series of generalized linear models (GLM) were run in R Statistical
Software Version 2.12.2 (R Development Core Team, 2011). Results from training
sessions were pooled within each treatment since analysis of variance (ANOVA) showed
no difference in improvement scores between sessions for the complex and simple
training type (simple: F2,62= 3.48, P>0.05; complex: F1,55= 0.17, P>0.05). ANOVA also
showed no effect of gender on improvement score for both treatments (simple: F1,62=
0.06, P>0.05; complex: F1,55= 2.69, P>0.05) and this variable was excluded from
subsequent models. For each model, improvement score was fitted as the response
variable with training type and pre-training score included as fixed factors. Three
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separate models were run; one which included all species, one for the six most common
species and one for the eight less common species.
To investigate whether or not the effect of training on volunteer identification skills
differed according to bumblebee species, a generalized linear mixed model (GLMM) was
run in R (lmer package) using binary data (correct/incorrect) derived from post-training
scores as the response variable. For simplicity, only photographs of female bumblebees
were considered. Fixed factors included species and training type. Each individual
volunteer was assigned an identification code and codes were included in the model as
a random effect.
2.4 Results
2.4.1 Training effects on improvement scores
All species
Of the 19 questions asked per person, the average before training score was 6.4 ±0.3
answered correctly (33.7%). Following training, on average 10.5 ±0.4 were answered
correctly (55.3%) resulting in an average improvement score of 4.1 ±0.3 (21.6%). For the
simple treatment, an average of 6.7 ±0.4 (35.3%) questions were answered correctly
before training and this increased to 13.3 ±0.4 (70%) following training, giving an
improvement score of 6.6 ±0.4 (34.7%) (Fig. 2.1a). By contrast, individuals receiving the
complex treatment scored a mean of 6.0 ±0.3 (31.6%) before receiving training and 7.4
±0.4 (39%) afterwards, resulting in a lower improvement score of 1.4 ±0.4 (7.4%) (Fig.
2.1a). Training type had a significant effect on improvement score (GLM: F1,120= 124.98,
P<0.001; Table 2.2). Pre-training score also had a significantly negative effect on
improvement score (GLM: F1,119= 28.51, P<0.001; Table 2.2).
25

Table 2.2 Effects of training type and pre-training quiz scores on improvement scores based on general
linear models. The training x pre-score interaction did not contribute significantly in each model, and so
was removed.

All species
Training
Pre-score
Seven most common species
Training
Pre-score
Seven less common species
Training
Pre-score

d.f

Effect

120
119

+ve
-ve

124.98 <0.001
28.51 <0.001

120
119

+ve
-ve

215.9
59.58

<0.001
<0.001

120
119

+ve
-ve

4.2
23.65

<0.05
<0.001
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Fig. 2.1 Improvement scores in the complex and simple treatments for (a) all species (b) the
seven most common species and (c) the seven less common species.
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Seven most common species
Of the 12 questions on the seven most common species asked per person, the average
number answered correctly (grouping all participants) was 4.5 ±0.2 (37.5%) before
training and 6.8 ±0.3 (56.7%) after training resulting in an average improvement score
of 2.3 (±0.4) (19.2%). For the participants who received simple training, improvement
score increased by an average of 5.1 ±0.4 (42.5%). The scores of those who received the
complex training decreased by an average of 0.8 ±0.3 (6.6%) (GLM: F1,120= 215.9,
P<0.001; Table 2.2, Fig 2.1b). Pre-training score has a significantly negative effect on
improvement score (GLM: F1,119= 59.58, P<0.001; Table 2.2).
Seven less common species
Of the 19 photos included in the quizzes, seven were of the less common species.
Grouping all participants, the average number of pre-training questions answered
correctly was 2 ±0.1 (28.6%). Following training 3.7 ±0.2 (52.9%) were answered
correctly, resulting in an average improvement score of 1.7 ±0.2 (24.3%). For the simple
treatment, the average improvement score was 1.4 ±0.2 (20%) compared with 2.1 ±0.3
(30%) following complex training (GLM: F1,120= 4.2, P<0.05; Table 2.2, Fig. 2.1c). Again,
pre-training score negatively affects improvement score (GLM: F1,119= 23.65, P<0.001;
Table 2.2).
2.4.2 Species analysis
A complex interaction between species, training type and pre/post score shows that
improvement in identification following training differs according to both bumblebee
species and training type (GLMM: χ213= 65.86, P<0.001; Fig. 2.2). Because of this strong
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three-way interaction, the effects of individual explanatory variables and their two-way
interactions could not be independently assessed. It is clear that species differed in how
easy they are to identify. For example, prior to training B. pascuorum was rarely correctly
identified (5/122 correct questions) whereas B. hypnorum was often identified correctly
(91/122) (Fig. 2.2). The three-way interaction demonstrates that the effect of training,
and of training type, varies from species to species. For example, the identification of B.
pascuorum improves greatly in the simple treatment but improves very little in the
complex treatment (Fig. 2.2). Conversely, B. monticola shows no improvement in the
simple treatment (in which this species is not mentioned) but only a marginal
improvement in the complex treatment (Fig. 2.2).
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Fig. 2.2 Proportion of questions answered correctly in pre- and post- training quizzes for each
species for (a) simple and (b) complex training type. A dashed line separates the seven most
common species (left) from the seven less common species.

2.5 Discussion
This study reveals a number of interesting aspects of the efficacy of species identification
training for citizen scientists. Overall, a simple 30 min indoor training session improved
the ability of a mixed group of adults to identify bumblebees to species from
photographs (from 33.7 to 55.3% of answers correct). However, training type had a
profound influence on the efficacy of training. Simple training which focussed on just 7
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species resulted in a much greater improvement in scores than complex training which
included 18 species within the same length of training session. Volunteers given the
simple training became much better at identifying the seven common species on which
the training focussed, but also improved a little in identifying species not included in
their training. In contrast, volunteers given the complex training got worse at identifying
the seven common species, and only a little better at identifying the less common
species.
In the simple training, volunteers had more time to focus on the basic steps required to
separate males from females, true bumblebees from cuckoos and queens from workers.
They were also introduced to a smaller suite of species with which they had time to
become familiar. Subsequently, in the post-training test they may have been able to
recognise unfamiliar traits as belonging to a species outside of this group, which they
could attempt to identify using the field guide provided. This may explain why they
improved in their ability to identify species not included in the training session.
In the complex treatment, it seems that the volunteers were exposed to too many
species within the set timeframe. It has long been established that humans have a
limited capacity to store information in their short term memory (Miller 1956), and that
if information is presented too quickly then they are unable to process it and transfer it
accurately to long-term memory (Pastore, 2012). If cognitive load is too high, because
too much information or too many types of information are presented, then learning is
impaired (Sweller 1988; Mayer et al., 2001). High cognitive loads can even lead to stress
and high blood pressure (Fredericks et al., 2005). The challenge for those designing
training sessions is to work out the optimum load.

31

It was unsurprising that the simple training was more effective in improving the
identification of the seven most common bumblebees considering that these species
were the focus of the training session. It is interesting, however, that volunteers who
were given the complex training actually became worse at identifying the seven
common species. This, again, is presumably because of the high information load of the
complex treatment. Volunteers exposed to the complex training were perhaps more
likely to confuse common species with similar rare species.
In general, volunteer scores in the pre-training quiz influenced their post-training scores
(Table 2.2). If volunteers received high scores in the quiz prior to training they tended to
have a lower improvement score than those who did less well. This is presumably simply
because volunteers who were naturally more skilful at identifying species using the field
guide alone had less room for improvement in their identification skills.
There were interesting differences between bumblebee species in the accuracy with
which they were identified pre-training, and in the response of volunteers to the
different training approaches. Some species are distinctive, and hence were usually
identified correctly without any training; for example, B. hypnorum is the only species
with a combination of a ginger thorax and a distinctive white tail. Improvement in
identification differed between training types and also according to species. The simple
treatment led to a general improvement, with higher scores for 13 of the 14 species
included in the test (and remaining unchanged for B. monticola). Improvement in this
treatment was particularly marked for two common species, B. pascuorum and B.
lucorum (Figure 2.2). In contrast, the influence of receiving the complex training varied
greatly across species, with improvements in some and declines in others. For example,
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the accuracy of identification of B. pascuorum remained low, and scores for B. lucorum
did not change. Accuracy declined markedly in two common species, B. pratorum and
B. terrestris. It is likely that the simple treatment led to a marked improvement in some
common species since these were at the focus of the training session. In contrast,
volunteers in the complex treatment would not have been as familiar with common
species’ traits and were more likely to confuse these species with other species which
were introduced during the training session.
Overall, this study suggests that initial training sessions for volunteer recorders are more
effective if they are kept simple and focus on a small number of common species. By
doing so, a fairly high level of accuracy was achieved in identification of common
bumblebee species (70%). These common species are likely to comprise the vast
majority of bees seen in most locations in the UK, suggesting that simple citizen sciencebased recording schemes targeted at gathering information on the abundance of the
common species could produce data of moderate accuracy. Of course subsequent
training sessions could be used to improve skills and one would hope that keen
recorders would hone their identification skills further through practice. Also, volunteers
leaving simple training sessions with a higher degree of confidence in the common
species may feel more encouraged to develop their species identification skills and
commit to long term monitoring surveys.
When assessing training requirements for a citizen science project, it is important to
consider tradeoffs between time invested in volunteer training and logistics of training
provision, including financial and geographical limitations. Tulloch et al. (2013)
investigated the effect of time invested by British Trust for Ornithology (BTO) staff and
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volunteers in gathering species data for bird monitoring programmes on the number of
citations of the resulting published data. They found that increasing time investment
does not necessarily lead to higher quality data and underlined the importance of
identifying a “benefit threshold”, a point at which further investment produces
significantly fewer gains. They also found that a longitudinal project, similar to BeeWalk,
whereby volunteers used long-term fixed sites, was more costly to manage but
ultimately produced more benefits in terms of scientific knowledge and output than
short-term cross-sectional schemes. This is to be due to the ability of longitudinal
projects to measure the impact of environmental change on both the distribution and
abundance of populations over time. Many of these projects used a tiered approach
with regional, experienced volunteer coordinators training new recruits and assessing
data quality (Pollard and Yates, 1993, Bell et al., 2008). This approach requires high initial
investment that produces long term gains both in terms of scientific output and project
sustainability (Pollard and Yates, 1993; Tulloch et al., 2013). While the current study
showed that a short training session leads to an increase in the ability of volunteers to
identify seven common species of bumblebee, it is unknown whether further
investment in training provision will lead to an increase in knowledge of bumblebee
population dynamics. Studies of bird species identification by secondary school pupils
have shown that if anymore than 6-8 species are introduced in a single 45 min class,
species identification accuracy decreases as does retention of information learned when
assessed 6-8 weeks later (Randler and Bogner, 2002; Randler and Bogner, 2006; Randler
2008). This evidence coupled with the results from this training study suggests that
bumblebee monitoring volunteers should initially focus on common species in one short
training session since it has been shown to be effective. More species could be
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introduced in an advanced training session after volunteers have completed one season
of monitoring, allowing individuals to familiarise themselves with the common species
before introducing rarer ones. Online systems, programmed to provide feedback on key
species characteristics could also be used to supplement and reinforce information
learned through direct training. This has already been shown to be effective in improving
the accuracy of bumblebee identification by volunteers using photographs (Wal et al.,
2016) but it has yet to be applied to monitoring schemes. As bumblebee monitoring
projects progress, experienced, regional volunteers with advanced training could
manage and train new recruits, forming a tiered approach similar to BMS (Pollard and
Yates, 1993). This would help to reduce tradeoffs due to financial and geographical
limitations and further engage volunteers through direct training and feedback at
regional level. The finding that species differ in the ease with which they can be
identified is not surprising but is important. If we can quantify the frequency with which
particular species are identified accurately, and which species are most commonly
mistaken for one another, then we can apply confidence limits to data collected by
citizen scientists. We can also adjust subsequent training sessions to focus on the species
that are most frequently misidentified. Identification tests based on photographs
provide a simple means by which the accuracy of individual recorders can be quantified
and monitored over time. Such tests could readily be delivered online and could help to
keep recorders engaged, providing them with feedback on their performance, as well as
providing scientists with regular updates on the quality of the data being provided by
each volunteer. Unfortunately, it was not possible, in this particular study, to include
more information on individual volunteer profiles, such as age and education, due to a
request by The Cooperative Company to refrain from requesting private details from
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individuals at training events. However, future training sessions could include requests
for this information so that these variables are incorporated into analyses in order to
investigate their potential effect on learning.
These findings have broad relevance to any citizen science scheme that requires
volunteers to identify organisms. Many such schemes have been launched in recent
years (Conrad and Hilchey, 2011) but little attention has been paid to determining the
optimum type of training to offer, and often the accuracy of records obtained remains
unclear. Of course this study is small in scope, and involves only two contrasting
treatments, but we hope that our work will stimulate further studies in this area.
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Chapter 3
USE OF CITIZEN SCIENTISTS TO MAP THE SPREAD OF WINTER-ACTIVE BUMBLEBEES IN
GREAT BRITAIN
3.1 Abstract
Over the past two decades, workers of both Bombus terrestris and Bombus pratorum
have been observed foraging during the winter months in the UK. The key driver of this
phenomenon remains unknown, though climate change has been shown to affect
hibernation period, phenology and voltinism in other insect groups. Data collected by
citizen scientists have proved a powerful tool for monitoring species’ responses to
environmental change. Ths study uses a citizen science dataset to assess the distribution
of winter-active bumblebees, analysing records collected by 5,748 volunteers over a
four-year period (2007-2011). Spring records suggest that B. terrestris and B. pratorum
are almost ubiquitous throughout Britain. Although winter-active B. terrestris were
recorded as far north as Scotland, winter records of both species were more common
at lower latitudes relative to the number of spring records, suggesting that climatic
factors currently limit the distribution of winter-active bumblebees. Possible
consequences of the spread of winter active bumblebees are discussed.
3.2 Introduction
In recent decades, climate change has had a notable effect on the distribution,
phenology and life history of many invertebrate species (Walther et al. 2002; Robinet
and Rocques, 2010; Pöyry et al. 2011). Its effect on butterfly species has been
particularly well documented, with Parmesan et al. (1999) providing large-scale
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evidence of northerly shifts in the ranges of non-migratory butterfly species. First and
peak appearance dates of butterfly species have advanced over the last two decades in
response to climate change (Roy and Sparks, 2000) and species show large spatial and
temporal differentiation in peak emergence dates due to differences in regional
adaptation and plasticity in phenology (Hodgson et al., 2011). Compared with
butterflies, there is a paucity of information available on the effect of climate change on
UK bumblebees. Dramatic range contractions of some UK species have occurred since
the 1960s (Goulson et al., 2008) but the role that climate may have played in these
distribution changes remains unclear. Furthermore, little is known of the potential
effects of climate change on bumblebee phenology and life history.
The wealth of information available on the effects of climate change on UK butterfly
species is largely due to the existence of citizen science surveys involving systematic data
collection by volunteers (Pollard and Yates, 1993). Citizen science is becoming
increasingly important in species monitoring across many taxa (Silvertown, 2009), with
well-designed volunteer surveys facilitating large-scale data collection that would
otherwise be impossible (Silvertown, 2009; Couvet et al., 2008; Dickinson et al., 2010).
Existing species-specific citizen science surveys may provide a good opportunity to
efficiently collect information on a wider range of taxa since standardized protocols and
expansive networks of volunteers have already been established. An example of such a
survey is the British Trust for Ornithology (BTO)’s Garden BirdWatch survey (GBW), a
mass participation citizen science project that has led to numerous publications on the
use that birds make of garden habitats and how this relates to population trends at a
wider spatial scale (e.g. Cannon et al., 2005, Chamberlain et al., 2007, Ockendon et al.,
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2009, Robinson et al., 2010). In addition to recording garden birds, volunteers
participating in this existing scheme are invited to collect information on other taxa,
including mammals, reptiles, amphibians and various invertebrates. Toms and Newson
(2006) showed that data collected on other taxonomic groups through the Garden
Birdwatch survey offered new opportunities for the monitoring of species within a builtup environment, a habitat that can be difficult to survey.
Until recently, winter hibernation of bumblebees was thought to be ubiquitous in the
UK (Alford, 1975) though populations of Bombus terrestris in southern Europe are
known to have a second autumn/winter generation (Rasmont et al., 2008). However, in
recent years there have been regular sightings of winter-active bumblebees in the UK.
This phenomenon was first recorded in southern England in 1990 (Robertson, 1991)
where Bombus terrestris workers were observed foraging in both December and
January. In addition to B. terrestris, winter records also include some B. pratorum.
Stelzer et al. (2010) show that B. terrestris can achieve high foraging rates during winter
months. While some sightings of winter bumblebees in the south of the UK have been
reported and mapped (Stelzer et al., 2010), the distribution of records has not, until now,
been formally analysed.
Here we use presence/absence bumblebee data collected by citizen scientists to
investigate the distribution of UK winter bumblebees. We analyse record distribution in
relation to latitude, temperature, rainfall and level of urbanisation in order to ascertain
whether or not winter activity is more pronounced under certain environmental
conditions.
3.3 Methods
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In 2007, the Bumblebee Conservation Trust and the British Trust for Ornithology (BTO)
launched ‘Garden BeeWatch’, within the existing Garden BirdWatch framework, in
order to collect presence/absence data on garden bumblebees across Britain & Ireland.
This study concentrated on data from Great Britain because of the smaller number of
participants in Ireland. While validation of individual records was not possible, the online
system through which these data have been submitted by participants utilises threshold
validation to flag-up unusual records, thereby alerting observers to potential errors.
Threshold validation involves programming existing species information to allow
software to identify anything outside the normal pattern of occurrence for the species
in question. In the case of Garden BeeWatch, records outside of each species range and
flight season, based on the latest datasets verified by the Bees Wasps and Ants
Recording Society (BWARS) experts and made available through the National
Biodiversity Network (NBN; National Biodiversity Network, 2017) are flagged up and
removed for further investigation by BWARS. Because the survey involved the
systematic year-round recording of bumblebees over an extensive network of British
garden sites, the resulting dataset provides a suitable opportunity to study the
distribution of winter-active bumblebees.
Volunteers were asked to carry out a weekly survey of their garden and to record the
maximum number of each species of bumblebee seen together at one point in time
during the defined observation period. Volunteers were asked to maintain a consistent
level of observation effort from one week to the next and were encouraged to discard
data from under- and over-observed weeks. Some variation in observer effort and
competence is inevitable; however, it is contended that this does not detract from the
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ecological interest of these data when examined at a national scale and over a five-year
time period.
14,182 gardens were surveyed as part of the Garden BirdWatch scheme during the
period which ran from 1st January 2007 to 31st December 2011, of which 3,497 returned
bumblebee records. For the purpose of analysing winter distribution in relation to spring
distribution a “winter” (1st December - 31st January) and “spring” (1st March - 30th
April) seasonal period was assigned. The rationale for using spring records, rather than
records from throughout the spring and summer, is that identification of B. terrestris is
likely to be far more reliable during the queen flight period than later in the year when
worker bumblebees predominate. Workers of B. terrestris are difficult to distinguish
from similar species.
A binary logistic regression was run in R Statistical Software Version 2.12.2 (R
Development Core Team, 2011) in order to test the effect of season (winter/spring),
year, latitude, temperature, rainfall and proportion of surrounding urban habitat on
record distribution. The presence/absence (1/0) of species observation per 10km square
was fitted as the response variable. Data were obtained for a total of 973 10km squares.
Mean monthly maximum temperature and rainfall values for each 10km square were
interpolated from Met Office weather stations (UK Meteorological Office, 2012) and
assigned to each observation. The degree of urbanisation in the 10km square within
which each site was located was determined from the Land Cover Map 2007 (Morton et
al., 2011) using ArcGIS software, version 10 (ESRI, 2011). This survey produces a land
cover map that identifies 23 land cover classes, which combine to map 17 terrestrial
‘Broad Habitats’, with a minimum mappable unit of 0.5ha. These data were summarised
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to derive a measure of the percentage of urbanised land cover within each 10km square
that contained one or more GBW sites. The effect of urbanisation could be confounded
by geography, since urban areas are concentrated in the southern half of Great Britain,
but the inclusion of latitude in the models allows this to be tested. The maximal binary
logistic regression model included all explanatory variables along with their two- and
three-way interactions. Model selection was performed using a backward stepwise
regression with P-values at a significance level of 0.05. A likelihood ratio test using chisquared was performed to assess the contribution of explanatory variables to the final
model.

3.4 Results
Spring records of B. terrestris were reported in 2,088 gardens, 108 of which also had
winter records. B. pratorum was recorded in 603 gardens during the spring period and
from 11 gardens during the winter. The ratio of the total number of spring to winter
bumblebee records was lower for B. terrestris (19.3: 1) than for B. pratorum (54.8: 1).
The number of gardens reporting records in the winter period is far lower than in spring
for each species with 95% of total B. terrestris records and 98% of total B. pratorum
records occurring in the spring period (Table 3.1; Fig. 3.1a-b). Both species exhibit a
markedly more southern distribution during winter compared with that seen in spring
(Fig. 3.1a-b), with binary logistic regression models revealing a highly significant negative
effect of the interaction between season and latitude on the distribution of both species
(B. terrestris: χ25946=67.1, P< 0.001; B. pratorum: χ22635= 7.4, P< 0.01, Table 3.2).
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Table 3.1 Number of gardens reporting spring and winter records of B. terrestris and B.
pratorum.

Year

B. terrestris

B. pratorum

Winter

2007/08

714

42

159

3

2008/09

Winter
273

27

49

4

2009/10

677

26

195

1

2010/11

786

13

250

3
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Spring

Winter

Spring

Fig. 3.1a Distribution of Bombus terrestris winter records (black) relative to spring records
(white).
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Fig. 3.1b Distribution of Bombus pratorum winter records (black) relative to spring record

45

Table 3.2 Minimal model summary for each species where presence/absence per 10km square is fitted as the response variable in a binary logistic
regression. Season, year, proportion of surrounding urban habitat, mean monthly maximum rainfall, mean monthly maximum temperature and
latitude along with their 2- and 3-way interactions were fitted as fixed factors.
Species
B. terrestris

B. pratorum

Variable
Winter Season
Year2
Year3
Year4
Urban Habitat
Rainfall
Temperature
Latitude
Winter Season:Year2
Winter Season:Year3
Winter Season:Year4
Winter Season:Latitude
Urban Habitat:Latitude
Winter Season
Year2
Year3
Year4
Urban Habitat
Rainfall
Temperature
Latitude
Winter Season:Year2

Estimate

S.E.

30.49
-1.26
-0.10
0.05
-9202.00
1.39e-03
0.05
-0.10
1.01
-0.18
-1.62
-0.65
177.80
31.20
5.40
17.92
1.97
-17.68
-3.25e-03
5.64e-04
0.09
1.80

4.67
0.13
0.10
0.15
2799.00
2.23e-03
0.02
0.02
0.24
0.24
0.35
0.09
53.55
15.41
5.75
4.48
4.32
120.50
0.01
0.03
0.06
0.71
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z-value
6.523
-9.647
-0.981
0.362
-3.288
0.626
2.495
-4.121
4.287
-0.743
-4.651
-7.146
3.319
2.025
0.938
4
0.457
-0.147
-0.637
0.019
1.47
2.53

P

AIC

6.90e-11* 5931.4
< 2e-16*
0.33
0.72
1.00e-03*
0.53
0.01*
3.77e-05*
1.81e-05*
0.46
3.30e-06*
8.94e-13*
1.00e-03*
0.04* 2413.7
0.35
6.34e-05*
0.65
0.88
0.52
0.99
0.14
0.01*

Winter Season:Year3
Winter Season:Year4
Winter Season:Latitude
Year2:Latitude
Year3:Latitude
Year4:Latitude

-1.87
-0.61
-0.68
-0.14
-0.34
-0.03
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1.14
0.78
0.30
0.11
0.09
0.08

-1.639
-0.778
-2.288
-1.237
-3.977
-0.393

0.10
0.44
0.02*
0.22
6.97e-05*
0.69

Yearly variation in the number of winter records differed significantly from variation in
spring records for both species, with a significant effect of the interaction between
season and year on species occurrence (B. terrestris: χ25947= 67.9, P<0.001; B. pratorum:
χ22730= 11.7, P<0.001, Table 3.2). Winter records fluctuated less between years than
spring records, in part a consequence of a notable drop in spring records in 2008/09
(Table 3.1). While the interaction between urban habitat and latitude was found to have
a significant effect on the occurrence of B. terrestris with proportionally more records
occurring in southern urban areas, the effect of urban habitat did not differ between
seasons (B. terrestris: χ25878=0.2, P> 0.1; B. pratorum: χ22358= 0.5, P>0.1, Table 3.2).
The effect of mean monthly maximum temperature on species occurrence was found to
be significant for B. terrestris (χ25883=3.7, P = 0.05, Table 3.2) and non-significant for B.
pratorum (χ22632=0.003, P>0.1, Table 3.2).
3.5 Discussion
Results of this study indicate that winter-active bumblebees are widespread across
much of Great Britain and occur as far north as Central Scotland, but that they tend to
be disproportionately more common in the south. Although recently published maps
show records of winter-active bumblebees in the south of the UK (Stelzer et al., 2010),
this is the first time their distribution has been assessed using a large-scale dataset that
includes records from the north and both presence/absence information derived from
systematic weekly observation. It remains unclear whether these bees originated from
nests that do not die in autumn, or from newly founded nests established by queens
that failed to hibernate or, alternatively, emerged from hibernation very early. Pollencollecting queen B. terrestris have been observed in November/December (D. Goulson
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pers. obs.,) and Stelzer et al. (2010) reported a peak in the number of queens observed
in October/November, suggesting that the phenomenon may be driven by queens
hibernating briefly but then emerging later in autumn. While it would be desirable to
have information on caste for records analysed in this study, the use of citizen scientists
limits the level of detail at which data can be collected due to lack of expertise and/or
the need to keep the recording methods simple when working with multiple taxa.
However, the scope of this study would not have been possible without the help of
volunteers.
Several theories have previously been suggested to explain the appearance of winter
active bumblebees in Great Britain. These include the increased availability of forage
material in the form of cultivated, exotic winter-flowering plants in urban parks and
gardens; Stelzer et al. (2010) show that B. terrestris can achieve high foraging rates in
winter by utilising these resources. There is also a possibility of hybridisation of British
B. terrestris audax with the commercially imported Mediterranean subspecies B. t.
dalmatinus, which is active during the winter months across its native range (Ings et al.,
2006; Gürel et al., 2008). While these factors may play a role in allowing increased winter
activity of native bumblebees, the southerly distribution of winter records combined
with the lack of a clear influence of surrounding urban habitat on winter bumblebee
activity compared with spring activity indicates that regional climate exerts an influence
on this phenomenon. Average maximum winter temperature did not exert a significant
influence on winter appearance of species in this study but this may be due to the fact
that earlier, autumn temperatures, during queen hibernation, are more strongly
associated with winter activity. If regional climate does indeed influence winter activity,
winter bumblebee populations are likely to be impacted climate change in the future
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(IPCC, 2013). Climate change has been cited as a major driver of changes in phenology,
range and life history of many other insect species (Menzel et al., 2006; Ayres and
Lombardero, 2000; Carroll et al., 2003; Roy and Sparks, 2000). Reduced periods of
diapause and changes in voltinism are commonly reported in relation to warming
winters (Robinet and Rocques, 2008; Lange et al., 2006).
Yearly fluctuations occurred in the proportion of winter bumblebees recorded. This may
reflect natural variation in the density of winter and spring populations. For example,
the low numbers of bumblebees recorded during the 2008/09 winter and spring period
may reflect the particular severity of that winter, with its low temperatures and
associated slow start to spring. It is unknown why these two species in particular have
become active during the winter months. It may be that since they are the earliest
species to emerge in springtime (Edwards and Jenner, 2001), they are in a better
position to adapt to cooler winter temperatures. Also, both of these species already
display multivoltine tendancies with B. pratorum producing up to two broods in the
spring and summer months in the UK and B. terrestris populations producing an
autumn/winter generation in southern Europe (Rasmont et al., 2008). Long-term
monitoring is required in order to further investigate the population dynamics of winter
bumblebees, particularly with regard to whether they are becoming more abundant or
spreading further northwards. These data will emerge from the Garden BeeWatch
records over time.
It is unknown whether the emergence of winter-active bumblebees has significant
ecological consequences. The presence of these bees may allow bumblebee-pollinated
plants to flower earlier (Stelzer et al., 2010). They may alter the competitive balance
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between bumblebee species, because emerging queens of other bumblebee species
now face competition from workers from established nests of B. terrestris and B.
pratorum. The presence of active nests throughout the year may favour evolution of
more virulent pathogens, since they no longer have to survive the winter via vertical
transmission in queens. If the decision to avoid hibernation occurs in relation to warmer
temperatures and these are followed by persisting cold extreme events, winter active
populations may be negatively affected (Kodra et al., 2011; Owen et al., 2013).
This study highlights the value of citizen science surveys that follow a well-structured,
simple protocol in collecting large-scale, extensive datasets, which can be used to
investigate ecological phenomena.
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Chapter 4
EVIDENCE FOR HABITAT AND CLIMATIC SPECIALISATIONS DRIVING THE LONG TERM
ABUNDANCE TRENDS OF UK AND IRISH BUMBLEBEES

This chapter is published as:
Casey, L.M., Rebelo, H., Rotheray, E. and Goulson, D., 2015. Evidence for habitat and
climatic specializations driving the long‐term distribution trends of UK and Irish
bumblebees. Diversity and Distributions, 21: 864-875.
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4.1 Abstract


There is widespread concern over the current state of global pollinator
populations and evidence suggests that bumblebees are declining in many parts
of the world. However, there is very little monitoring of pollinator populations,
so the extent and patterns of decline are not well characterised.



The most comprehensive set of bumblebee species records exists for the UK and
Ireland and previous analysis of the UK data highlighted severe range
contractions for a number of species by the 1980s.



Here we use the most current dataset to quantify the extent of range change
over three time periods (pre1960, 1960-80 and 1981-2012) in order to compare
results with earlier studies and ascertain whether species are continuing to
decline. We also investigate if species are becoming more marginal i.e. occupying
areas with more extreme or specialised climatic conditions within the UK and
Ireland.



For species that have contracted or become more marginal, we predict their
climatic specialisation within the UK and Ireland using Maxent models, allowing
us to associate records with climatic suitability values for each time period and
to investigate whether or not species are contracting towards their climatic
optimum.



We find that populations of most rare bumblebee species appear to have
stabilised post-1980, while the more common species appear to have expanded
in range. However, rare species tend to have become more marginal in the sites
they occupy post-1980, some have contracted towards their predicted climatic
optimum, and some of which also retracted towards coastal areas.
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Our results provide a mixed picture of the state of the UK and Ireland’s
bumblebee fauna, and must be interpreted with caution as changing patterns of
recorder effort may distort real trends. They highlight the need for future
monitoring of the abundance of pollinators on both a regional and global scale.

4.2 Introduction
Bumblebees (Bombus spp.) are highly valued pollinators of crops (Corbet et al., 1991)
and wildflowers (Williams and Osborne, 2009), contributing substantially to the global
agricultural economy and providing an ecosystem service that is invaluable to the
preservation of global biodiversity (Goulson, 2003). Bumblebees also have an intrinsic
value and, due to their popularity, act as a flagship group for pollinator conservation. It
is widely accepted that bumblebees, and other key pollinators, have suffered recent
declines in many parts of the world. Distributional studies in North America, Europe and
Asia reveal severe declines in a high proportion of species (Williams and Osborne, 2009;
Goulson et al., 2008; Cameron et al., 2011; Williams et al., 2009b) emphasising the need
for research, monitoring and conservation.
Drivers of bumblebee decline are thought to vary to some extent across geographic
regions. There is strong evidence for a widespread effect of agricultural intensification
on populations through the reduction of forage availability and nesting sites in Europe,
N. America and China (Williams and Osborne, 2009; Goulson et al., 2008; Williams et al.,
2009). Recent studies suggest that insecticides used in modern agriculture may also be
playing a role, particularly the widespread adoption of neonicotinoid insecticides since
the early 1990s (Whitehorn et al., 2012; Gill et al., 2012; Goulson, 2013). Pathogen
spillover from commercial populations has been suggested to be responsible for recent
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dramatic declines of some N. and S. American species (Cameron et al., 2011; Arbetman
et al., 2013; Schmid-Hempel et al., 2014). The introduction of the exotic B. terrestris to
Japan is also thought to have led to declines through competition with native species
(Kondo et al., 2009; Inoue and Yokoyama, 2010; Tsuchida et al., 2010). Finally, climate
change has been implicated in the range contraction of butterfly species (Thomas et al.,
2006) but its role in bumblebee decline remains largely unknown.
Drivers of population change are likely to affect species differently with specialist species
being potentially more susceptible to decline than generalists. Specialist species have
been declining in recent years in response to global changes in habitat and climate, and
numerous studies show that they are being replaced by generalist species that are more
readily adaptable to environmental change (Clavel et al., 2011). While some bumblebee
species are contracting their ranges, others remain widespread and common and
several theories have been proposed to explain inter-species variation in range change
patterns. While some studies found evidence of food-plant specialisation in rare species
(Goulson and Darvill, 2004; Goulson et al., 2005; Kleijn and Raemaker, 2008), others
found no such patterns (Williams, 1988; Williams et al., 2007; Fitzpatrick et al., 2007).
Williams (1988) proposes a “marginal mosaic” model describing how habitat
fragmentation and resource levels at the edges of a species’ climatic range could drive
contractions and provides evidence for differences between UK bumblebee species with
regard to levels of range contraction, associated habitat types and proximity to species’
global climatic ranges. Williams et.al (2007) provides further quantitative evidence to
suggest that a combination of habitat and climate specialisations may be associated with
decline.
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It is clear that there are a number of potentially interacting drivers of bumblebee decline
that vary across regions and between species and it is important that we understand
primary regional influences and how they affect species populations in order to direct
conservation efforts and mitigate against future declines.
Unfortunately, long-term abundance data for bumblebees or other wild pollinators are
entirely lacking. However, data on distributions are available for some regions, with the
most comprehensive set of records being for the UK and Ireland, based primarily on
surveys carried out by the Bumblebee Distribution Maps Scheme (Alford, 1980), the
Bumblebee Working Group (Edwards, 2001) and the Bees, Wasps and Ants Recording
Society (BWARs). Presence-only species records, particularly those spanning a number
of decades, are subject to bias arising from variation in sampling effort (Hortal et al.,
2008). While these records are often limited across taxa and regions, they are often the
only information available that spans a sufficient time period to answer ecological
questions regarding population dynamics in relation to environmental change. Research
needs to be directed in such a way that these sampling biases are accounted for. In that
context, species distribution models that combine occurrence data with environmental
estimates are increasingly being used to this effect (Elith et al., 2006; Hernandez et al.,
2006; Elith and Leithwick, 2009; Rebelo and Jones 2010).
Here, we use presence-only species records from the UK and Ireland to quantify patterns
of range change over time for all of the extant bumblebee species. We compare our
results to Williams (1982), who reported widespread range contractions for UK
bumblebees in the period 1960 to 1980, to determine whether these trends have
continued. We then use species distribution modelling techniques to predict the climatic
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specialisation of each species within the UK and Ireland and compare this to occurrence
data in order to test the hypothesis that declining species are contracting towards their
climatic optima (climatic conditions most favourable for survival and reproduction;
Williams, 2007). We also test the effect of proximity to coastal habitat on species’ range
change, since some species now appear to have markedly coastal distributions.
4.3 Methods
4.3.1 Species records and environmental data
Our study area covered all of the UK and Ireland. Bumblebee species records were
obtained from the Bees, Wasps and Ants Recording Society (UK) and the National
Biodiversity Data Centre (Ireland). These data include historical records from the late
1800s onwards and comprise of presence-only data derived from scientific literature,
museum specimens and field surveys. Records have been validated by senior members
of each society and are made freely available through the National Biodiversity Network
(www.nbn.org.uk).
Climatic and topographical variables for current environmental conditions in UK and
Ireland were derived from the WORLDCLIM dataset (http://www.worldclim.org,
Hijmans et al., 2005) at a 30 arc-seconds (~1 km) resolution. These have been generated
by interpolation from climate data spanning fifty years (1950-2000) and are standardly
used in species distribution modelling to predict current, past-historic and future
distributions (e.g. Fourcade et al., 2013, Cordellier and Pfenninger, 2009). Bioclimatic
variables were calculated using monthly data for March-October only, in order to
represent the most active period for bumblebees in our study area. This is the flight
period of bumblebees in the UK spanning emergence of queens from hibernation, nest
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establishment and production of workers, males and new queens after which new
queens enter hibernation and the rest of the colony dies off. This approach meant that
eight WORLDCLIM variables (Bio8, Bio9, Bio10, Bio11, Bio16, Bio17, Bio18 and Bio19)
that were calculated based on quarterly averages were excluded from the analysis. A
Pearson-product correlation matrix of all remaining UK and Ireland bioclimatic variables,
along with altitude and slope, was produced in R (R Core Team, 2013; see Table S4.1 in
Supplementary Material). Where variables were highly correlated (Pearson’s r>0.75,
Rissler et al., 2006) only the one considered most biologically meaningful was retained.
In the case of variables relating to both precipitation and rainfall, average seasonal
values (e.g. mean annual temperature) were chosen over seasonal extremes (e.g.
maximum temperature of the warmest month) since these were thought to be more
likely to affect overall foraging efficiency throughout the season. The final list included:
Bio1, annual mean temperature; Bio2, mean diurnal range [Mean of monthly (max temp
- min temp)]; Bio4, temperature seasonality (standard deviation of annual mean
temperature*100); Bio12, annual precipitation; Bio15, precipitation seasonality
(calculated as the coefficient of variation in annual precipitation); altitude; and slope.
4.3.2 Evaluating bumblebee range changes
Bumblebee species records were divided into three time periods (pre1960, 1960-80 and
1981-2012) in order to evaluate range changes since the late nineteenth century.
Although the use of time periods that differ in length has been shown to bias results in
some analyses, it is not possible to use equal periods in the case of this study due to
insufficient data prior to 1960 (Keil et al., 2010). This approach also enables comparison
with the most recent study quantifying range contraction and expansion of all UK
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bumblebee species (Williams, 1982) along with investigation of post-1980 range
dynamics for the first time. Individual species records were mapped separately for each
time period in ArcMap (v.10.1, ESRI, 2012) and spatial independence of data was
assessed using the Average Nearest Neighbour (Spatial Statistics) tool. Species records
falling within clusters were removed at random until a significantly (p<0.1) random
distribution was achieved.
In order to account for variation in the sampling effort across space and time, a pre-1960
survey area was assigned (Fig. 4.1) and range changes in subsequent time periods were
assessed in relation to this area only. This accounts for the lack of coverage pre-1960,
the southerly, urban bias of records in the UK, and the changes in coverage of northerly
records as survey effort increased post-1980. It does, however, assume that those pre1960 areas were resurveyed at some point during each subsequent time period.
To assign a pre-1960 survey area, all pre-1960 species records were mapped in ArcMap
and a buffer of 2.5 km was created around each species record. This buffer allows for
some variation in coordinates’ precision and reliability before the advent of GPS.
Overlapping buffers were then dissolved to create a pre-1960 survey area
Rasters of individual species records were created for each time period and these were
delimited by the pre-1960 survey, so that only raster cells for which there was at least
one bumblebee record in the pre-1960 survey area were considered. This partially
controls for increasing intensity of sampling effort over time. The effect of species and
time period on the number of occupied raster cells was investigated using a two-way
ANOVA (Analysis of Variance) in R.
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Fig 4.1 Mean annual temperature range (°C) for the UK and Ireland based on WORLDCLIM
present temperature data overlaid with the pre-1960 survey area, assigned by compiling all pre1960 bumblebee records and creating a buffer of 2.5km around each record.
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4.3.3 Niche dynamics: are species’ environmental niches shifting?
A principal components analysis (PCA), summarising the variation within climatic and
topographical variables in the grid cells of our entire study area (all of UK and Ireland)
was developed to represent the “environmental space” available for bumblebee
species. Climatic and topographical variables were mapped in ArcGIS (v.10.1, ESRI, 2012)
in raster format and the values of each grid cell were extracted and used to calculate a
PCA in R (v 2.15.3; R Core Team, 2013). Values of the first and second component of the
PCA were imported to ArcGIS and associated with individual species presence records
for each time period. These per-species component values were then mapped for each
time period within the climatic space (potential environmental niche) which was created
using two axes (x=component 1; y=component 2).
The niche metric, marginality, was calculated for components 1 and 2 for each species
in each time period. Marginality (M) is defined as the absolute difference between the
global (study area) mean (mG) and the species mean (ms) divided by 1.96 standard
deviations of the global distribution (σG)

M = │mG- ms │
1.96* σG

Marginality measures whether a species lives in environmental conditions that differ
from the average environmental conditions of the study area i.e. are more specialised
(Hirzel et al., 2002).
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The proportion of variation explained by each component was used to weight
marginality calculations and these were combined to produce one metric for each
species per time period, for the purpose of analysis. The effect of species and time
period on marginality was investigated using a two-way ANOVA (Analysis of Variance) in
R.
4.3.4 Are species that have undergone range contractions and/or increases in
marginality moving towards areas that are environmentally more suitable?

Species whose range was found to have contracted by >50% and/or whose marginality
increased by >50% in 1981-2012 compared with pre-1960 were analysed to test whether
they were retreating to areas of higher predicted environmental suitability or were
being forced to survive in less suitable conditions.
Maximum entropy modelling (Maxent) was used to predict which areas of the UK are
environmentally more suitable for each species. Maxent is a machine-based learning
technique that predicts species distributions by determining the distribution of
maximum entropy that is closest to the uniform with the added constraint that the
expected value of each environmental variable of this distribution must be equivalent
to its empirical average (Phillips et al., 2006). This is a common, well-established
technique used in species distribution and niche modelling studies that is robust to the
use of presence data with potential biases, such as scarcity in the case of rare species
and/or variation in sampling effort (Elith et al., 2006; Hernandez et al., 2006; Rebelo and
Jones, 2010; Wisz et al., 2008). It is therefore the optimal tool for this analysis since
several UK bumblebee species are considered rare (Williams 1988; Goulson et al., 2008)
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and citizen science datasets can be prone to bias in recorder effort (Dickinson et al.,
2010).
Presence data from all time periods, for all of the UK, were merged for each individual
species in order to produce a more complete environmental niche model (see Table S4.2
in Supplementary Material for total number of records per species). Spatial
autocorrelation was avoided by employing the same approach used previously (i.e.
Average Nearest Neighbour). Species data were imported to Maxent software 3.3.3e
(http://www.cs.princeton.edu/~schapire/maxent/), along with environmental variables
and run in auto features using a regularization multiplier of 1. Cross validation was
selected as the form of replication, using 10 folds (Merow et al., 2013). Model fit was
measured using the average Area Under Curve (AUC) of the Receiver Operating
Characteristics (ROCs) (Fielding and Bell, 1997) which ranges from 0 to 1, with 0.5
indicating a random prediction and 1 representing perfect discrimination (Phillips et al.,
2006). This evaluation method has certain limitations, particularly when sampling
intensity is low (Jiménez-Valverde, 2014; Merow et al., 2013). However there is a current
lack of alternatives for presence-only models (Merow et al., 2013; see Table S4.2 for
number of records per species).
The logistic model output for each species, consisting of environmental suitability maps
with probability values of species occurrence (ranging from 0 to 1) assigned to each
raster, was imported to ArcMap. Averages of these probability values were then
calculated for each 10km square in the UK in order to obtain a measure of environmental
suitability at an appropriate resolution, considering bumblebee dispersal distances (e.g.
Lepais et al. 2010). The distance from the centre of each 10k square to the UK coastline
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was also measured, using the Near (Analysis) tool, since inspection of recent distribution
maps suggest that several UK bumblebee species have strongly coastal distributions.
To assess the effect of predicted environmental suitability and distance to coast on the
distribution of bumblebee species across time periods, a linear mixed model with
binomial distribution was run using the lme4 package (Bates et al., 2014) in R for each
species with presence/absence (1/0) per 10km square fitted as the response variable.
Fixed factors included average environmental suitability values per 10km square for
each species respectively, distance to coast, and time period. The identity of each 10km
square was fitted as a random factor to account for repeated measures over time. The
number of recorders per 10km square for each time period was also fitted as a random
factor to account for possible variation in recorder effort. Maximal models included all
explanatory variables along with their two- and three-way interactions. Model selection
was performed using AIC (Akaike Information Criterion).
4.4 Results
4.4.1 Evaluating bumblebee range changes
Bumblebee range changes differed significantly between species and time periods
(Table 4.1). There was an overall range contraction in the 1960-80 time period compared
with pre1960 with some species then expanding their range from 1981-2012, while
others remained approximately stable and a small number declined (Fig. 4.2).
There is a clear contrast in the pattern of range change between the six species
considered to be endangered (UK Biodiversity Action Plan species; JNCC, 2007) and six
perceived as common, widespread species (“Big Six”; Goulson et al., 2005), as previously
observed by Williams (1982) (Table 4.1, Fig. 4.2). UKBAP species show a more marked
64

range contraction in 1960-80 compared to common species. While the more common
species’ ranges contract by 36-52% of their former distributions, UKBAP species show
severe contractions ranging from 74% to 92%. Two other species, Bombus soroeensis
and B. rupestris, also contract severely during this time period (Fig. 4.2).
In recent years (1981-2012), UKBAP species appear to remain approximately stable in
terms of their range pattern while the more common species show marked range
expansions, increasing their range size by 25-65% times the area occupied in 1960-80
(Fig. 4.2). B. vestalis and B. jonellus also show notable range expansions, expanding
beyond their pre1960 range along with the common “Big Six” species B. pratorum, B.
pascuorum and B. hortorum (Fig. 4.2). Notably, B. barbutellus shows a continual decline
across both time periods, decreasing its range size by 74% in recent years compared
with pre-1960.

Table 4.1 Analysis of Variance table for a two-way ANOVAs investigating the effect of (a) species
and (b) species group (Big Six, UKBAP and Other), and time period on range (the number of
occupied ~1km raster cells within the pre-1960 survey area) and the degree of marginality.
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df

SS

MS

F value

P value

Species

20

32770

1639

4.466

<0.001

Time period

2

16096

8048

21.936

<0.001

Residuals

40

14675

367

Species

20

0.14

0.007

4.527

<0.001

Time period

2

0.013

0.007

4.306

<0.01

Residuals

40

0.062

0.002

Species Group

2

19846

9923

20.85

<0.001

Time period

2

16096

8048

19.91

<0.001

Residuals

58

27600

476

Species Group

2

0.053

0.026

10.273

<0.001

Time period

2

0.013

0.007

2.591

<0.1

Residuals

58

0.149

0.003

(a)
Range

Marginality

(b)
Range

Marginality
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Fig. 4.2 Proportional change in the number of occupied cells within the pre-1960 survey region
in the 1960-80 and the 1981-2012 time period for the “Big Six” species (solid black line), UKBAP
species (red line) and other species (dotted grey line).
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4.4.2 Niche dynamics
The degree of marginality differed significantly between species and time period (Table
4.1). Overall, UKBAP species are increasingly occupying areas that are different in terms
of the environmental conditions to the average conditions within the study area. In the
1960-80 time period, unlike the other UKBAP species, B. sylvarum and B. humilis show a
decrease in marginality, occupying conditions closer to the average of what is available
in the study area, but by 1981-2012 all six species are increasing in marginality (Fig. 4.3).
Other species showing a marked increase in marginality include B. rupestris, B. vestalis,
B. monticola, B. soroeensis and B. barbutellus (Fig. 4.3).
There are contrasting trends of marginality among the more common species between
pre1960 and 1960-80. In 1960-80, B. terrestris and B. lapidarius increase in marginality
while B. pratorum and B pascuorum decrease and B. hortorum and B. lucorum remain
relatively stable. By 1981-2012 B. pratorum and B. pascuorum are beginning to increase
while B. hortorum, B. lucorum and B. terrestris decrease and B. lapidarius remains stable
(Fig. 4.3). These variations in marginality trends across time periods are, however, less
marked than those of UKBAP species.
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Fig 4.3 Marginality metric for time period 1 (pre1960), 2 (1960-80) and 3 (1981-12) for Big Six”,
UKBAP species and other species.
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4.4.3 Model results
Maxent species models had a good fit in general with most species producing average
AUCs greater than 0.75, which is considered to be indicative of a useful model (Elith et
al., 2006). However, two species, B. muscorum and B. distinguendus fell slightly below
the acceptable values (B. muscorum: AUC=0.69; B. distinguendus: AUC=0.65) and
therefore results should be interpreted with some caution.
A significant two-way interaction was found between time period and
climatic suitability for seven species, and time period and distance to coast for four
species (see Table S4.3 in Supplementary Material, Fig. 4.4). Five of the eleven species
that have undergone a range contraction of >50% by 1981-2012 show a significant
increase in occupation of areas with a higher predicted climatic suitability index in 19812012 compared with pre1960 (Table S4.3; Fig. 4.4). Three of these are UKBAP species (B.
humilis, B. ruderatus, B. sylvarum) in addition to B. soroeensis and B. rupestris. Bombus
vestalis and B.campestris occupy more areas of higher climatic suitability in 1960-80
compared with pre1960, but not in 1981-2012 (Table S4.3, Fig. 4.4).
UKBAP species, B. muscorum, shows a significant increase in the occupation
of areas that are closer to the coast in 1981-2012 compared with pre1960, as does B.
soroeensis, while B. rupestris occupies significantly more inland areas (Table S4.3, Fig.
4.4). B. campestris occupies areas significantly further away from to the coast in 196080 compared with pre1960 but not in 1981-2012 (Table S4.3, Fig. 4.4).
A significant three-way interaction was found between climatic suitability,
distance to coast, and time period for two UKBAP species, B. distinguendus and B.
ruderarius. While it is difficult to interpret these interactions, there are varying trends
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over time, which may explain them. Bombus distinguendus appears to occupy areas
further from the coast in the first two time periods, but strongly retracts to the coast by
1981-2012, while also moving to areas of increased climatic suitability (Fig. 4.4 and 4.5).
However, in the final time period it also disappears from inland areas that have high
climatic suitability (see S4.4a in Supplementary Material, but note these graphs
represent raw data). In contrast, Bombus ruderarius appears to be moving inland to
areas of high climatic suitability in the first two time periods, but in 1981-2012, while
continuing to move inland it no longer shows a trend towards increasing climatic
suitability (Figure 4.4 and 4.5), apparently moving to less climatically suitable inland
areas and away from climatically suitable coastal areas. (see S4.4a).
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Fig. 4.4 Boxplots illustrating species presence/absence data over the three time periods which
was found significant (p<0.05=”*”, p<0.01=”**”, p<0.001=”***”) in a two-way interaction
between time period and (a) climatic suitability and (b) distance to coast, for unoccupied (white)
and occupied (grey) 10km squares. † UK BAP species. B. distinguendus and B. ruderarius are also
included to illustrate the trends for the species which were significant in a three-way interaction.

Fig. 4.5 Centroids of the distribution of occupied and unoccupied 10km squares illustrating the
3-way interaction between climatic suitability, distance to coast (km) and time on the
distribution of Bombus distinguendus and Bombus ruderarius.
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4.5 Discussion
We have demonstrated that UK and Irish bumblebee species have undergone serious
declines, particularly in the period 1960-1980, supporting results from an earlier study
in the UK (Williams, 1982). All UK bumblebee species show range contractions between
1960 and 1980, albeit to varying degrees. UKBAP species showed a more pronounced
contraction supporting earlier studies by Williams (1982) who highlighted regional
declines of social Bombus spp. (excluding Psithyrus spp.) in the UK within the same time
period. He noted a relatively small decrease in the distribution of the “Big Six” species
compared to others, with some UKBAP species (B. ruderatus, B. sylvarum, B. humilis)
showing range contractions of ~50%, and over two thirds in the case of B. distinguendus,
when compared to their pre-1960 distributions. A notable difference between our study
and that of Williams (1982), however, is that we detected a decline of >50% in all UKBAP
species and B. soroeensis in the 1960-80 time period whereas Williams estimated a
decline of only ~26% for B. soroeensis and B. muscorum with B. ruderarius remaining
relatively stable. Williams included all of the UK (but not Ireland) in his analysis whereas
Scotland was largely excluded from our study area because there were few records from
pre-1960 (Fig. 4.1) and so an increase in northern records for B. muscorum in 1960-80
was not accounted for with our methods. Williams’ study was carried out at a coarser
scale, over 113 vice counties, which may explain why B. ruderarius appeared to remain
relatively stable despite a loss of records from areas in N. England and the south-west
UK coastline. Also, in Ireland B. ruderarius was lost from much of the east and north of
the country in this time period, which contributed to our overall finding of a marked
range contraction. It is obvious from species records maps (see S4.4b in Supplementary
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Material) that B. soroeensis contracted severely towards the west of the UK between
1960 and 1980 compared to pre1960. The magnitude of range contractions in B.
soroeensis suggest that it should have been conferred BAP status.
Contractions in this time period are thought to be driven mainly by habitat loss due to
agricultural intensification which occurred as a result of agricultural policy supporting a
drive towards self-sufficiency in Britain that was introduced following WWI (Ollerton et
al., 2014) with further intensification following WWII (Williams, 1986; Osborne and
Corbet, 1994; Goulson, 2003; Goulson 2005; Goulson et al., 2008; Williams and Osborne,
2009, Ollerton et al., 2014). In Ireland, a change in agricultural practice from hay making
to silage also resulted in a loss of hayflower meadows from the 1970s onwards and this
is thought to be a major factor in the decline of late emerging species (B. distinguendus,
B. ruderarius, B. sylvarum and B. muscorum).
Since this time, populations of most species appear to have stabilised or expanded. This
recent period of stability and expansion for UK bumblebees conflicts with some other
studies of decline in European pollinators, which show further reductions in species
diversity and range contractions of a high proportion of species in recent years
(Biesmeijer et al., 2006; van Swaay et al., 2006). However, a more recent study by
Carvalheiro et al. (2013) indicates that declines in pollinator diversity in North West
Europe have slowed down since 1990. When bumblebees of Great Britain were analysed
separately, the authors found that, although declines have continued (particularly when
measured at finer spatial scales of 10 and 20 km2) they have become less accentuated.
Biesmeijer et al., 2006 noted that bee species expanding their range in the UK after 1980
were disproportionately those species that were already common prior to this. We
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report similar findings with the common widespread bumblebee species (“Big Six”)
showing clear expansions from 1981-2012 while the UKBAP species show little change.
One of the other species, B. barbutellus appears to decline continually, however
inspection of the raw data (see S4.4b) reveals that this is due to the fact that the majority
of records of this species from 1960 onwards fall outside of the pre-1960 survey area.
Expansions of common species may be explained in part by increasing occupation of
northern sites in species such as B. terrestris and B. lapidarius, possibly as a result of
climate change. Bumblebees are primarily endothermic, generating heat from their
flight muscles and regulating their body temperature at ~30-35oC during activity
(Heinrich 1979). They are able to maintain a body temperature up to 30oC above the
ambient temperature, and are thus able to fly in cold weather and thrive in cool
climates, but conversely they are prone to overheating at higher temperatures
(Heinrich, 1979). Species are known to differ in their climatic optimum, partly due to
variation in fur length and body size and this may explain difference in range shifts
between species (Peat and Goulson, 2005). Northwards expansion in response to
climate change has been observed for many taxa in recent years (e.g. butterflies,
Parmesan et al., 1999).
Expansion of common species and stabilisation of the ranges of the rare species may
also be a result of increased conservation effort. Nature reserve protection and
management has been more highly prioritised in the UK and Ireland in recent years with
the introduction of European legislation under the EU Habitats Directive (Council
Directive 92/43/EEC of 21 May 1992). EU member states are also now obliged to operate
agri-environmental schemes under the Common Agricultural Policy and these schemes
may have had a positive effect on bumblebee populations through the provision of
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additional forage material (for example flower strips along field margins) and nesting
sites (for example in tussocky grass strips and well-managed hedgerows). It is also
possible that urban refuges are increasingly providing a stronghold for bumblebee
populations. Urbanisation has increased in recent years and several studies have
indicated that urban and suburban parks and gardens are supporting bumblebee
populations (Goulson et al., 2002, Goulson et al., 2010, Osborne et al., 2008).
It is important to note, however, that apparent stabilisation and/or expansion of
bumblebee species’ ranges may be an artefact of more intensive sampling in recent
years, despite analysing only areas for which at least one bumblebee had been recorded
in the earliest time period. Awareness of bumblebee decline has increased in both the
UK and Ireland which is likely to have led to a general increase in survey effort,
particularly for rare species. A conservation report highlighting UK BAP priority species
was published in 2007 (JNCC, 2007) at which time six Irish species were also considered
critically endangered and this increased awareness of and search effort for these species
among recorders. In addition, The Bumblebee Conservation Trust (BBCT) and BWARS
have launched public surveys with a focus on the rare species, B. distinguendus, B.
sylvarum and B. monticola. More intensive sampling in recent years may be masking
further decline among the rarer species.
Changes in marginality over time (Fig. 4.3) are more variable than range changes
between species and time periods. However, there is an overall trend towards an
increase in marginality by UKBAP species, particularly in recent years, while the more
common “Big Six” species remain relatively stable. This indicates that, although common
species appear to be expanding in range, they continue to occupy similar climatic

77

conditions to those occupied during their period of decline prior to 1980. This may be
due to the fact that environmentally similar areas, previously unoccupied, have recently
become more favourable in other ways. For example, an unoccupied area may have
suitable environmental conditions, similar to those occupied, but remain unsuitable
overall due to intensive agricultural practices so that a change in land-use, such as the
introduction of an agri-environment scheme that provides favourable forage and
nesting sites, may attract individuals through the additive effect of both suitable
environmental and land-use conditions. Occupation of these new environmentally
similar areas could lead to a species range expansion without increasing its marginality.
Rare species, on the other hand, appear to be occupying areas that differ on average in
terms of their environmental conditions to those occupied previously, with some species
increasing in marginality consistently across all time periods and others increasing only
in the most recent period. Higher marginality in these species in recent years indicates
that, unlike the more common species, their realised environmental niche is shifting. It
is unlikely that rare species are now occupying areas where they have not previously
existed, and we suspect that this increasing marginality may be an artefact of the recent,
targeted survey efforts, which have led to an increase in records of rare species in
remote areas in recent years. For example, the Bumblebee Conservation Trust and
Highland Biological Recording Group have recently led targeted searches for B.
distinguendus along the North coast of Scotland and in the Outer Hebrides, areas that
are marginal in terms of their climatic conditions in the UK. It is also possible that
increased conservation effort in these areas has led to population increase and
expansion.
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Maxent model results show that all UKBAP species apart from B. muscorum have
contracted to areas that are predicted to be more suitable in terms of their
environmental conditions (Fig. 4.4-4.5). This supports the theory that species retreat to
their climatic optimum as they decline and that climate, along with habitat degradation
and changes in land use, may be influencing patterns of decline in the bumblebees of
Britain and Ireland (Williams et al., 2007). In addition, our analyses support earlier
studies by Williams (1988) which suggest that some rare species (B. muscorum and B.
distinguendus) have retreated towards coastal areas. These areas tend to be less
affected by agricultural intensification with habitats such as machair, steep sea cliffs, salt
marshes and sand dunes providing valuable floral resources and nesting sites (Williams,
1988). Models reveal an interactive effect of proximity to coastal habitat and climate
suitability on the pattern of range contraction of B. distinguendus and B. ruderarius,
supporting the idea, proposed by Williams et al. (2007), that the interaction between
climate and food-plant preferences and availability is the primary influence on patterns
of decline in UK bumblebee species.
Overall, our results show significant differences in patterns of range change between
rare and common bumblebee species. Common bumblebee species appear to have
expanded in recent years while rare species have generally remained stable. However,
caution is necessary in interpreting these results as changes in the intensity and
distribution of survey effort over time could obscure patterns of population change. In
addition, while it was not addressed in the current study, it is important to consider that
climate change may also influence bumblebee range shifts. The evidence that several
rare species are contracting to their climatic optimum, occupying more marginal sites,
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and moving towards coastal areas demonstrates that their populations are not stable,
and emphasizes the need for continued careful monitoring of their status.
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4.6 Supplementary Material
S4.1 Pearson-product correlation matrix of bioclimatic variables* for UK and Ireland, calculated using monthly data for Mar-Oct, along with altitude and slope.

Bio1

Bio2

Bio3

Bio4

Bio5

Bio6

Bio7

Bio12

Bio13

Bio14

Bio15

altitude

slope

Bio1

1.00

0.34

0.09

0.15

0.89

0.86

0.34

-0.63

-0.68

-0.63

-0.48

-0.73

-0.53

Bio2

0.34

1.00

0.50

0.41

0.66

-0.04

0.80

-0.56

-0.53

-0.56

-0.71

-0.14

-0.28

Bio3

0.09

0.50

1.00

-0.56

0.05

0.21

-0.12

-0.16

-0.10

-0.26

-0.16

-0.28

-0.24

Bio4

0.15

0.41

-0.56

1.00

0.51

-0.33

0.86

-0.30

-0.32

-0.19

-0.46

0.23

0.05

Bio5

0.89

0.66

0.05

0.51

1.00

0.54

0.73

-0.73

-0.77

-0.69

-0.70

-0.55

-0.46

Bio6

0.86

-0.04

0.21

-0.33

0.54

1.00

-0.18

-0.40

-0.45

-0.43

-0.15

-0.83

-0.48

Bio7

0.34

0.80

-0.12

0.86

0.73

-0.18

1.00

-0.53

-0.53

-0.45

-0.70

0.04

-0.15

Bio12

-0.63

-0.56

-0.16

-0.30

-0.73

-0.40

-0.53

1.00

0.97

0.98

0.78

0.56

0.56

Bio13

-0.68

-0.53

-0.10

-0.32

-0.77

-0.45

-0.53

0.97

1.00

0.91

0.74

0.53

0.53

Bio14

-0.63

-0.56

-0.26

-0.19

-0.69

-0.43

-0.45

0.98

0.91

1.00

0.75

0.61

0.60

Bio15

-0.48

-0.71

-0.16

-0.46

-0.70

-0.15

-0.70

0.78

0.74

0.75

1.00

0.19

0.36

altitude

-0.73

-0.14

-0.28

0.23

-0.55

-0.83

0.04

0.56

0.53

0.61

0.19

1.00

0.58

slope

-0.53

-0.28

-0.24

0.05

-0.46

-0.48

-0.15

0.56

0.53

0.60

0.36

0.58

1.00
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* Bio1 = Annual Mean Temperature
Bio2 = Mean Diurnal Range (Mean of monthly (max temp - min temp))
Bio3 = Isothermality (BIO2/BIO7) (* 100)
Bio4 = Temperature Seasonality (standard deviation *100)
Bio5 = Max Temperature of Warmest Month
Bio6 = Min Temperature of Coldest Month
Bio7 = Temperature Annual Range (BIO5-BIO6)
Bio12 = Annual Precipitation
Bio13 = Precipitation of Wettest Month
Bio14 = Precipitation of Driest Month
Bio15 = Precipitation Seasonality (Coefficient of Variation)
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S4.2 Number of records per species modelled for each time period, following the removal of
spatial autocorrelation. The total number of records for each species was used to predict climatic
suitability models in Maxent.
Species

Time period
Pre1960

Total
1960-80

1981-12

B. barbutellus

51

114

93

258

B. campestris

65

120

161

346

B. distinguendus

107

50

46

203

B. humilis

224

149

600

973

B. monticola

28

59

135

222

B. muscorum

78

85

212

375

B. ruderarius

90

79

151

320

B. ruderatus

49

19

47

115

B. rupestris

74

43

144

261

B. soroeensis

33

23

85

141

B. sylvarum

99

64

48

211

B. vestalis

33

310

410

753
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S4.3 Minimal model summary for each species where presence/absence per 10km square in the
UK is fitted as the response variable in a linear mixed effects model. Climatic suitability (C),
distance to coast (D) and time period (T1: pre1960, T2: 1960-80 and T3: 1981-12) are fitted as
fixed factors and 10km square ID is considered a random factor. The number of recorders per
10km square for each time period was also fitted as a random factor to account for possible
variation in recorder effort.
Species

Fixed
effects
Estimate

S. E

z-value

P

AIC

LogLiklihood

792.3

-391.1

664.7

-318.4

539.47

-255.73

B. barbutellus
T2

1.1

0.235

4.723

2.32e-6*

T3

0.391

0.238

1.642

0.1006

-9.019

2.154

-4.186

2.84e-5*

1.55

0.122

B. campestris
T2
T3

2.517

1.629

C

-0.538

2.234

-0.241

0.81

D

-1.522

3.569

-0.427

0.669

T2:C

17.369

4.354

3.99

6.62e-5*

T3:C

-2.634

3.09

-0.853

0.394

T2:D

19.728

6.909

2.855

0.004

T3:D

-3.404

4.99

-0.682

0.495

C:D

2.53

6.41

0.395

0.693

T2:C:D

-34.477

13.650

-2.526

0.12

T3:C:D

7.398

9.112

0.812

0.417

T2

-10.954

1.944

-5.634

1.76e-8*

T3

-15.637

2.370

-6.597

4.19e-11*

C

-14.227

2.816

-5.052

4.38e-7*

B. distinguendus
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D

-8.003

4.027

-1.988

0.047*

T2:C

17.626

3.416

5.160

2.47e-7*

T3:C

27.857

4.092

6.808

9.93e-12*

T2:D

8.361

5.443

1.536

0.125

T3:D

19.322

7.866

2.457

0.014*

C:D

15.550

7.524

2.067

0.039*

T2:C:D

-13.453

10.066

-1.336

0.181

T3:C:D

-47.602

15.375

-3.096

0.002*

T2

1.035

1.756

0.589

0.556

T3

-5.493

1.679

-3.271

0.001*

C

-5.701

2.355

-2.421

0.016*

D

-2.921

3.013

-0.969

0.332

T2:C

-2.714

3.301

-0.822

0.411

B. humilis

T3:C

9.457

3.139

3.013

703.71

-337.85

664.74

-323.37

0.003*

T2:D

-5.932

4.345

-1.365

0.172

T3:D

7.810

4.160

1.877

0.061

C:D

4.890

5.524

0.885

0.376

T2:C:D

12.010

7.905

1.519

0.129

T3:C:D

-13.831

7.580

-1.825

0.068

T2

0.285

0.486

0.587

0.557

T3

2.815

0.478

5.889

3.89e-9*

C

0.88

0.706

1.25

0.213

D

0.193

1.166

0.165

0.869

B. monticola
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T2:D

2.168

1.463

1.482

0.138

T3:D

-1.617

1.445

-1.119

0.263

T2

-0.17

0.348

-0.487

0.626

T3

2.044

0.328

6.218

5.02e-10*

D

1.359

0.73

1.861

0.06274

T2:D

-0.151

1.031

-0.147

0.883

T3:D

-2.973

0.980

-3.032

0.002*

T2

-6.583

1.501

-4.385

1.16e-5*

T3

-9.192

1.437

-6.394

1.61e-10*

C

-9.252

2.147

-4.310

1.64e-5*

D

-7.010

2.913

-2.406

0.016*

T2:C

11.939

2.937

4.065

4.79e-5*

T3:C

17.640

2.867

6.152

7.64e-10*

T2:D

9.332

4.26

2.191

0.029

T3:D

15.515

3.964

3.914

9.06e-5*

C:D

12.75

5.687

2.242

0.025

T2:C:D

-16.950

7.999

-2.119

0.034

T3:C:D

-28.158

7.590

-3.710

<0.001*

T2

-5.417

1.662

-3.259

0.001*

T3

-7.361

1.635

-4.502

6.74e-6*

C

-7.195

2.173

-3.311

0.001

T2:C

7.661

3.185

2.406

0.016

B. muscorum
1130.75

-557.37

925.62

-448.81

381.02

-182.51

B. ruderarius

B. ruderatus
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T3:C

13.939

3.108

4.485

7.29e-6

T2

-2.7

0.746

-3.619

2.96e-4*

T3

-3.121

0.813

-3.841

1.23e-4*

C

-4.056

0.924

-4.389

1.14e-5*

D

-0.668

0.834

-0.801

0.423

T2:C

8.412

1.292

6.514

7.33e-11*

T3:C

3.21

1.369

2.345

0.019*

T2:D

-0.238

1.131

-0.210

0.834

T3:D

2.652

1.208

2.197

0.028*

T2

-2.658

1.107

-2.401

0.016*

T3

-0.015

0.991

-0.015

0.988

C

-4.948

1.616

-3.062

0.002*

D

3.863

1.286

3.004

0.003*

T2:C

5.518

2.216

2.49

0.013*

T3:C

8.258

2.117

3.9

9.61e-5*

T2:D

-1.157

1.768

-0.654

0.513

T3:D

-9.429

1.754

-5.376

7.62e-8*

-2.941

0.816

-3.602

3.15e-4*

-4.845

1.26e-6*

B. rupestris
780.86

-385.43

379.32

-178.66

717.74

-350.87

977.72

-480.86

B. soroeensis

B. sylvarum
T2
T3

-4.511

0.931

C

-3.144

1.064

-2.955

0.003*

T2:C

4.085

1.513

2.7

0.007*

T3:C

6.019

1.677

3.589

3.32e-4*

T2

-1.924

0.989

-1.946

0.05*

T3

4.232

0.977

4.332

1.48e-5*

C

-0.288

1.501

-0.192

0.847

B. vestalis
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T2:C

6.609

1.863

3.547

3.89e-04*

T3:C

-1.257

1.856

-0.677

0.498

S4.4a-b Climatic suitability maps predicted by Maxent models with raw presence data for each
bumblebee species that showed a decline in range or increase in marginality of >50% between
the pre1960 and 1981-2012 time periods.
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Chapter 5
CITIZEN SCIENTIST RECORDING OF BUMBLEBEES IN GARDENS REVEALS POPULATION
CHANGE, RANGE SHIFTS AND LOCAL FACTORS AFFECTING ABUNDANCE.
5.1 Abstract
Rapid urbanisation is leading to dramatic changes in biotic communities. Garden
habitats, which comprise a large component of urban green space, are considered an
important ecological refuge for many species. Here, volunteer-collected data is used to
investigate how garden habitats and the surrounding landscape influence the
occurrence and abundance of common UK bumblebee species. Data on the numbers of
different bumblebee species present in their gardens were collected by 1,804 volunteers
over an 8 year period as part of the British Trust for Ornithology’s “Garden Birdwatch”
scheme. Findings show that bumblebee species differ in their spatio-temporal trends
and vary in response to both garden habitats and features of the surrounding landscape.
Populations of three of the common species/groups, B. lapidarius, B. pratorum and B.
hypnorum, appear to be increasing over time whereas the others, B. hortorum, B.
terrestris/lucorum and B. pascuorum, were found to be declining.

Wild habitat,

flowerbeds, vegetable plots and berry plants were identified as the most beneficial
within-garden habitats, while parkland and marsh habitats in the surrounding landscape
positively affected the occurrence and abundance of garden visitors. In addition, nearby
coastal habitat was associated with higher numbers of most species. Overall, the
majority of species are positively associated with urban and suburban gardens, however,
long-tongued bumblebees such as B. pascuorum and B. hortorum (a group that have
declined in abundance over time) are positively associated with rural gardens, giving rise
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to concern that as urbanisation spreads, these long-tongued bumblebees may decline
further, with potential negative consequences for pollination of deep-flowered plants.
These findings have implications for urban ecology management, particularly with
regard to pollinator species, and highlight the value of citizen science projects in
collecting scientific information.
5.2 Introduction
Insect pollination is critical for maintaining ecosystems, biodiversity and crop
production. Wild bees and other pollinators, integral to providing these services, are
currently in decline with some species undergoing population crashes and several
becoming extinct in recent years (Williams, 1982; Goulson et al., 2008, 2015; Potts et al.,
2010; Ollerton et al., 2014). There is widespread concern that we may face a “pollination
crisis” with potentially catastrophic knock on effects on ecosystem function and
services. Evidence suggests that bee populations are declining in response to habitat
degradation, agricultural intensification, pesticide use, parasites and pathogens
(Goulson, 2003; Goulson 2015). Monitoring of populations is crucial to understanding
the relative significance of these stressors and to enable us to develop strategies to
protect against future losses.
Bumblebees are particularly efficient pollinators of some crops and wildflowers and also
act as a flagship for insect conservation due to their popularity, visibility and charismatic
nature (Goulson et al., 2011). This makes them particularly suited to citizen science
monitoring programmes, which combine ecological research with public engagement
and environmental education (Dickinson, 2012; Silvertown, 2009). Scientific benefits of
these monitoring programs include species and habitat data collection at a scale that
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would otherwise be impossible, and hence volunteer-collected data is increasingly being
used to answer important ecological questions (Dickinson et al., 2012; Zipkin et al., 2012;
Branchini et al., 2015, Osawa, 2015). They also provide a forum for participants to
connect with the natural world, which has been shown to have positive effects on
human health and wellbeing as well as fostering support for the preservation of
biodiversity within communities (Miller, 1995).
More people are living in urban areas following unprecedented urban growth during the
latter half of the 20th century. Over half of the world’s population now live in urban areas
and this proportion is expected to continue to rise steadily, reaching two thirds by 2050
with an additional 2.5 billion urban dwellers (United Nations, 2014). Urbanisation is now
considered one of the main drivers of ecological change with rapid land development
leading to habitat alterations that affect the composition of biotic communities both
within urban areas and in the surrounding landscape (McKinney, 2006; Grimm et al.,
2008; Maxwell et al., 2016). Urban ecology studies involving volunteer-collected data
are well-placed to quantify the effects of urban expansion on biodiversity (McKinney,
2002; Dickinson et al., 2012). Most studies reveal an overall homogenisation of biotic
communities within urban environments as urban adapted species become more
widespread and numerous (McKinney, 2006). There is a tendency for generalist species
to outcompete specialists as they are better able to adapt to urban environments
(Shochat et al., 2006). Degree of mobility, among other species characteristics, is also
influential in determining population responses to increasing urbanisation. Concepción
et al. (2015) carried out a study on the effects of urbanisation on biotic communities at
a variety of spatial scales, showing that urbanisation filters out specialist species that are
highly mobile in both bird and butterfly assemblages while encouraging plant
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diversification, probably due to the occurrence of a higher proportion of non-native
plants in urban areas. The authors concluded that highly mobile specialists were likely
to be more impacted by large-scale habitat fragmentation caused by urbanisation than
poorly mobile species who operate at a smaller-scale. In a meta-analysis of urban
studies, McKinney et al. (2008) also showed that, while in some cases moderate
urbanisation in suburban areas increases species richness (~30% of invertebrate studies
considered), it is more likely to negatively impact biodiversity. It is therefore particularly
important to monitor the effects of urbanisation on taxa such as bumblebees, where
mobile specialist species that require patches of suitable foraging habitat within their
range, are in decline (Goulson et al., 2008, 2015).
Conservation of pollinators within urban areas is crucial as it improves connectivity for
struggling populations in the wider landscape (Goulson et al., 2010). Pollinating species
can also enhance urban food production and facilitate the growth of wild and cultivated
flower species in parks and gardens, improving the quality of life for people residing in
these areas (Savard et al., 2000; Lowenstein et al., 2015). Studies of urban pollinators
vary in terms of design, scale and taxa considered with conflicting outcomes. In a
country-wide citizen science survey of flower visitors in France, Deguines et al. (2012)
noted a variation within and among insect orders with urbanisation negatively affecting
Lepidoptera, Diptera and Coleoptera while having little impact on Hymenoptera. Other
studies have reported a negative impact on Hymenoptera along with other taxa, for
example, Bates et al. (2011) found that the overall diversity and abundance of bees and
hoverflies decreased with high levels of urbanisation when comparing rural, urban and
suburban London sites. However, the study also highlighted interspecies variation with
some species positively associated with urban and suburban habitats.
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Similarly,

Hernandez et al. (2009) found a negative correlation between bee species richness and
urban habitats and also found that species varied in terms of their response with more
cavity-nesting solitary bees and fewer floral specialists in urban areas. Ahrne et al. (2009)
reported negative effects of urbanisation on bumblebee species in allotment gardens
with lower levels of diversity and high levels of urbanisation and a higher variablility in
the abundance of long-tongued specialists. Geslin et al. (2013) found that the number
of pollinator visits in experimental plant communities of semi-natural, agricultural,
suburban and urban habitats was significantly lower in urban habitats and that
pollinator communities were more generalist in urban and suburban compared with
agricultural environments. While most of these studies suggest that urbanisation lowers
pollinator diversity and abundance, driving out specialist species, Baldock et al. (2015)
found that bee species richness was higher in urban environments compared to
farmland and nature reserves and that urban areas support similar numbers of rare
species compared with other habitats. The current literature paints a mixed picture of
the effects of urbanisation on pollinator populations and further research is necessary
in order to elucidate its true impact on communities.
Green spaces within the larger urban landscape provide an opportunity for both
monitoring and conservation management. Private gardens and parks comprise a major
component of urban green space and have the potential to act as a network of refuges
within the wider landscape. Studies in the U.K. have estimated that gardens comprise
22-36% of the entire urban area (Gaston et al., 2005; Mathieu et al., 2007) and
contribute 35-47% of urban green space (Loram et al., 2007). Gardens also act as
ecological refuges in a rural landscape where habitat loss due to intensive agricultural
practices has led to significant declines in bird (Chamberlain et al., 2000), butterfly
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(Warren et al., 2001) and pollinator (Senapathi et al., 2015; Goulson et al., 2010)
communities. While Fortel et al. (2014) reported a lower abundance of wild bees at high
levels of urbanisation in Grand Lyon, France, they found that species richness peaked in
suburban areas containing more parks and gardens. Similarly, McFrederick and LeBuhn
(2006) highlighted the importance of parks for bumblebee populations by reporting
higher species’ abundances in urban parks compared with nearby wild parks and
suggested that this may be due to more resources in urban gardens present in the
surrounding area. Carper et al. (2014) compared bee communities in suburban and
natural forests of South Carolina and found higher species richness and diversity in
suburban forests while Fetridge et al. (2008) found that bee fauna in suburban gardens
north of New York City resembled the assemblage of a forest research preserve in same
region in terms of species richness. Tonietto et al. (2011) carried out a study of the
potential ecological value of roof gardens in urban Chicago and found that bee
abundance and diversity increased with the proportion of green space in the
surrounding landscape. Several studies highlight the importance of gardens as an
ecological refuge for bumblebees in particular, as they provide a variety of forage and
nesting resources (Fussell and Corbet, 1992a, b; Goulson et al., 2002; Osborne et al.,
2008; Lye et al., 2012). Goulson et al. (2010) suggests that gardens may also help to
support those bumblebee populations impacted by agricultural intensification in the
surrounding landscape with higher numbers of nests represented amongst samples of
workers collected up to 1 km from gardens. While these studies highlight the importance
of green spaces, the ecological value of gardens is currently under-researched with most
studies focusing on either long-term observations of single gardens or short-term
studies of multiple gardens (Goddard et al., 2010; Hanley et al., 2014). Citizen science
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has previously proven useful in collecting large-scale information on bumblebee
populations in garden habitats throughout the bumblebee flight season (Fussell and
Corbet, 1992a, b; Lye et al., 2012). This study uses citizen-science data collected at a
country wide scale over multiple years to investigate the effect of local garden habitats
and the surrounding landscape on the probability of occurrence and relative abundance
of common UK bumblebees.
5.3 Methods
5.3.1 Data collection
Bumblebee abundance data were derived from the “Garden BeeWatch” scheme. This
was launched in 2007 by the Bumblebee Conservation Trust and the British Trust for
Ornithology (BTO), within BTO’s existing Garden BirdWatch framework, in order to
collect distribution and abundance data on bumblebees that visit gardens across Britain
& Ireland. In this study, British records only (2007-2014) are used as they are more
consistent over time and are more uniformly distributed in space than Irish records. This
is the largest and longest-running bumblebee abundance monitoring program in the
world, providing a unique opportunity to study species abundance patterns in a key
habitat.
Garden BeeWatch uses the same observation protocol as BTO’s Garden Birdwatch,
which has previously been described in detail (Morrison et al., 2014). In summary, each
week of the year volunteers recorded the maximum number of each bumblebee species
seen together in their garden. Volunteers chose a weekly observation period at their
own discretion. Observation periods were consistent within sites over time and
volunteers were asked to maintain a constant level of observation effort and to
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disregard records from any under- or over- observed weeks. The online system through
which records are submitted uses threshold validation to highlight unusual records and
alert trained experts to potential errors so that they can be removed from the dataset.
In addition to species records, volunteers submitted details of garden habitat
characteristics and were asked to update any changes as they occurred. These were
submitted as ranked and binomial variables (Table 5.1). Ranked numeric variables were
converted to continuous variables for modelling by using the midpoint of each category.
Inclusion of garden habitat and landscape variables (Table 5.1) was based on the
likelihood of association with bumblebee occurence. Linear surrounding features were
included since they are known to guide foraging activity in bumblebees (Cranmer et al.,
2012) and in the case of some features, for example buildings and hedges, provide
nesting sites (Fussell and Corbett, 1992b; Lye et al., 2012). Flowerbeds, vegetables and
wild native plants provide potential forage material while shrubberies are used as
nesting sites (Goulson, 2003, Fussell and Corbet, 1992b; Lye et al., 2012). In contrast, a
high proportion of barren ground and lawn could negatively affect occurrence due to
lack of resources. Altitude was included since higher areas are known to limit the
occurrence of certain species to due to the reduced availability of floral resources
(Alford, 1980; Williams, 1982). Although volunteers were initially asked to provide
information on the occurrence of berry plants in their gardens for the Garden BirdWatch
scheme since these are an obvious foraging resource for birds, bees are also known to
forage on and pollinate the flowers of berry plants, e.g. common ivy (Hedera helix),
honeysuckle (Lonicera periclymenum), dog rose (Rosa canina), hawthorn (Crataegus
monogyna) (Jacobs et al., 2009, 2010) and use the bases of berry-bearing hedgerow
plants for nesting (Fussell and Corbett, 1992b; Lye et al., 2012). Surrounding landscape
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variables (Table 5.2c) with linear features including rivers, streams, canals and railways,
are used to guide foraging while their edges, when left wild, can be used for nesting and
food resources (Williams, 88; Osbourne et al., 2008; Lye et al., 2012). Other variables in
the surrounding landscape category consist of known habitats for bumblebees
(Williams, 1982, 1988; Goulson, 2003, Osborne et al., 2008).
Table 5.1 Habitat variables recorded by participants in the Garden BirdWatch scheme. The
original ranking as recorded by volunteers is given and “*” indicates where this ranking is
converted to a continuous variable by using the midpoint of each category (adapted from
Chamberlain et al., 2004).
Habitat
(a) General
characteristics
Type
Size

Definition

Categories/Ranking

Urbanisation category
Garden area

Age

Years old

Rural, suburban, urban
Large (≥450m2), medium (≥100m2<450m2), small (<100m2)
1 (0-4), 2 (5 -10), 3 (11-19), 4 (20/49), 5 (50+/)*

(b) Garden Habitat
Lawn
Flower beds
Shrubberies
Vegetables
Wild
Barren
Orchard
Fence
Wall
Buildings
High evergreen hedge
Low evergreen hedge
High deciduous hedge
Low deciduous hedge
Other boundary
Altitude

% of garden covered
% of garden covered
% of garden covered
% of garden covered
% of garden covered
% of garden covered
% of garden covered
% in garden boundary
% in garden boundary
% in garden boundary
% in garden boundary
% in garden boundary
% in garden boundary
% in garden boundary
% in garden boundary
Height above sea level/m

Berry plants
(c)Surrounding
landscape
Canal
Gardens
Marsh
Mixed woodland
Nearby orchard
Bog
Moor
Parks
Active railway
River

Berry-bearing plants present

1-5 (0% and quartiles)*
1-5 (0% and quartiles)*
1-5 (0% and quartiles)*
1-5 (0% and quartiles)*
1-5 (0% and quartiles)*
1-5 (0% and quartiles)*
1-5 (0% and quartiles)*
1-5 (0% and quartiles)*
1-5 (0% and quartiles)*
1-5 (0% and quartiles)*
1-5 (0% and quartiles)*
1-5 (0% and quartiles)*
1-5 (0% and quartiles)*
1-5 (0% and quartiles)*
1-5 (0% and quartiles)*
1 (0-50), 2 (51-100), 3 (101-250),
4(251-499), 5 (500+)*
0 or 1

Occurrence within 100 m
Occurrence within 100 m
Occurrence within 100 m
Occurrence within 100 m
Occurrence within 100 m
Occurrence within 100 m
Occurrence within 100 m
Occurrence within 100 m
Occurrence within 100 m
Occurrence within 100 m

0 or 1
0 or 1
0 or 1
0 or 1
0 or 1
0 or 1
0 or 1
0 or 1
0 or 1
0 or 1
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Scrub
Seashore
Semi-natural grassland
Stream

Occurrence within 100 m
Occurrence within 100 m
Occurrence within 100 m
Occurrence within 100 m

0 or 1
0 or 1
0 or 1
0 or 1

5.3.2 Data analysis
Analysis was restricted to the six bumblebee species/groups most commonly found in
UK gardens. These include Bombus hortorum, B. hypnorum, B. lapidarius, B. pascuorum,
B. pratorum and B. terrestris/lucorum. B. terrestris/lucorum is comprised of four species,
B. terrestris and the B. lucorum complex (B. lucorum, B. cryptarum and B. magnus) which
are impossible to separate reliably in the field (Scriven et al., 2015). These six groups are
ones that have been previously used in citizen-science surveys on bumblebees (Fussell
and Corbet, 1992a,b; Osborne et al., 2008; Lye et al., 2012), allowing some comparison
with earlier studies. Most rare bumblebee species closely resemble common ones (e.g.
B. muscorum and B. humilis closely resemble B. pascuorum), and hence it is likely that a
small number of the records obtained for the common species are actually misidentified rare species. However, the number of such records is likely to be very low as
rare bumblebees are not generally found in gardens. To maximise the reliability of
records, analysis was restricted to those sites recording all species/groups apart from B.
hypnorum, which didn’t reach Scotland until 2013 (BWARS, 2015), over their entire
survey period and those that submitted at least 16 surveys annually.
All statistical analyses were conducted in R version 3.1.3 (R Core Team, 2014). A Pearsonproduct correlation matrix based on the total number of individuals recorded for each
species per garden was produced to investigate interspecific relationships in abundance.
Pearson’s chi squared tests were used to compare the relative abundance of common
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UK species to previous studies in order to assess whether these have changed over time.
Abundance data was summed across years (2007-2014) for each species and compared
to the number of flower visits reported in national survey on forage use (1987 and 1988;
Fussell and Corbet 1992a) and the number of nests recorded in a UK-wide nest survey
(1989-91; Fussell and Corbet, 1992b). For the flower visitation survey, which ran AprilOctober, Fussell and Corbett (1992a) analysed records collected by volunteers on a 200500m transect where they recorded the first visit for each bumble-bee species observed
flower-visiting within 1 m of the observer. Transects were selected by volunteers in
either garden or wild habitats. For the national nest survey, volunteers sent in species
and habitat information about any nests they had found by chance, and the survey was
not constrained to particular habitats, or particular times of year. However, the vast
majority of nests were found in gardens (Fussell and Corbett 1992b). Both of these
previous surveys divided bumblebee species by colour-group with each group designed
to include one of the common species, however they did not allow differentiation from
rare species if present and males of B. pratorum are included in the same colour group
as B. lapidarius. Garden BeeWatch abundance data for each species was compared to
the total number of bee visits and nests reported in its related colour-group (Table 5.3).
Pearson product-moment correlation coefficients were computed to investigate the
relationship between relative species proportions derived from the Garden BeeWatch
abundance dataset and the species proportions in both Fussell and Corbet’s nest survey
and forage-use survey (Table 5.3; Fig. 5.2). B. hypnorum was not included in the analyses
since it was not recorded in the UK until 2001 (Goulson and Williams, 2001).
Due to a high proportion of true zeroes in the data set, a hurdle model approach was
used for modelling analyses (Cragg, 1971; Potts and Elith, 2006). Firstly, abundance data
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(counts of each species per garden visit) were converted to presence/absence binary
data. Separate general linear models with binominal distributions were used to
investigate the effect of garden size, garden age, garden type (rural, urban, suburban),
garden habitat and surrounding landscape variables (Table 5.1), along with latitude,
longitude, year, the interaction between latitude and year and the interaction between
longitude and year on the occurrence of each species/groups in gardens. Zero records
were then removed from the original abundance dataset and separate general linear
models were run on abundance data only in order to predict which variables influenced
abundance in gardens where individual species were present. Variables were included
as fixed factors in both model types. Model selection was performed using Akaike’s
information criterion (AIC).
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Fig. 5.1 Distribution of UK garden sites included in the analysis.
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5.4 Results
Overall, 413,989 bumblebee records were obtained from 1,804 gardens (Fig. 5.1) over
the 8 year period (2007-14). B. terrestris/lucorum was the most commonly recorded
group (215,682 records), followed by B. pascuorum (80,033), B. lapidarius (48,310), B.
hortorum (32,588), B. hypnorum (20,702) and B. pratorum (16, 674). The number of
records increased steadily from 19,138 in 2007 to 83,053 in 2013 before dropping to
75,230 in 2014. Recorder effort followed a similar pattern with the number of reported
gardens increasing steadily from 295 in 2007 to 1015 in 2013 before dropping to 993 in
2014. The total abundance of each species per garden was positively correlated with all
other species (Table 5.2).
Table 5.2 Pearson-product correlation matrix of species abundance calculated using the total
number of individuals observed per garden for each species.
B.
hortorum
B. hortorum
B. hypnorum

B.
hypnorum
0.08

B.
lapidarius

B.
pascuorum

B.
pratorum

B.
terrestris/
lucorum

0.27

0.38

0.35

0.27

0.24

0.23

0.28

0.15

0.55

0.38

0.58

0.49

0.55

B. lapidarius
B. pascuorum
B. pratorum

0.34

5.4.1 Comparison with previous studies
Fussell and Corbet (1992a,b) received 428 records of bumblebee colonies in their nest
survey (1989-91) and 16,260 flower visits by individual bees in their forage-use survey
(1987-88) (Table 5.3). When Garden BeeWatch abundances (2007-14) were compared
to these data a significant difference in species composition was found for both number
of colonies (χ2=34.49, df=4, p<0.001) and number of flower visits (χ2=11957.84, df=4,
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p<0.001). The proportion of B. pratorum abundance decreased in 2007-14 in relation to
earlier studies while the proportion of B. terrestris/lucorum increased (Table 5.3).
Overall, however a strong positive correlation was found when species proportions in
the Garden BeeWatch dataset were compared with species proportions derived from
Fussell and Corbett’s nest survey (1989-91) (r=0.991, df=3, p<0.001; Fig. 5.2). A weaker,
non-significant positive correlation was found between these data and species
proportions in Fussell and Corbett’s forage-use survey (r=0.624, df=3, p>0.05; Fig 5.2).
Table 5.3 Total number of individuals recorded for each species in the Garden BeeWatch survey
(2007-14) and the total number of nests (1989-91) and flower visits (1987-88) recorded for each
colour group in the Fussell and Corbet surveys. Numbers in brackets represent the proportion
of the total for each survey.

Garden BeeWatch

Fussell and Corbet

Species

No.
individuals

Colour pattern category

No. nests

No. bee
visits

B. pascuorum

80033 (0.21)

Brown

88 (0.21)

3982 (0.24)

B. lapidarius

48310 (0.13)

Black-bodied, red tails

73 (0.17)

3408 (0.21)

B. pratorum

16674 (0.04)

Banded red tails

39 (0.09)

3337 (0.21)

B. terrestris/lucorum

215682 (0.57)

Two-banded white tails

205 (0.48)

4161 (0.26)

B. hortorum

20702 (0.05)

Three-banded white tails

23 (0.05)

1372 (0.08)
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Figure 5.2 Relationship between bumblebee species proportions in the Garden BeeWatch
survey (2007-14) and species proportions derived from Fussell and Corbet’s (a) nest survey
(1989-91) and (b) flower visitation survey (1987-88).
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5.4.2 Location
Presence of bumblebees was significantly influenced by location of gardens in the UK.
The majority of species were influenced by latitude with three of the six common
species/groups (B. hortorum, B. lapidarius, and B. pascuorum), significantly more
commonly occurring in northern latitudes (Fig. 5.3a, Supplementary Material S5.1a) and
two species/groups (B. hypnorum, B. terrestris/lucorum) significantly associated with
southern latitudes (Fig. 5.3a, Supplementary Material S5.1a). Three species/groups were
more abundant at higher latitudes within the areas in which they occurred (B. lapidarius,
B. pascuorum, and B. terrestris/lucorum; Fig. 5.4a, Supplementary Material S5.1).
Species also differed in their responses to longitude with two species (B. hypnorum, B.
lapidarius) more likely to be found at easterly locations and a further two species/groups
(B. pascuorum, B. terrestris/lucorum) showing a significantly more westerly distribution.
Four species/groups (B. lapidarius, B. pascuorum, B. pratorum, B. terrestris/lucorum)
were more likely to occur in lower numbers at locations further east (Fig. 5.4a;
Supplementary Material S5.1). All species, apart from B. hypnorum, are more likely to
occur in gardens at lower altitudes (Fig. 5.3c; Supplementary Material S5.1).
5.4.3 Year
Several species/groups showed inter-annual variation in their presence and abundance
in gardens. Overall, B. lapidarius and B. hypnorum populations appear to be increasing,
becoming significantly more abundant and more likely to occur in recent years, whereas
B. hortorum, B. terrestris/lucorum and B. pascuorum appear to be declining (Fig. 5.3a,
5.4a; Supplementary Material S5.1).
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B. terrestris/lucorum, B. pascuorum and B. hypnorum are more likely to occur in
northern latitudes in recent years, with an interaction between year and latitude
positively affecting species occurrence (Supplementary Material S5.1a). Over the entire
time period, B. pascuorum is also likely to be more abundant at higher latitudes, as is B.
hortorum (Supplementary Material S5.1a). B. lapidarius and B. pratorum results reveal
an opposite trend, with occurrence becoming more associated with southern latitudes
over time (Supplementary Material S5.1a).
B. lapidarius is becoming significantly more abundant in easterly locations in recent
years, with a two-way interaction between longitude and year positively affecting
abundance, whereas B. terrestris/lucorum is increasing in westerly locations
(Supplementary Material S5.1a).
5.4.4 Garden type and size
Four species were more commonly present in urban gardens compared to rural.
Compared to rural gardens, B. hypnorum was significantly more likely to occur in both
suburban and urban gardens (Fig. 5.3b, Supplementary Material 5.1) and was more
abundant in urban ones, as were B. lapidarius, B. pratorum and B. terrestris/lucorum
(Fig. 5.4b; Supplementary Material S5.1). In contrast, the occurrence of B. hortorum and
B. pascuorum is significantly more associated with rural gardens (Fig. 5.4b;
Supplementary Material S5.1). Garden size also appears to influence populations, with
all species showing significant positive trends in occurrence and/or abundance in larger
gardens (Fig 5.3b, 5.4b; Supplementary Material S5.1).
5.4.5 Garden Habitat and Boundaries
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Several garden habitats are positively associated with bumblebee occurrence. The
percentage coverage of flower beds is significantly positively associated with the
occurrence of all species (Fig. 5.3c, Supplementary Material S5.1). More wild areas
within a garden positively predicts the occurrence of all species apart from B. lapidarius,
and is also associated with a higher abundance of four species/groups (B. lapidarius, B.
pascuorum, B. pratorum, and B. terrestris/lucorum). In addition, four of the six
species/groups (B. hypnorum, B. lapidarius, B. pascuorum, and B. pratorum) are more
likely to be present in gardens where a higher proportion of land is used for vegetable
growing (Fig. 5.3c; Supplementary Material S5.1). All species/groups, apart from B.
terrestris/lucorum, are more likely to occur in gardens where berry plants are present
(Fig. 5.3c; Supplementary Material S5.1).
Regarding garden boundaries, the proportion of low evergreen hedge is positively
associated with the occurrence of all bumblebee species (Supplementary Material S5.1).
The proportion of high deciduous hedge is positively associated with abundance of all
species apart from B. pascuorum, though numbers of all species drop off when the
percentage of garden boundary consisting of high deciduous hedge is over 75% (perhaps
indicating high levels of shade). Low deciduous hedge is positively associated with
abundance in the case of four species/groups (B. hortorum, B. hypnorum, B. pascuorum
and B. terrestris/lucorum; Supplementary Material S5.1, Fig. 5.4c).
5.4.6 Surrounding Landscape
Marshes and parks located near gardens have an overall positive effect on garden
bumblebees. Nearby marsh habitat is positively associated with both the occurrence
and abundance of all species apart from B. hypnorum (Fig., 5.3d, 5.4d; Supplementary
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Material S5.1). The presence of parks nearby predicts the occurrence of all species and
is positively associated with higher abundance of all species apart from B. lapidarius.
Gardens located near the coast are more likely to have higher numbers of most species
(B. lapidarius, B. pascuorum, B. pratorum and B. terrestris/lucorum; Fig. 5.4d).
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Proportion of presence (light gray) and absence (dark gray) records
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Proportion of presence (light gray) and absence (dark gray) records

Proportion of presence (light gray) and absence (dark gray) records
Fig. 5.3 Spine plots illustrating the proportion of presence (light gray) and absence (dark gray) records of species in relation to (a) Latitude, Longitude and
Year (b) general garden characteristics (c) garden habitat characteristics and (d) surrounding landscape characteristics (See Table 5.1). “*” indicates
significance of p<.05
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Fig. 5.4 Bar charts illustrating the relative abundance of species in relation to (a) Latitude,
Longitude and Year (b) general garden characteristics (c) garden habitat characteristics and (d)
surrounding landscape characteristics (See Table 1). “*” indicates significance of p<.05 (in a least
one category for categorical variables). Figures above bars represent number of garden sites per
category.
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5.5 Discussion
The findings of this study have demonstrated that the occurrence and abundance of
common bumblebees in UK gardens is strongly influenced by certain garden habitats
and characteristics as well as features of the surrounding landscape. Since gardens play
an important ecological role in the conservation of biodiversity, acting as green space
refuges in both rural and urban landscapes (Osborne et al., 2008; Goulson et al., 2010;
Goddard et al., 2010), understanding the species’ population responses to these
characteristics is of increasing importance (Chamberlain et al., 2004; Cannon, 1999),
particularly in the context of recent agricultural intensification and rapid urbanisation.
In the UK, gardens comprise a substantial area of green space and if we can understand
how to manage them to protect declining species, then they have a great potential to
help minimise the impact of human activity on wildlife populations (Davies et al., 2009;
Goddard et al., 2010).
5.5.1 Assuring record reliability
Citizen science schemes have the potential to provide valuable ecological information,
however some biases are inherent in the resulting data due to differences in individuals’
expertise, effort and experience. These issues must be addressed at each stage of the
scientific process; data collection, data analysis through to the interpretation of results,
in order to draw any dependable conclusions relating to ecological trends (Dickinson et
al., 2010, Hochachka et al., 2012). In order to address this, volunteers were provided
with clear instructions of a simple, standardised protocol that has proven successful as
part of BTO’s Garden BirdWatch scheme and submissions were validated through their
online threshold system that flags up unusual species records allowing them to be
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assessed by experts. Only recorders that had a consistent level of effort, submitting a
certain number of records annually and recording all bumblebees common to UK
gardens (apart from B. hypnorum which only recently reached Scotland, BWARS 2015)
were included in the analysis and modelling techniques that account for spatial and
temporal biases were applied. Results are discussed below, focusing on broad-scale
trends of common bumblebee garden visitors. The frequency of occurrence of rare
species in garden habitats is likely to be very low and the inclusion of the odd,
misidentified rare individual is unlikely to affect overall trends.
5.5.2 Interspecific variation in spatio-temporal trends and response to level of
urbanisation

Relative abundances of common species have changed over the last two decades.
Compared with earlier studies by Fussell and Corbet (1992a,b), B. terrestris/lucorum
appear to have increased in abundance while B. pratorum and B. lapidarius populations
have declined. Similarly, higher abundances of B. terrestris/lucorum were found by
Osborne et al. (2008) and Lye et al. (2012) when they compared nest densities to those
reported by Fussell and Corbet (1992b). This may be explained the fact that B. terrestris
is a particularly robust species that has proven successful in invading areas outside of its
native range making it more resistant to recent climate and landscape changes, such as
urbanisation, than other species.
Bumblebee species showed differing spatio-temporal trends in both their probability of
occurrence and abundance in gardens, with three of the six common species/groups (B.
pascuorum, B. hortorum, B. terrestris/lucorum) displaying patterns of recent decline.
The relative abundance of B. terrestris/lucorum has increased compared to earlier
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studies by Fussell and Corbet (1992a,b) but analysis of the Garden BeeWatch records
(2007-14) suggest a recent decline. It is important to note that, when comparing results
between surveys, differences in methodology may influence trends. One important
example of this is that, in Fussell and Corbett’s flower visitation study (Fussell and
Corbett 1992a), the proportion of habitats surveyed comprised of 49% gardens, 37%
wild sites and 14% included both. This may explain why species proportions derived
from the Garden Beewatch results were more highly correlated with Fussell and
Corbett’s nest study which was mainly based in garden habitats (Fussell and Corbett,
1992b) than with their flower visitation study (Fussell and Corbett, 1992a, Fig. 5.2).
When inferring long-term population trends it is also important to remember that these
surveys, particularly the earlier ones, which were shorter lasting just two seasons,
represent a temporal snapshot and the data may be influenced by variation in
environmental conditions and other short-term factors such as resource availability and
natural enemy populations.
Analysis of garden BeeWatch records reveals that B. pascuorum and B. hortorum are
more associated with northerly latitudes and B. terrestris/lucorum is more likely to be
found in the south but in higher numbers in the northern areas where it occurs. It is
difficult, however, to interpret trends for B. terrestris/lucorum since B. lucorum is a
species complex comprised of three cryptic species that differ in terms of their
geographic range and ecology (Scriven et. al, 2015). Interestingly, the two species that
are associated with northerly latitudes and appear to be declining over time, B.
hortorum and B. pascuorum, are also more associated with rural than urban (B.
hortorum) and suburban (B. pascuorum) gardens, which are more likely to be found in
the north (UK National Ecosystem Assessment, 2011). Studies have shown that
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bumblebees differ in their foraging specialisation in accordance with tongue length with
long-tongued species being more specialised and prone to decline than short-tongued
species (Goulson et al., 2005; Goulson and Darvill, 2004; Goulson et al., 2008). Both B.
pascuorum and B. hortorum are relatively long-tongued and this may explain their
decline, in contrast to the remaining three short-tongued species whose generalism may
confer an advantage in adapting more readily to rapidly changing environments. Both
species emerge later than most other common species and timing of emergence has
been suggested as a factor contributing to bumblebee declines due to reduced time for
colony growth. Later emerging species also tend to have a stronger association with
unimproved grassland, which has undergone a remarkable decline over the last few
decades (Goulson et al., 2005). Carvell et al. (2006) also described a national decline in
bumblebee forage plants, including those of particular value to long-tongued species. It
is likely that there are a number of potentially interacting drivers of decline with other
studies suggesting a combination of habitat and climatic factors influencing distribution
and abundance of UK species (Williams et al., 2007; Chapter 4). Previous studies that
used volunteer-collected data to investigate bumblebee nest density found similar
patterns of decline for B. pascuorum (Osborne et al., 2008; Lye et al., 2012), however
this is the first evidence of decline in B. hortorum. It is of particular concern that the last
remaining long-tongued species, previously thought to be common, are now showing
signs of threat. This is likely to impact on the survival of plants with deep corollas
specialized for pollination by long-tongued bumblebees, many of which are already in
decline (e.g. Trifolium pratense, Rhinanthus minor; Carvell et al., 2006) and could lead
to knock on ecosystem effects.
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Bombus hypnorum, a recent arrival from the continent (Goulson and Williams, 2001),
has been steadily moving northwards and increasing in abundance over time. It is also
associated with easterly gardens and urban habitats. This pattern is unsurprising since
the rapid expansion of B. hypnorum has been well documented since its arrival (PrysJones, 2014) and it is known to be an urban species, now common in cities such as
London (Crowther et al., 2014; Bates et al., 2011). Very little is known of the ecological
impact of its colonisation and rapid expansion in the UK. Further studies are required to
determine whether or not this species competes with others and is a contributing factor
in their decline.
Altitude was negatively associated with all bumblebee species apart from B. hypnorum.
This may be due to a lack of suitable floral resources at higher altitudes limiting other
species, some of which are towards the northern edge of their ranges in the UK (Alford,
1980) while B. hypnorum is found in a wide range of biotopes, including montane regions
of Europe and Asia (Goulson and Williams, 2001).
This study reveals an association of most common species with urban environments,
with urban gardens and park habitat located near gardens having a positive effect on
species occurrence and abundance. Where more gardens were located within 100m of
the garden sites surveyed, occurrence and abundance of most species was higher (S5.1),
further indicating that residential suburban and urban areas benefit populations of
some species. This is in line with previous studies which have shown that gardens and
parks are important refuges for bumblebees within the wider landscape (Osborne et al.,
2008; Chapman et al., 2003; McFrederick and LeBuhn, 2006; Goulson et al., 2010). This
may be due to urban gardens and parks comprising regional areas of green space with a
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high diversity of floral resources that tend to be managed throughout the bumblebee
flight season (March-October), offering continuity of forage material. Gunnarsson and
Federsel (2014) found that a high flowering frequency was positively associated with
bumblebee abundance in urban gardens and ornamental flowerbeds within urban park
sites. Parks and gardens also tend to be dominated by ornamental, non-native species
whose showy floral displays and prolific nectar content are often attractive to bees
(Stout et al., 2006; Stout and Casey, 2014; Lopezaraiza-Mikel et al., 2007), particularly
generalists. Interestingly, in a study carried out on flower visitation by bumblebees in
English urban gardens, Hanley et al. (2014) revealed a significant preference for native
plants by the long-tongued B. hortorum and B. pascuorum compared to other, shorttongued species, which were more generalist in their preferences. This supports the
hypothesis that the recent decline of these species shown here is due to common
generalist species outcompeting specialists as they adapt to expanding urban areas.
5.5.3 Species patterns of occurrence and abundance in relation to the surrounding
landscape

Higher abundances of four bumblebee species (B. lapidarius, B. pascuorum, B. pratorum,
B. terrestris/lucorum) were associated with gardens located near the coast. This is not
unexpected since coastal habitats such as sand dunes, shingle and saltmarsh are known
to be key UK habitats for bumblebees (Williams 1988); they support high levels of
bumblebee species richness, with many rare species contracting towards the coast as
populations decline (Goulson et al., 2006; Chapter 3). Gardens near marshes were more
likely to record bumblebee species and have a higher abundance of most species. These
habitats are less affected by agricultural intensification due to their relative unsuitability
for farming and so tend to be richer in floral diversity and abundance than many inland
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areas, as well as having a longer growing season (Williams, 1988). B. hypnorum was the
only species that was found to be negatively associated with both nearby seashore and
marsh habitat, most likely due to its preference for urban areas and for nesting in trees,
bird boxes and roof spaces.
Surprisingly, the occurrences of most bumblebee species were negatively associated
with gardens near semi-natural grassland. This may be due to nectar rich grassland
flowers attracting bumblebees away from gardens since they tend to favour foraging
strategies that are optimal in terms of resource acquisition (Goulson, 2003). Also, seminatural grassland tends to occur in more rural areas where gardens are likely to be
comparatively more spread out with patchily distributed foraging habitat.
5.5.4 Species patterns of occurrence and abundance in relation to within- garden
habitats

Wild habitat within gardens positively affected occurrence and abundance of species.
Similar findings were reported by McFrederick and LeBuhn (2006) in their study of urban
parks, with a higher proportion of wild areas increasing bumblebee abundance.
Additionally, Tommasi et al. (2004) also found a higher diversity of bees in wild areas
within Canadian urban environments compared to botanical gardens, backyards and
managed flower-beds. This result is unsurprising since areas left unchanged by human
activity are more likely to offer floral resources and suitable nesting sites. Flowerbeds,
vegetables and berry plants were also positively associated with the occurrence of
bumblebee species in gardens, most likely due to their high foraging rewards.
Hedgerows were found to be the most beneficial linear features surrounding garden
sites with low evergreen hedges predicting occurrence and both high and low deciduous
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hedges positively associated with a higher abundance of most species. Bumblebees use
linear features to guide foraging activity (Cranmer, 2004; Cranmer et al., 2012; Öckinger
and Smith, 2007) and the base of hedges additionally provide good nesting sites and
shelter (Osborne et al., 2008). Deciduous hedges may also provide floral resources.
This study supports the growing body of evidence that gardens are increasingly
important habitats for bumblebees, providing a much needed network of nesting and
foraging resources in rural and urban landscapes strongly impacted by human activity.
While urban gardens support most of the common species of bumblebee, it is of great
concern that declining long-tongued specialists appear to be struggling to adapt to the
rapidly spreading urban matrix. These findings stress the need for managing parks and
gardens sympathetically for declining specialist pollinators such as long-tongued species
by including suitable deep flowers along with the conservation of key coastal habitats
and marshland in the surrounding landscape.
5.6 Supplementary Material
S5.1 Minimal model summary for each species where (a) presence/absence and (b) abundance
per garden visit is fitted as the response variable in a general linear model. Latitude and
Longitude of each garden site, year of record and all bumblebee habitat variables (Table 5.1)
were fitted as fixed factors. “*” denotes P-value at a significance level of <0.05.
Species
Fixed Effects
Estimate

S.E.

z-value

P

AIC

B. hortorum
(a) Latitude

0.070

0.032

2.218

0.027*

Longitude

0.222

0.033

6.679

2.41e-11*

Year (2008)

-0.265

2.105

-0.126

0.900

Year (2009)

2.445

1.928

1.268

0.205

Year (2010)

1.690

1.950

0.867

0.386

Year (2011)

0.886

1.899

0.467

0.641

Year (2012)

-1.984

1.951

-1.017

0.309

Year (2013)

-1.754

1.861

-0.942

0.346

1.462

1.860

0.786

0.432

-0.249

0.029

-8.528

1.49e-17*

Year (2014)
Garden size (medium)
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Garden size (small)

-0.001

0.037

-0.039

0.969

Garden age

-0.004

4.83e-04

-9.302

1.37e-20*

Garden type (suburban)

-0.183

0.027

-6.695

2.15e-11*

Garden type (urban)

-0.229

0.063

-3.609

3.08e-04*

Lawn

-0.002

0.001

-4.023

5.75e-05*

Flower beds

0.009

0.001

8.950

3.54e-19*

Vegetables

-0.011

0.001

-8.348

6.94e-17*

Wild

0.020

0.001

20.497

2.31e-93*

Barren

-0.011

0.001

-10.169

2.73e-24*

Orchard

-0.003

0.002

-1.937

0.053

Buildings

-0.012

0.001

-9.246

2.34e-20*

Coniferous hedge (low)

0.004

0.001

4.950

7.43e-07*

Coniferous hedge (high)

0.003

0.001

4.163

3.14e-05*

Other boundary

-0.015

0.001

-13.728

6.86e-43*

Altitude

-0.003

0.001

-5.123

3.01e-07*

Berry plants (present)

0.746

0.074

10.115

4.74e-24*

-0.221

0.027

-8.074

6.81e-16*

Semi-natural grassland (present)

0.481

0.028

16.895

4.91e-64*

Marsh (present)

0.132

0.050

2.609

0.009*

Scrub (present)

Moor (present)

0.333

0.061

5.490

4.02e-08*

Bog (present)

-0.263

0.102

-2.576

0.010*

Nearby orchard (present)

-0.151

0.044

-3.434

0.001*

Garden (present)

-0.245

0.036

-6.849

7.46e-12*

Parks (present)

0.079

0.026

3.040

0.002*

-0.390

0.051

-7.612

2.71e-14*

Stream (present)

0.071

0.028

2.513

0.012*

River (present)

0.154

0.046

3.358

0.001*

Canal (present)

Active railway (present)

-1.038

0.159

-6.530

6.56e-11*

Latitude:Year (2008)

0.003

0.040

0.066

0.947

Latitude:Year (2009)

-0.049

0.037

-1.327

0.184

Latitude:Year (2010)

-0.039

0.037

-1.054

0.292

Latitude:Year (2011)

-0.026

0.036

-0.707

0.480

Latitude:Year (2012)

0.028

0.037

0.755

0.450

Latitude:Year (2013)

0.027

0.036

0.750

0.453

Latitude:Year (2014)

-0.039

0.036

-1.104

0.270

Longitude:Year (2008)

-0.023

0.042

-0.551

0.582

Longitude:Year (2009)

-0.037

0.038

-0.963

0.336

Longitude:Year (2010)

-0.028

0.039

-0.719

0.472

Longitude:Year (2011)

-0.110

0.038

-2.924

0.003

Longitude:Year (2012)

-0.004

0.039

-0.099

0.921

Longitude:Year (2013)

-0.124

0.037

-3.345

0.001*

Longitude:Year (2014)

-0.145

0.037

-3.950

7.83e-05*

(b) Latitude

-0.038

0.022

-1.722

0.085

Longitude

-0.028

0.019

-1.534

0.125

Year (2008)

2.990

1.403

2.131

0.033*

Year (2009)

-6.329

1.318

-4.801

1.58e-06*
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Year (2010)

-4.511

1.348

-3.347

0.001*

Year (2011)

-2.788

1.290

-2.161

0.031*

Year (2012)

-3.547

1.357

-2.614

0.009*

Year (2013)

-3.611

1.250

-2.889

0.004*

Year (2014)

-4.035

1.253

-3.220

0.001*

Garden size (medium)

-0.172

0.019

-8.837

9.8e-19*

0.003

0.024

0.133

0.894

Garden age

-0.003

3.34e-04

-8.958

3.3e-19*

Lawn

-0.004

3.87e-04

-10.949

6.73e-28*

Flower beds

-0.007

0.001

-10.309

6.41e-25*

Shrubberies

0.003

0.001

5.758

8.49e-09*

Vegetables

-0.007

0.001

-8.126

4.44e-16*

Wild

-0.002

0.001

-2.463

0.014*

Barren

-0.008

0.001

-10.581

3.66e-26*

Orchard

0.003

0.001

2.515

0.012*

Fence

0.002

3.17e-04

6.550

5.76e-11*

Wall

-0.003

4.82e-04

-6.289

3.2e-10*

Buildings

0.003

0.001

3.097

0.002*

Deciduous hedge (low)

0.006

0.001

10.049

9.26e-24*

Deciduous hedge (high)

0.006

4.89e-04

11.992

3.89e-33*

Other boundary

0.004

0.001

5.144

2.69e-07*

Berry plants (present)

0.193

0.059

3.296

0.001*

Mixed woodland (present)

0.067

0.017

4.088

4.36e-05*

Scrub (present)

-0.094

0.019

-4.914

8.92e-07*

Semi-natural grassland (present)

-0.149

0.020

-7.462

8.52e-14*

Marsh (present)

0.235

0.031

7.565

3.89e-14*

Moor (present)

0.128

0.040

3.211

0.001*

Garden size (small)

Bog (present)

0.379

0.057

6.695

2.15e-11*

Nearby orchard (present)

-0.095

0.034

-2.838

0.005*

Garden (present)

-0.207

0.023

-9.138

6.38e-2*

0.039

0.018

2.214

0.027*

Active railway (present)

-0.182

0.040

-4.573

4.8e-06*

Stream (present)

-0.080

0.019

-4.294

1.76e-05*

Canal (present)

-0.537

0.140

-3.832

1.27e-04*

Seashore (present)

-0.310

0.087

-3.563

3.67e-04*

Latitude:Year (2008)

-0.057

0.027

-2.125

0.034*

Latitude:Year (2009)

0.117

0.025

4.638

3.51e-06*

Latitude:Year (2010)

0.086

0.026

3.329

0.001*

Latitude:Year (2011)

0.048

0.025

1.969

0.049*

Latitude:Year (2012)

0.064

0.026

2.467

0.014*

Latitude:Year (2013)

0.067

0.024

2.803

0.005*

Latitude:Year (2014)

0.072

0.024

3.011

0.003*

Longitude:Year (2008)

-0.026

0.024

-1.088

0.276

Longitude:Year (2009)

0.004

0.022

0.198

0.843

Longitude:Year (2010)

0.076

0.023

3.384

0.001*

Longitude:Year (2011)

-0.026

0.022

-1.173

0.241

Parks (present)
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Longitude:Year (2012)

0.015

0.023

0.666

0.505

Longitude:Year (2013)

-0.002

0.021

-0.112

0.911

Longitude:Year (2014)

-0.052

0.021

-2.474

0.013*

-0.455

0.173

-2.629

0.009*

Longitude

0.103

0.127

0.813

0.416

Year (2008)

5.028

12.304

0.409

0.683

Year (2009)

-4.703

9.613

-0.489

0.625

Year (2010)

0.293

9.428

0.031

0.975

Year (2011)

-8.717

9.115

-0.956

0.339

Year (2012)

-13.509

9.083

-1.487

0.137

Year (2013)

-15.916

9.040

-1.761

0.078

Year (2014)

-18.432

9.016

-2.044

0.041*

Garden size (medium)

-0.183

0.035

-5.293

1.2e-07*

Garden size (small)

-0.521

0.047

-10.995

4.04e-28*

Garden type (suburban)

0.532

0.035

15.211

2.98e-52*

Garden type (urban)

0.889

0.073

12.168

4.63e-34*

Lawn

0.002

0.001

3.597

3.22e-04*

Flower beds

0.008

0.001

6.434

1.24e-10*

Shrubberies

0.011

0.001

10.236

1.36e-24*

Vegetables

0.009

0.002

6.078

1.22e-09*

Wild

0.009

0.001

6.591

4.36e-11*

Orchard

-0.024

0.003

-8.792

1.46e-18*

Wall

-0.001

0.001

-1.626

0.104

Buildings

-0.010

0.001

-6.734

1.65e-11*

Coniferous hedge (low)

0.006

0.001

6.517

7.18e-11*

Deciduous hedge (low)

-0.002

0.001

-1.776

0.076

Deciduous hedge (high)

-0.005

0.001

-5.366

8.06e-08*

Other boundary

-0.010

0.001

-6.724

1.77e-11*

0.684

0.101

6.803

1.02e-11*

Mixed woodland (present)

-0.178

0.031

-5.712

1.12e-08*

Scrub (present)

-0.092

0.035

-2.651

0.008*

Semi-natural grassland (present)

-0.686

0.048

-14.199

9.23e-46*

Bog (present)

-1.245

0.285

-4.373

1.22e-05*

0.233

0.058

4.049

5.15e-05*

B. hypnorum
(a) Latitude

Berry plants (present)

Garden (present)
Parks (present)

0.265

0.029

9.045

1.5e-19*

-0.356

0.062

-5.717

1.09e-08*

Stream (present)

0.370

0.035

10.545

5.34e-26*

Canal (present)

0.246

0.134

1.828

0.067

Seashore (present)

-0.561

0.221

-2.538

0.011*

Latitude:Year (2008)

-0.093

0.237

-0.393

0.695

Latitude:Year (2009)

0.111

0.185

0.600

0.549

Latitude:Year (2010)

0.026

0.182

0.145

0.885

Latitude:Year (2011)

0.211

0.176

1.201

0.230

Latitude:Year (2012)

0.312

0.175

1.782

0.075

Latitude:Year (2013)

0.367

0.174

2.107

0.035*

Active railway (present)
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Latitude:Year (2014)

0.420

0.174

2.420

0.016*

Longitude:Year (2008)

0.193

0.162

1.194

0.232

Longitude:Year (2009)

0.103

0.135

0.760

0.447

Longitude:Year (2010)

0.208

0.132

1.577

0.115

Longitude:Year (2011)

0.052

0.129

0.401

0.688

Longitude:Year (2012)

0.177

0.128

1.378

0.168

Longitude:Year (2013)

0.160

0.128

1.249

0.212

Longitude:Year (2014)

0.108

0.127

0.844

0.399

(b) Latitude

0.084

0.169

0.494

0.621

Longitude

-0.024

0.123

-0.196

0.845

Year (2008)

11.235

11.777

0.954

0.340

Year (2009)

11.540

9.240

1.249

0.212

Year (2010)

8.565

9.113

0.940

0.347

Year (2011)

3.335

8.879

0.376

0.707

Year (2012)

6.797

8.869

0.766

0.443

Year (2013)

-6.972

8.821

-0.790

0.429

Year (2014)

6.628

8.809

0.752

0.452

Garden size (medium)

-0.049

0.024

-2.086

0.037*

Garden size (small)

-0.105

0.033

-3.148

0.002*

Garden age

0.001

4.38e-04

1.416

0.157

-0.159

0.025

-6.453

1.1e-10*

0.162

0.046

3.558

3.73e-04*

Lawn

-0.001

4.76e-04

-1.869

0.062

Flower beds

-0.009

0.001

-10.861

1.76e-27*

Shrubberies

0.004

0.001

5.706

1.16e-08*

Vegetables

0.003

0.001

2.449

0.014*

Wall

0.005

0.001

9.137

6.45e-20*

Garden type (suburban)
Garden type (urban)

Buildings

0.010

0.001

8.422

3.69e-17*

Coniferous hedge (low)

-0.006

0.001

-7.953

1.82e-15*

Coniferous hedge (high)

-0.001

0.001

-2.206

0.027*

Deciduous hedge (low)

0.014

0.001

17.992

2.24e-72*

Deciduous hedge (high)

0.003

0.001

4.738

2.15e-06*

Other boundary

-0.008

0.001

-7.268

3.64e-13*

Berry plants (present)

-0.179

0.069

-2.579

0.01*

Mixed woodland (present)

-0.165

0.023

-7.212

5.5e-13*

Scrub (present)

-0.253

0.025

-9.950

2.53e-23*

0.163

0.035

4.683

2.83e-06*

Marsh (present)

-0.630

0.061

-10.337

4.78e-25*

Moor (present)

-0.296

0.100

-2.953

0.003*

Nearby orchard (present)

Semi-natural grassland (present)

-0.263

0.039

-6.829

8.57e-12*

Garden (present)

0.067

0.044

1.533

0.125

Parks (present)

0.177

0.021

8.593

8.44e-18*

Active railway (present)

0.202

0.043

4.670

3.02e-06*

Stream (present)

0.198

0.024

8.219

2.05e-16*

River (present)

-0.134

0.051

-2.642

0.008*

Canal (present)

1.216

0.057

21.432

6.72e-106*
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Latitude:Year (2008)

-0.212

0.227

-0.933

0.351

Latitude:Year (2009)

-0.211

0.178

-1.188

0.235

Latitude:Year (2010)

-0.158

0.175

-0.902

0.367

Latitude:Year (2011)

-0.055

0.171

-0.320

0.749

Latitude:Year (2012)

-0.125

0.171

-0.733

0.464

Latitude:Year (2013)

0.146

0.170

0.861

0.389

Latitude:Year (2014)

-0.116

0.170

-0.685

0.493

Longitude:Year (2008)

0.030

0.157

0.193

0.847

Longitude:Year (2009)

0.113

0.130

0.870

0.385

Longitude:Year (2010)

0.024

0.129

0.190

0.849

Longitude:Year (2011)

0.012

0.124

0.097

0.922

Longitude:Year (2012)

0.072

0.124

0.580

0.562

Longitude:Year (2013)

0.145

0.123

1.177

0.239

Longitude:Year (2014)

0.001

0.123

0.005

0.996

(a) Latitude

0.171

0.025

6.788

1.14e-11*

Longitude

0.114

0.027

4.229

2.35e-05*

Year (2008)

3.424

1.760

1.945

0.052

Year (2009)

7.266

1.566

4.641

3.47e-06*

Year (2010)

11.645

1.514

7.690

1.47e-14*

Year (2011)

12.788

1.482

8.630

6.13e-18*

Year (2012)

6.976

1.507

4.630

3.65e-06*

Year (2013)

11.673

1.521

7.674

1.66e-14*

B. lapidarius

Year (2014)

9.186

1.488

6.174

6.67e-10*

Garden size (medium)

-0.091

0.022

-4.195

2.73e-05*

Garden size (small)

-0.420

0.030

-14.117

2.99e-45*

Garden age

-0.003

3.74e-04

-8.940

3.9e-19*

Lawn

-0.001

4.19e-04

-1.875

0.061

Flower beds

0.007

0.001

8.287

1.16e-16*

Shrubberies

-0.002

0.001

-2.992

0.003*

Vegetables

0.005

0.001

4.996

Barren

-0.003

0.001

-4.506

6.6e-06*

Orchard

0.006

0.001

4.461

8.16e-06

Fence

-0.001

4.04e-04

-3.378

0.001*

Wall

0.001

0.001

1.613

0.107

Buildings

5.84e-07*

-0.007

0.001

-7.451

9.24e-14*

Coniferous hedge (low)

0.008

0.001

10.434

1.74e-25*

Coniferous hedge (high)

-0.004

0.001

-5.653

1.58e-08*

Deciduous hedge (low)

-0.004

0.001

-5.177

2.25e-07*

Deciduous hedge (high)

-0.002

0.001

-3.205

0.001*

Other boundary

-0.011

0.001

-12.189

3.58e-34*

Altitude

-0.004

0.001

-7.665

1.79e-14*

0.180

0.050

3.634

2.79e-04*

-0.083

0.019

-4.358

1.31e-05*

0.216

0.021

10.422

1.97e-25*

-0.445

0.026

-17.217

1.97e-66*

Berry plants (present)
Mixed woodland (present)
Scrub (present)
Semi-natural grassland (present)
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Marsh (present)

0.339

0.042

8.083

6.33e-16*

Moor (present)

-0.172

0.064

-2.701

0.007*

0.291

0.032

9.083

1.06e-19*

Garden (present)
Parks (present)

0.142

0.019

7.620

2.53e-14*

Active railway (present)

-0.106

0.035

-3.027

0.002*

Stream (present)

-0.078

0.022

-3.514

4.41e-04*

River (present)

-0.580

0.041

-14.033

9.77e-45*

Canal (present)

-0.237

0.089

-2.677

0.007*

Latitude:Year (2008)

-0.072

0.034

-2.153

0.031*

Latitude:Year (2009)

-0.141

0.030

-4.709

2.49e-06*

Latitude:Year (2010)

-0.217

0.029

-7.500

6.4e-14*

Latitude:Year (2011)

-0.235

0.028

-8.297

1.07e-16*

Latitude:Year (2012)

-0.134

0.029

-4.654

3.25e-06*

Latitude:Year (2013)

-0.222

0.029

-7.632

2.31e-14*

Latitude:Year (2014)

-0.174

0.028

-6.131

8.76e-10*

Longitude:Year (2008)

0.001

0.036

0.023

0.981

Longitude:Year (2009)

0.008

0.031

0.252

0.801

Longitude:Year (2010)

-0.017

0.031

-0.543

0.587

Longitude:Year (2011)

-0.002

0.030

-0.053

0.958

Longitude:Year (2012)

-0.026

0.030

-0.853

0.394

Longitude:Year (2013)

0.044

0.030

1.448

0.148

Longitude:Year (2014)

0.060

0.030

2.011

0.044

(b)Latitude

0.125

0.016

7.867

3.62e-15*

Longitude

-0.078

0.018

-4.234

2.3e-05*

Year (2008)

7.129

1.288

5.534

3.14e-08*

Year (2009)

6.630

1.081

6.135

8.51e-10*

Year (2010)

7.486

0.998

7.503

6.24e-14*

Year (2011)

7.030

0.959

7.330

2.3e-13*

Year (2012)

6.085

1.003

6.069

1.28e-09*

Year (2013)

6.524

1.002

6.511

7.47e-11*

Year (2014)

2.791

0.969

2.880

0.004*

Garden size (medium)

-0.204

0.015

-13.891

7.13e-44*

Garden size (small)

-0.181

0.020

-8.976

2.8e-19*

Garden age

-0.001

2.48e-04*

-4.465

8.01e-06*

Garden type (suburban)

0.027

0.015

1.832

0.067

Garden type (urban)

0.145

0.034

4.280

1.87e-05*

Lawn

0.001

2.86e-04

4.476

7.61e-06*

Flower beds

-0.005

0.001

-7.838

4.57e-15*

Shrubberies

0.002

0.001

3.397

0.001*

Wild

0.005

0.001

8.183

2.78e-16*

Barren

-0.005

0.001

-8.914

4.92e-19*

Fence

0.001

2.44e-04

4.851

1.23e-06*

Buildings

-0.002

0.001

-2.633

0.008*

Coniferous hedge (low)

-0.003

0.001

-6.133

8.62e-10*

Deciduous hedge (low)

-0.001

0.001

-2.654

0.008*

Deciduous hedge (high)

0.009

3.69e-04*

23.104

4.2e-118*
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Altitude

0.001

3.67e-04*

1.467

0.142

Scrub (present)

-0.082

0.014

-5.845

5.06e-09*

Semi-natural grassland (present)

-0.102

0.019

-5.337

9.47e-08*

Marsh (present)

0.077

0.028

2.728

0.006*

Bog (present)

-0.099

0.066

-1.504

0.133

Nearby orchard (present)

-0.171

0.025

-6.791

1.11e-11*

0.099

0.023

4.358

1.32e-05*

River (present)

-0.252

0.033

-7.665

1.79e-14*

Canal (present)

-0.196

0.069

-2.840

0.005*

0.409

0.055

7.450

9.31e-14*

Latitude:Year (2008)

-0.133

0.025

-5.438

5.4e-08*

Latitude:Year (2009)

-0.121

0.021

-5.869

4.38e-09*

Latitude:Year (2010)

-0.139

0.019

-7.324

2.4e-13*

Latitude:Year (2011)

-0.132

0.018

-7.242

4.41e-13*

Latitude:Year (2012)

-0.116

0.019

-6.098

1.08e-09*

Latitude:Year (2013)

-0.118

0.019

-6.197

5.75e-10*

Latitude:Year (2014)

-0.053

0.018

-2.865

0.004*

Longitude:Year (2008)

0.121

0.025

4.921

8.59e-07*

Longitude:Year (2009)

0.198

0.022

9.131

6.79e-20*

Longitude:Year (2010)

0.110

0.021

5.309

1.1e-07*

Longitude:Year (2011)

0.080

0.020

3.980

6.89e-05*

Longitude:Year (2012)

0.087

0.021

4.114

3.89e-05*

Longitude:Year (2013)

0.197

0.020

9.650

4.93e-22*

Longitude:Year (2014)

0.091

0.020

4.477

7.58e-06*

0.099

0.023

4.365

1.27e-05*

Longitude

-0.090

0.024

-3.710

2.07e-04*

Year (2008)

-5.319

1.505

-3.534

4.09e-04*

Year (2009)

-6.994

1.377

-5.079

3.79e-07*

Year (2010)

-4.286

1.360

-3.152

0.002*

Year (2011)

-3.486

1.339

-2.604

0.009*

Year (2012)

-3.613

1.339

-2.698

0.007*

Year (2013)

-0.729

1.326

-0.550

0.582

Year (2014)

-2.676

1.310

-2.043

0.041*

Garden size (medium)

-0.017

0.021

-0.829

0.407

Garden size (small)

-0.177

0.027

-6.446

1.15e-10*

0.003

3.53e-04

9.717

2.56e-22*

Garden type (suburban)

-0.067

0.019

-3.482

4.97e-04*

Garden type (urban)

-0.066

0.045

-1.459

0.145

Lawn

0.001

3.9e-04

2.789

0.005*

Flower beds

0.002

0.001

2.642

0.008*

Shrubberies

0.002

0.001

2.135

0.033*

Vegetables

0.015

0.001

16.782

3.31e-63*

Wild

0.006

0.001

7.739

1e-14*

Barren

0.006

0.001

8.751

2.11e-18*

Orchard

-0.011

0.001

-8.367

5.92e-17*

Garden (present)

Seashore (present)

B. pascuorum
(a) Latitude

Garden age
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Fence

-0.002

3.70e-04

-5.615

1.96e-08*

Wall

-0.003

4.75e-04

-5.360

8.32e-08*

Buildings

-0.003

0.001

-4.218

2.47e-05*

Coniferous hedge (low)

0.004

0.001

6.111

9.92e-10*

Coniferous hedge (high)

-0.001

0.001

-2.487

0.013*

Deciduous hedge (low)

0.002

0.001

2.891

0.004*

Deciduous hedge (high)

-0.003

0.001

-5.177

2.26e-07*

Other boundary

-0.005

0.001

-6.081

1.19e-09*

Altitude

-0.001

4.5e-04

-1.549

0.121

0.174

0.043

4.085

4.4e-05*

-0.145

0.017

-8.356

6.49e-17*

Berry plants (present)
Mixed woodland (present)
Scrub (present)

0.224

0.019

11.884

1.44e-32*

-0.293

0.023

-12.986

1.47e-38*

0.092

0.038

2.397

0.017*

Bog (present)

-0.208

0.074

-2.821

0.005*

Nearby orchard (present)

Semi-natural grassland (present)
Marsh (present)

-0.118

0.030

-3.890

1e-04*

Garden (present)

0.071

0.027

2.571

0.010*

Parks (present)

0.100

0.018

5.610

2.03e-08*

Active railway (present)

-0.424

0.033

-12.748

3.19e-37*

River (present)

-0.054

0.033

-1.627

0.104

Canal (present)

-0.170

0.078

-2.187

0.029*

Seashore (present)

0.320

0.080

4.025

5.7e-05*

Latitude:Year (2008)

0.102

0.029

3.535

4.08e-04*

Latitude:Year (2009)

0.134

0.026

5.086

3.66e-07*

Latitude:Year (2010)

0.079

0.026

3.041

0.002*

Latitude:Year (2011)

0.067

0.026

2.631

0.009*

Latitude:Year (2012)

0.068

0.026

2.668

0.008*

Latitude:Year (2013)

0.021

0.025

0.814

0.416

Latitude:Year (2014)

0.048

0.025

1.910

0.056

Longitude:Year (2008)

0.070

0.031

2.270

0.023*

Longitude:Year (2009)

0.053

0.028

1.880

0.060

Longitude:Year (2010)

-0.012

0.028

-0.436

0.663

Longitude:Year (2011)

0.060

0.027

2.187

0.029*

Longitude:Year (2012)

0.026

0.027

0.954

0.340

Longitude:Year (2013)

0.008

0.027

0.287

0.774

Longitude:Year (2014)

-0.037

0.027

-1.400

0.162

0.057

0.017

3.358

0.001*

Longitude

-0.054

0.019

-2.810

0.005*

Year (2008)

-3.269

1.130

-2.895

0.004*

Year (2009)

-3.915

1.027

-3.813

1.37e-04*

Year (2010)

-2.541

1.023

-2.484

0.013*

Year (2011)

-2.151

1.010

-2.131

0.033*

Year (2012)

-2.201

1.009

-2.181

0.029*

Year (2013)

0.026

0.985

0.027

0.979

Year (2014)

-1.646

0.987

-1.668

0.095

Garden size (medium)

-0.004

0.016

-0.249

0.803

(b) Latitude
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Garden size (small)

-0.111

0.022

-5.132

2.87e-07*

0.002

2.79e-04

7.583

3.38e-14*

Garden type (suburban)

-0.037

0.015

-2.482

0.013*

Garden type (urban)

Garden age

-0.037

0.035

-1.034

0.301

Lawn

0.001

3.06e-04

2.072

0.038

Flower beds

0.001

0.001

1.995

0.046*

Shrubberies

0.001

0.001

1.471

0.141

Vegetables

0.009

0.001

13.187

1.05e-39*

Wild

0.003

0.001

5.748

9.02e-09*

Barren

0.004

0.001

6.786

1.15e-11*

Orchard

-0.007

0.001

-6.499

8.11e-11*

Fence

-0.001

2.91e-04

-4.956

7.21e-07*

Wall

-0.002

3.67e-04

-4.413

1.02e-05*

Buildings

-0.002

0.001

-3.129

0.002*

Coniferous hedge (low)

0.003

0.001

4.974

6.57e-07*

Coniferous hedge (high)

-0.001

4.63e-04

-2.019

0.044*

Deciduous hedge (low)

0.001

0.001

2.332

0.020*

Deciduous hedge (high)

-0.002

4.41e-04

-4.339

1.43e-05*

Other boundary

-0.003

0.001

-5.275

1.33e-07*

Berry plants (present)
Mixed woodland (present)
Scrub (present)
Semi-natural grassland (present)
Marsh (present)

0.109

0.035

3.165

0.002*

-0.088

0.014

-6.502

7.94e-11*

0.133

0.014

9.272

1.83e-20*

-0.179

0.018

-10.046

9.56e-24*

0.055

0.029

1.869

0.062

Bog (present)

-0.135

0.055

-2.448

0.014*

Nearby orchard (present)

-0.072

0.024

-2.996

0.003*

0.031

0.021

1.466

0.143

Garden (present)
Parks (present)

0.065

0.014

4.663

3.11e-06*

Active railway (present)

-0.282

0.028

-10.206

1.86e-24*

River (present)

-0.038

0.025

-1.520

0.129

Canal (present)

-0.104

0.063

-1.660

0.097

Seashore (present)

0.166

0.055

2.984

0.003*

Latitude:Year (2008)

0.063

0.022

2.895

0.004*

Latitude:Year (2009)

0.075

0.020

3.816

1.35e-04*

Latitude:Year (2010)

0.047

0.020

2.384

0.017*

Latitude:Year (2011)

0.042

0.019

2.153

0.031*

Latitude:Year (2012)

0.042

0.019

2.154

0.031*

Latitude:Year (2013)

0.004

0.019

0.194

0.846

Latitude:Year (2014)

0.029

0.019

1.550

0.121

Longitude:Year (2008)

0.047

0.025

1.893

0.058

Longitude:Year (2009)

0.036

0.022

1.623

0.105

Longitude:Year (2010)

-0.008

0.022

-0.354

0.723

Longitude:Year (2011)

0.039

0.022

1.793

0.073

Longitude:Year (2012)

0.017

0.022

0.766

0.444

Longitude:Year (2013)

0.010

0.021

0.468

0.640

Longitude:Year (2014)

-0.025

0.021

-1.167

0.243
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B. pratorum
(a) Latitude

0.055

0.045

1.226

0.220

Longitude

0.007

0.050

0.149

0.882

Year (2008)

-5.855

3.137

-1.867

0.062

Year (2009)

-0.491

2.657

-0.185

0.853

Year (2010)

-0.083

2.664

-0.031

0.975

Year (2011)

5.093

2.574

1.979

0.048*

Year (2012)

-2.756

2.636

-1.045

0.296

Year (2013)

2.348

2.578

0.911

0.362

Year (2014)

3.375

2.494

1.353

0.176

Garden size (medium)

-0.090

0.035

-2.579

0.01*

Garden size (small)

-0.097

0.047

-2.087

0.037*

Garden age

0.002

0.001

3.058

0.002*

Garden type (suburban)

0.025

0.035

0.721

0.471

-0.576

0.098

-5.903

3.56e-09*

Lawn

0.007

0.001

10.507

8.02e-26*

Flower beds

0.013

0.001

9.870

5.61e-23*

Shrubberies

0.010

0.001

8.413

4e-17*

Vegetables

0.007

0.002

4.295

1.75e-05*

Wild

0.025

0.001

20.741

1.47e-95*

Barren

0.006

0.001

4.446

8.73e-06*

Fence

-0.005

0.001

-8.966

3.07e-19*

Wall

-0.006

0.001

-6.921

4.47e-12*

Coniferous hedge (low)

0.002

0.001

2.042

0.041*

Deciduous hedge (low)

-0.005

0.001

-4.052

5.08e-05*

Deciduous hedge (high)

-0.007

0.001

-6.823

8.94e-12*

Other boundary

-0.008

0.001

-6.128

8.91e-10*

Altitude

Garden type (urban)

-0.009

0.001

-10.065

7.92e-24*

Berry plants (present)

0.669

0.097

6.897

5.3e-12*

Mixed woodland (present)

0.138

0.030

4.581

4.62e-06*

Scrub (present)

-0.226

0.035

-6.450

1.12e-10*

Semi-natural grassland (present)

-0.272

0.042

-6.509

7.58e-11*

Marsh (present)

0.726

0.060

12.156

5.3e-34*

Moor (present)

0.738

0.075

9.797

1.16e-22*

-2.207

0.307

-7.198

6.11e-13*

Nearby orchard (present)

0.181

0.050

3.622

2.92e-04*

Parks (present)

0.230

0.032

7.279

3.35e-13*

Active railway (present)

-0.558

0.069

-8.072

6.92e-16*

River (present)

-0.136

0.058

-2.337

0.019*

Canal (present)

Bog (present)

-1.435

0.233

-6.170

6.83e-10*

Latitude:Year (2008)

0.114

0.060

1.892

0.059

Latitude:Year (2009)

0.016

0.051

0.309

0.757

Latitude:Year (2010)

0.011

0.051

0.220

0.826

Latitude:Year (2011)

-0.090

0.049

-1.824

0.068

Latitude:Year (2012)

0.058

0.051

1.149

0.251

Latitude:Year (2013)

-0.037

0.049

-0.755

0.450
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Latitude:Year (2014)

-0.053

0.048

-1.119

0.263

Longitude:Year (2008)

0.198

0.066

3.002

0.003*

Longitude:Year (2009)

0.045

0.056

0.805

0.421

Longitude:Year (2010)

0.155

0.056

2.761

0.006*

Longitude:Year (2011)

-0.034

0.054

-0.637

0.524

Longitude:Year (2012)

0.099

0.056

1.789

0.074

Longitude:Year (2013)

0.025

0.054

0.455

0.649

Longitude:Year (2014)

-0.009

0.053

-0.178

0.859

0.034

0.022

1.602

0.109

-0.097

0.007

-14.350

1.07e-46*

Year (2008)

7.243

1.764

4.105

4.04e-05*

Year (2009)

9.099

1.456

6.251

4.08e-10*

Year (2010)

4.163

1.415

2.943

0.003*

Year (2011)

4.030

1.345

2.997

0.003*

Year (2012)

1.988

1.356

1.466

0.143

Year (2013)

2.271

1.317

1.725

0.085

Year (2014)

-2.427

1.241

-1.955

0.051

Garden size (medium)

0.092

0.026

3.483

4.96e-04*

Garden size (small)

0.049

0.037

1.308

0.191

(b) Latitude
Longitude

Garden age

-0.002

4.8e-04

-4.578

4.7e-06*

Garden type (suburban)

0.072

0.028

2.620

0.009*

Garden type (urban)

0.242

0.071

3.411

0.001*

Lawn

0.003

0.001

6.025

1.69e-09*

Shrubberies

0.008

0.001

9.305

1.34e-20*

Vegetables

-0.006

0.001

-5.412

6.24e-08*

Wild

0.011

0.001

12.884

5.53e-38*

Fence

0.002

4.52e-04

4.818

1.45e-06*

Buildings

-0.003

0.001

-2.052

0.04*

Coniferous hedge (high)

0.002

0.001

2.064

0.039*

Deciduous hedge (high)

0.011

0.001

17.355

1.82e-67*

Other boundary

0.008

0.001

9.677

3.78e-22*

Berry plants (present)

-0.156

0.070

-2.229

0.026*

Mixed woodland (present)

-0.067

0.023

-2.930

0.003*

0.150

0.025

6.078

1.22e-09*

-0.048

0.032

-1.488

0.137

Marsh (present)

0.242

0.043

5.596

2.19e-08*

Moor (present)

0.187

0.052

3.627

2.87e-04*

-0.514

0.044

-11.781

4.87e-32*

0.149

0.024

6.158

7.39e-10*

Active railway (present)

-0.165

0.057

-2.917

0.004*

Stream (present)

-0.096

0.027

-3.524

4.25e-04*

River (present)

-0.205

0.046

-4.488

7.2e-06*

0.276

0.088

3.127

0.002*

Latitude:Year (2008)

-0.142

0.033

-4.286

1.82e-05*

Latitude:Year (2009)

-0.175

0.027

-6.374

1.84e-10*

Latitude:Year (2010)

-0.081

0.027

-3.056

0.002*

Scrub (present)
Semi-natural grassland (present)

Nearby orchard (present)
Parks (present)

Seashore (present)
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Latitude:Year (2011)

-0.079

0.025

-3.123

0.002*

Latitude:Year (2012)

-0.042

0.025

-1.660

0.097

Latitude:Year (2013)

-0.045

0.025

-1.810

0.070

Latitude:Year (2014)

0.044

0.023

1.909

0.056

(a) Latitude

-0.242

0.025

-9.717

2.55e-22*

Longitude

-0.064

0.027

-2.341

0.019*

Year (2008)

-3.737

1.628

-2.296

0.022*

Year (2009)

-13.393

1.487

-9.004

2.17e-19*

Year (2010)

-12.243

1.475

-8.302

1.02e-16*

Year (2011)

-10.376

1.454

-7.134

9.75e-13*

Year (2012)

-9.778

1.463

-6.683

2.34e-11*

Year (2013)

-8.600

1.451

-5.927

3.09e-09*

Year (2014)

-8.377

1.427

-5.871

4.33e-09*

Garden size (medium)

-0.094

0.021

-4.524

6.07e-06*

Garden size (small)

-0.266

0.027

-9.881

5.03e-23*

0.002

3.5e-04

4.837

1.32e-06*

-0.003

3.95e-04

-7.538

4.76e-14*

Flower beds

0.004

0.001

5.234

1.65e-07*

Shrubberies

-0.002

0.001

-2.771

0.006*

Vegetables

0.009

0.001

9.502

2.06e-21*

Wild

0.008

0.001

9.396

5.66e-21*

-0.002

0.001

-3.304

0.001*

B. terrestris/lucorum

Garden age
Lawn

Barren
Orchard

0.004

0.001

3.215

0.001*

-0.005

3.24e-04

-14.818

1.12e-49*

Coniferous hedge (low)

0.002

0.001

3.170

0.002*

Coniferous hedge (high)

-0.005

0.001

-9.423

4.39e-21*

Deciduous hedge (low)

-0.009

0.001

-13.281

2.99e-40*

Deciduous hedge (high)

-0.001

0.001

-1.825

0.068

Other boundary

-0.006

0.001

-7.231

4.78e-13*

Altitude

-0.001

4.57e-04

-1.837

0.066

Berry plants (present)

Fence

-0.323

0.043

-7.549

4.37e-14*

Mixed woodland (present)

0.096

0.018

5.438

5.4e-08*

Scrub (present)

0.180

0.020

9.169

4.79e-20*

-0.239

0.022

-10.759

5.38e-27*

Marsh (present)

0.375

0.042

8.889

6.18e-19*

Bog (present)

0.567

0.087

6.496

8.24e-11*

-0.049

0.030

-1.629

0.103

0.107

0.028

3.808

1.40e-04*

Semi-natural grassland (present)

Nearby orchard (present)
Garden (present)
Parks (present)

0.131

0.018

7.432

1.07e-13*

-0.295

0.031

-9.516

1.80e-21*

River (present)

0.101

0.035

2.853

0.004*

Canal (present)

-0.333

0.075

-4.450

8.57e-06*

Seashore (present)

0.435

0.093

4.667

3.06e-06*

Latitude:Year (2008)

0.069

0.031

2.211

0.027*

Latitude:Year (2009)

0.250

0.028

8.798

1.40e-18*

Active railway (present)
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Latitude:Year (2010)

0.227

0.028

8.043

8.74e-16*

Latitude:Year (2011)

0.193

0.028

6.943

3.84e-12*

Latitude:Year (2012)

0.182

0.028

6.505

7.76e-11*

Latitude:Year (2013)

0.160

0.028

5.780

7.45e-09*

Latitude:Year (2014)

0.156

0.027

5.704

1.17e-08*

Longitude:Year (2008)

0.017

0.034

0.491

0.623

Longitude:Year (2009)

0.070

0.031

2.283

0.022*

Longitude:Year (2010)

0.027

0.031

0.875

0.382

Longitude:Year (2011)

0.062

0.030

2.070

0.038

Longitude:Year (2012)

0.010

0.030

0.313

0.754

Longitude:Year (2013)

0.048

0.030

1.598

0.110

Longitude:Year (2014)

0.046

0.030

1.552

0.121

(b) Latitude

0.055

0.008

6.861

6.85e-12*

-0.023

0.009

-2.563

0.010*

Year (2008)

0.139

0.536

0.259

0.796

Year (2009)

-2.100

0.487

-4.316

1.59e-05*

Year (2010)

-1.070

0.493

-2.170

0.030*

Year (2011)

-0.251

0.480

-0.522

0.602

Year (2012)

0.197

0.475

0.414

0.679

Year (2013)

3.174

0.466

6.813

9.55e-12*

Year (2014)

0.348

0.465

0.748

0.455

Garden size (medium)

-0.046

0.007

-6.208

5.37e-10*

Garden size (small)

-0.085

0.010

-8.278

1.25e-16*

Garden age

0.001

1.3e-04

3.881

1.04e-04*

Garden type (suburban)

0.001

0.007

0.103

0.918

Garden type (urban)

0.047

0.017

2.687

0.007*

Lawn

0.001

1.43e-04

8.186

2.7e-16*

Flower beds

-0.001

2.88e-04

-2.714

0.007*

Shrubberies

0.003

2.57e-04

12.596

2.22e-36*

Wild

0.012

2.51e-04

47.156

2.59e-05*

-0.003

2.81e-04

-11.501

1.3e-30*

Longitude

Barren
Fence

0.001

1.24e-04

6.281

3.37e-10*

Buildings

-0.003

3.3e-04

-10.012

1.35e-23*

Coniferous hedge (low)

-0.002

2.58e-04

-7.594

3.1e-14*

Coniferous hedge (high)

-0.001

2.21e-04

-4.210

2.56e-05*

Deciduous hedge (low)

0.003

2.46e-04

13.872

9.41e-44*

Deciduous hedge (high)

0.004

1.88e-04

23.695

4.08e-12*

-0.001

2.62e-04

-3.330

0.001*

0.001

1.7e-04

3.033

0.002*

Berry plants (present)

-0.079

0.016

-4.899

9.64e-07*

Mixed woodland (present)

-0.091

0.006

-14.051

7.61e-45*

Semi-natural grassland (present)

-0.124

0.008

-14.765

2.48e-49*

Marsh (present)

0.058

0.013

4.464

8.05e-06*

Moor (present)

-0.057

0.017

-3.317

0.001*

Bog (present)

-0.171

0.025

-6.939

3.96e-12*

Nearby orchard (present)

-0.239

0.013

-18.857

2.55e-79*

Other boundary
Altitude
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Garden (present)

0.050

0.010

4.912

9.02e-07*

Parks (present)

0.032

0.007

4.602

4.19e-06*

Active railway (present)

0.109

0.012

8.871

7.23e-19*

Stream (present)

0.058

0.007

7.832

4.79e-15*

River (present)

-0.077

0.012

-6.239

4.4e-10*

Canal (present)

-0.163

0.031

-5.285

1.26e-07*

0.607

0.023

26.830

1.44e-16*

Latitude:Year (2008)

-0.003

0.010

-0.265

0.791

Latitude:Year (2009)

0.040

0.009

4.323

1.54e-05*

Latitude:Year (2010)

0.020

0.009

2.139

0.032*

Latitude:Year (2011)

0.004

0.009

0.440

0.660

Latitude:Year (2012)

-0.005

0.009

-0.506

0.613

Latitude:Year (2013)

-0.056

0.009

-6.232

4.61e-10*

Latitude:Year (2014)

-0.009

0.009

-0.966

0.334

Longitude:Year (2008)

0.031

0.011

2.774

0.006*

Longitude:Year (2009)

0.047

0.011

4.473

7.72e-06*

Longitude:Year (2010)

0.074

0.010

7.060

1.67e-12*

Longitude:Year (2011)

0.043

0.010

4.215

2.5e-05*

Longitude:Year (2012)

0.010

0.010

0.966

0.334

Longitude:Year (2013)

0.033

0.010

3.362

0.001*

Longitude:Year (2014)

-0.018

0.010

-1.784

0.074

Seashore (present)
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Chapter 6
BROAD-SCALE CITIZEN SCIENCE SURVEY SUGGESTS THAT URBAN ENVIRONMENTS IN
THE UK ARE AN IMPORTANT REFUGE FOR BUMBLEBEES
6.1 Abstract
Bumblebees are currently in global decline and honeybees are declining in Europe and
North America, threatening pollination services essential to our health, economy and
the functioning of natural ecosystems. In order to effectively protect these pollinators
and the services they provide, we first need to understand their population dynamics in
relation to changing environments. However, there is currently a paucity of information
on species population dynamics making it difficult to assess drivers of decline and target
management and conservation measures. Citizen science is increasingly being used to
address this knowledge gap as it enables the collection of ecological monitoring data at
a scale broad enough to measure population trends. This study assesses the first
national bumblebee and honeybee transect monitoring scheme, BeeWalk, a citizen
science project launched to gather much needed information on bee abundance trends
and identify key habitats that have the potential to support populations. Data is analysed
from the first four years (2009-12) of this scheme, investigating the spatial distribution
of species abundances and how they relate to local habitat and land-use variables.
Findings show that bee abundance varied between species in relation to location within
the UK, habitat type and land-use type, affirming the need to look at species-specific
conservation requirements. All species were, however, significantly more abundant in
parks and gardens compared with other habitats. In addition, generalist bumblebee
species were more abundant in the more urbanised southeast regions suggesting that
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they may be adapting more readily to rapid urban sprawl compared with long-tongued
specialists. These initial results highlight the need for continued species monitoring in
order to assess whether encroaching urban habitats will support bee populations in the
long-term, and if so in what way should we enhance these habitats to support and
increase bee abundance and diversity.
6.2 Introduction
Ecosystem services are the direct and indirect benefits to humankind of ecosystems
(Costanza et al., 1997). Human activity has led to wide scale disruptions of ecosystems,
eroding their capacity to provide services that are critical to our survival (Daily 1997;
Margaret et al., 2004). Animal pollination is considered an important ecosystem service
that is critical for the maintenance of biodiversity, human health and the global economy
(Millennium Ecosystem Assessment, 2005). Pollination is necessary for the reproduction
of many crops (Nabhan and Buchmann, 1997) and the majority of wild plant species
(Kearns et al., 1998). Ollerton et al. (2011) estimated that 87.5% of flowering plants
depend on animal pollinators with plant-pollinator interactions sustaining the
biodiversity and functioning of most terrestrial ecosystems. The global economic value
of insect pollination services is estimated at US$215 billion and insect pollinators are
responsible for 9.5% of global food production (Gallai et al., 2009). Williams (1994)
assessed the pollination requirements of 264 crop species within the European Union
and estimated that 84% depended on pollination by insects, particularly bees. Klein et
al. (2007) found that of the 124 main crops consumed by humans, ~70%, fruit and
vegetables in particular, depend on insect pollinators to reproduce, highlighting the
importance of pollinators for human health. Given the scope and importance of
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pollination services, it is of great concern that insect pollinators are in decline (Goulson
et al., 2008, 2015; Potts et al., 2010; Ollerton, J. et al., 2014). In response to this decline
and the associated threat to a crucial ecosystem service, the Fifth Conference of the
Parties to the Convention on Biological Diversity established an International Initiative
for the Conservation and Sustainable Use of Pollinators in 2000 and subsequent reports
stress an urgent need to monitor pollinators in order to prevent further losses
(Convention on Biological Diversity, 2016). Vanbergen et al. (2013) emphasised the need
for monitoring insect pollinator populations at both a local and landscape scale and over
a range of habitats in order to understand anthropogenic impacts on their decline and
prevent the erosion of pollination services.
Citizen science engages non-professional volunteers in scientific research and its use in
ecology has burgeoned in recent decades (Silvertown, 2009; Dickinson et al., 2010).
Benefits of citizen science include educating the public in scientific methods while
fostering a positive attitude towards the environment, which has the potential to
influence policy change (Dickinson et al., 2010; Trumbull et al., 2000; Bonney et al., 2009;
Stepenuck and Green 2015). Studies have shown that it also provides direct benefits to
volunteers with individuals reporting a better connectedness with nature and
improvements in physical and mental wellbeing (Koss, 2010; Stepenuck and Green 2015;
Gooch, 2005; Pillemer et al., 2010). From an ecological perspective, citizen science
projects are particularly useful for collecting long-term monitoring data over a broad
geographical scale that can be used to investigate the effects of global change on
biodiversity (Devictor et al., 2010). There are many examples of these projects across a
wide range of taxonomic groups that have revealed species declines and range shifts,
changes in community ecology along with the influences of environmental factors such
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as climate, habitat and land use change on species populations (see Devictor et al., 2010
for review). This information is integral to nature conservation as it informs future
research and influences natural resource planning and policy decisions (Dickinson et al.,
2010).
In the UK, bird and butterfly populations are particularly well monitored by national
citizen science schemes (Pollard and Yates, 1993; Bibby, 2003; Silvertown, 2009). These
schemes have been highly successful in revealing species population changes on a
temporal and spatial scale and in elucidating environmental drivers of species
population trends (Silvertown, 2009) and this information has been used to set
conservation priorities and influence national policies (Eaton et al., 2009). In the case of
butterfly populations, volunteer-collected data has revealed climate-induced range
shifts (Pateman et al. 2012), increases in population variability towards climatic range
boundaries (Oliver et al., 2012) and a stabilising effect of habitat heterogeneity on
populations (Oliver et al., 2010). Warren et al. (2001) analysed 24 years’ worth of citizen
science monitoring data for 46 UK butterfly species and found the dual forces of climate
and land-use change were likely to have more of a negative impact on habitat specialists
compared with widespread generalists, though half of the generalist species that were
analysed still showed signs of decline. Similar environmental drivers of population
change have been revealed for birds by analysing large datasets derived from long-term
citizen science projects. Pearce-Higgins et al. (2015) analysed trends for 59 breeding bird
species in a dataset that was compiled over 45 years, highlighting that habitat specialists
and cold-associated species were most at risk from climate change. In a study of the
distribution of 88 bird species, Evans et al. (2011) found that habitat specialists had
lower urban densities and ratios of urban to rural densities than generalists.
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While there is a lot of focus on birds and butterflies in citizen science programmes, other
taxonomic groups are often neglected in monitoring and conservation policies despite
their importance for biodiversity and humankind (Cardoso et al., 2011). Invertebrates
make up 80% of all described species (Cardoso et al., 2011) and provide ecosystem
services essential to our economy, well-being and survival (Prather et al., 2012).
Worryingly, of the invertebrates that are relatively well recorded such as butterflies,
making some analysis of population trends possible, large scale declines in range and
abundance have been reported (Gaston and Fuller, 2007; Thomas et al., 2004; van
Swaay et al., 2006). Similar declines in other, less surveyed groups may be going
undetected. Bee populations are thought to have undergone global decline with range
contractions evident for a number of species and some becoming locally or globally
extinct in recent years (Williams, 1982; Goulson et al., 2008, 2015; Potts et al., 2010).
However, due to a lack of monitoring, changes in population abundance trends are
relatively unknown. A recent report on the status of European bees (Nieto et al., 2014),
published as part of the International Union for Conservation of Nature (IUCN) European
Red List of Bees and the Status and Trends of European Pollinators (STEP) project, found
that nearly one in ten wild bee species (for which sufficient data is available) are
threatened with extinction due to habitat degradation from intensive farming, pesticide
use, urban development and climate change. However, over half of 1,965 European
species were classed as data deficient and their population trends remain unknown.
Given the importance of wild and domesticated bees as pollinators (Williams 1994;
Goulson et al., 2008; Potts et. al., 2010; Goulson et al., 2015), experts have called for
more widespread monitoring of their populations to guide effective conservation action
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and reverse their decline (Steffan-Dewenter et al., 2005; Holden, 2006; Potts et al., 2010;
Nieto et al., 2014; Goulson et al., 2015).
Bumblebees and honeybees are popular, visible and charismatic insects, traits that make
them particularly suited to citizen science monitoring programmes that combine
ecological research with public engagement and reconnecting people with nature
(Dickinson et al., 2012; Silvertown, 2009). In response to the need for gathering
widespread monitoring data on bee populations, the Bumblebee Conservation Trust set
up a national bee-monitoring scheme called BeeWalk in 2009. This scheme is broadly
based on the very successful Butterfly Monitoring Scheme (Pollard and Yates, 1993) with
volunteers identifying and counting honeybees and bumblebees along a regular,
monthly transect. The resulting dataset is analysed to provide an initial investigation of
the spatial distribution of species densities and assess how they relate to surrounding
habitat and land use variables.
6.3 Methods
6.3.1 Data collection
Abundance data were derived from BeeWalk, a honeybee and bumblebee transect
monitoring scheme launched in 2009 by the Bumblebee Conservation Trust (BBCT). The
aim of the survey is to collect abundance data over time in relation to habitat and
climatic variables in order to better monitor UK populations. There are currently over
250 transects established throughout the UK that contribute monthly records. Although
honeybee and bumblebee distributions have been historically well documented in the
UK with presence records reaching as far back as the 1800s (National Biodiversity
Network, 2015), there is a paucity of information on species abundance trends. Garden
154

BeeWatch, a scheme launched in 2007 by the British Trust for Ornithology, collects
information on the abundance of bumblebees in gardens (Chapter 5). BeeWalk is the
first survey to use a transect method covering a wide variety of habitat and land-use
types (Appendix S6.1). It therefore provides a unique opportunity to analyse widespread
species abundance trends and identify key honeybee and bumblebee habitats.
BeeWalk uses a similar survey protocol to the UK Butterfly Monitoring Scheme (UKBMS),
a long-term citizen science survey launched in 1976 that has provided key information
on butterfly population trends in relation to habitat and climate (Pollard and Yates,
1993; Devictor et al., 2012; Pateman et al., 2012; Oliver et al., 2010 and Oliver et al.,
2012). Methods for the UKBMS are described in detail elsewhere (Pollard and Yates,
1993). In summary, volunteers walk a fixed route weekly transect which is divided into
sections based on habitat and land use types. The most dominant habitat and land use
type in each section is recorded. Participants are asked to walk transects under
standardised weather conditions, keeping a steady pace and recording species within a
fixed distance either side of them. In the case of BeeWalk, volunteers monitor transects
once a month (March-October) rather than weekly since honeybee and bumblebee
flight seasons are longer and varies less between species compared with butterflies.
Surveys take place between 11am and 5pm in sunny weather conditions with volunteers
observing 2m either side of them. (See Appendix S6.1 for full instructions to volunteers).
Most volunteers were not experienced in honeybee and bumblebee recording and they
were advised to focus on the six common species/groups only in their first year of
recording to minimise confusion and misidentification (see Chapter 2). An identification
guide for these species and support via email and telephone were provided and
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volunteers were encouraged to submit photographs of individual species for
identification by an expert when in doubt.
6.3.2 Data analysis
For our analysis, data for the six most common bee species/groups was extracted, which
included the bumblebees, B. hortorum, B. hypnorum, B. pascuorum, B. pratorum, B.
terrestris/lucorum and the honey bee, Apis mellifera. B. terrestris and B. lucorum agg.
(a species complex comprised of three separate species, B. lucorum, B. cryptarum and
B. magnus) were grouped together as the workers of these species are impossible to
separate in the field (Wolf et al., 2010; Scriven et al., 2015). Similar groupings have been
used for previous citizen science bumblebee surveys relating to nest density, allowing
some comparison with earlier studies (Fussell and Corbet, 1992b; Osborne et al., 2008;
Lye et al., 2012). Although it is possible that some rare bumblebee species were
mistaken for common ones and included in the final dataset, it is unlikely that this will
affect overall trends due to the relatively low frequency of rare species compared to
these six common groups within the UK.
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Fig. 6.1 Distribution of BeeWalk transects (2009-12) included in the analysis
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All statistical analyses were conducted in R version 3.1.3 (R Core Team, 2014). Underrepresented habitat and land-use variables (covering < 10km overall) were excluded
from the analysis after which eight categories of each variable were selected based on
those containing the highest number of bees. All other categories were grouped
together under “Other” (see Table 6.1). A 2-way ANOVA, with species density (the
number of individuals recorded per metre per survey) as the dependant variable and
species, habitat and land-use categories fitted as factors, was used to investigate
interspecies variation in abundance and whether species differed in response in terms
of their density to habitat and land-use types. A frequency-comparison analysis was
applied to BeeWalk results (see Chapter 5). BeeWalk bumblebee abundance data was
summed across years (2009-2012) for each species and compared to the number of
flower visits reported in Fussell and Corbet’s national survey on forage use (1987 and
1988; Fussell and Corbet 1992a) and the number of nests recorded in their UK-wide nest
survey (1989-91; Fussell and Corbet, 1992b). Both of these surveys divide bumblebee
species by colour-group with each group designed to include one of the common
species, however they do not allow differentiation from rare species if present and
males of B. pratorum are included in the same colour group as B. lapidarius. BeeWalk
bumblebee abundance data for each species was compared to the total number of bee
visits and nests reported in its related colour-group (Table 5.3). Relationships between
relative species proportions derived from the BeeWalk bumblebee abundance dataset
and the species proportions in both Fussell and Corbet’s nest survey and forage-use
survey and the Garden BeeWatch survey (Chapter 5) were investigated using Pearson
product-moment correlation coefficients (Table 5.3; Fig. 6.2). B. hypnorum was not
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included in these analyses since it had not yet been recorded in the UK at the time of
the Fussell and Corbet studies (Goulson and Williams, 2001).
Separate negative binomial, zero-inflated, general linear mixed models were run for
each species/group using the glmmADMB package in R (Fournier et al., 2012) with
number of bees fitted as the response and habitat, land-use, latitude and longitude as
fixed factors. Year and transect length were included as random factors to account for
inter-annual variation and the likelihood that more bees would be observed on longer
transects. This also accounted for repeated measures per transect since transect lengths
were unique to each individual transect. Model selection was performed using Akaike’s
information criterion (AIC).
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Table 6.1 Description of variables, with the highest overall bee density, included in the analysis.
Code

Description

(a) Habitat Variables
H10
H17
H21
H24
H30
H36

Fen/swamp/marsh vegetation of inland freshwater edges
Dry semi/unimproved (flower-rich) neutral grassland
Stands of tall herbs (e.g. nettle and willow-herb beds)
Wet willow scrub of fen, river and lake-side
Small man-made woodlands
Horticultural crops
Bare ground/weeds of arable field margins or fallow/recently abandoned arable crops (set-aside so that
H38
the land can regenerate naturally)
H39
Ornamental shrubs/trees/lawns of churches/parks/domestic gardens
Other All other habitat types (Appendix S6.2a)
(b) Land Use Variables
L1
L3
L4
L6
L12
L17
L23
L41
Other

Agriculture
Managed forest
Un-managed forest
Outdoor amenity and open spaces
Transport tracks and ways
Waterways
Residential
Unused Land
All other land use types (Appendix S6.2b)
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6.4 Results
Overall, 38,987 individual bees were recorded along a total distance of 371.99 km on
234 transects between 2009 and 2012 (see Fig. 6.1 for spatial distribution of transects).
Species/groups differed significantly in overall

density (Table 2). Bombus

terrestris/lucorum had the highest density overall (mean 0.008±0.0005 per metre per
survey) followed by B. pascuorum (0.006±0.0005), B. lapidarius (0.004±0.0003), A.
mellifera (0.002±0.0003), B. hortorum (0.0011±0.0003), B. pratorum (0.001±0.0001) and
B. hypnorum (0.0004±4.68e-5). Species density varied in relation to habitat type with
parks and gardens associated with the highest density of B. terrestris/lucorum, B.
hypnorum and B. pratorum, man-made woodland associated with the highest density of
B. lapidarius and B. pascuorum, herbs associated with the highest density of B. hortorum
and arable field margins and brownfield sites associated with the highest density of A.
mellifera (Table 6.2; Fig. 6.3b). The effect of land-use on density also varied according to
species (Table 6.2). Gardens were associated with the highest density of four species: B.
terrestris/lucorum, B. hortorum, B. pascuorum and B. pratorum while outdoor
amenity/open spaces was associated with the highest density of B. terrestris/lucorum
and waterways were associated with the highest density of B. hypnorum (Fig. 6.3b).
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Table 6.2 Analysis of Variance table for a two-way ANOVAs investigating the effect of species
along with, (a) habitat and (b) land use on density (the number of individuals recorded per
metre per survey)

df

SS

MS

F
value

P value

(a)
Species

6

0.0853

0.1422

88.81

<0.001

Habitat

8

0.0073

0.0026

16.43

<0.001

Species:Habitat

48

0.238

0.0004

3.1

<0.001

Residuals

11886

1.903

0.0001

(b)
Species

6

0.0853

0.1422

87.66

<0.001

Land use

8

0.0073

0.0009

5.61

<0.001

Species: Land use

48

0.0128

0.0002

1.638

<0.01

Residuals

11886

1.928

0.001
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6.4.1 Comparison with earlier studies
Fussell and Corbet received 428 records of bumblebee colonies in their nest survey
(1989-91; Fussell and Corbet, 1992b) and 16,260 flower visits by individual bees in
their forage-use survey (1987-88; Fussell and Corbet, 1992a). For the same species
groups (by excluding Apis mellifera and B. hypnorum), 33,830 individual bumblebees
were recorded by the BeeWalk survey (2009-12). When BeeWalk abundances were
compared to Fussell and Corbet’s studies, a significant difference in species
composition was found for both number of colonies (χ2=22.89, df=4, p<0.001) and
number of flower visits (χ2=3806.4, df=4, p<0.001). The proportion of B. pratorum
abundance decreased in 2009-12 in relation to earlier studies while the proportion
of B. pascuorum increased. The proportion of B. terrestris/lucorum is higher in 200912 when compared to the number of bee visits in Fussell and Corbet’s 1987-88 study
but similar to the proportion of nests observed in their 1989-91 survey (Table 6.3;
Fussell and Corbet 1992a,b). Similarly to results found for Garden BeeWatch species
proportions in Chapter 5, a strong positive correlation (r=0.962, df=3, p<0.01; Fig.
6.2) was found when BeeWalk species proportions were compared with those
derived from Fussell and Corbett’s nest survey (1989-91) and a weaker, nonsignificant positive correlation (r=0.724, df=3, p>0.05; Fig 6.2) was found between
these data and species proportions in Fussell and Corbett’s forage-use survey. A
strong positive correlation (r=0.947, df=3, p<0.05) was found between relative
species proportions in the Garden BeeWatch survey (2007-14) and those in the
BeeWalk survey (2009-12).
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Table 6.3 Total number of individuals recorded for each species in the BeeWalk survey
(2009-12) and the total number of nests (1989-91) and flower visits (1987-88) recorded
for each colour group in the Fussell and Corbet surveys. Numbers in brackets represent
the proportion of the total for each survey.

BeeWalk

Fussell and Corbet

Species

No.
individuals

Colour pattern category

No. nests

No. bee
visits

B. pascuorum

9439 (0.28)

Brown

88 (0.21)

3982 (0.24)

B. lapidarius

6382 (0.19)

Black-bodied, red tails

73 (0.17)

3408 (0.21)

B. pratorum

1804 (0.05)

Banded red tails

39 (0.09)

3337 (0.21)

B. terrestris/lucorum

14704 (0.44)

Two-banded white tails

205 (0.48)

4161 (0.26)

B. hortorum

1501 (0.04)

Three-banded white tails

23 (0.05)

1372 (0.08)
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Figure 6.2 Relationship between bumblebee species proportions in the BeeWalk survey
(2009-12) and species proportions derived from Fussell and Corbet’s (a) nest survey
(1989-91), (b) flower visitation survey (1987-88) and (c) Garden BeeWatch survey (200714; Chapter 5).
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Figure 6.3 Bar charts illustrating the relative density of species in relation to (a) Latititude,
and longitude (b) habitat variables and (c) land use variables (See Table 6.1 for description
of variables). “*” indicates significance of p<.05 (in a least one category for Habitat and
Land Use, see also Table S6.2).

6.4.2 Effect of location, habitat and land-use type on individual species
abundances.

Location
Bee abundance was significantly affected by the location of transects for all species
apart from B. hortorum (Supplementary Material S6.1, Fig. 6.3a). Latitude affected
species/groups differently with A. mellifera, B. hypnorum and B. lapidarius more
abundant in the south while B. pascuorum and B. terrestris/lucorum were more
abundant in the north. Overall bee abundance peaked at intermediate latitudes,
being low in the far south but lowest in the north. Only three of the seven
species/groups were influenced by longitude with A. mellifera, B. lapidarius and B.
pratorum all more abundant in the east (Supplementary Material S6.1, Fig. 6.3a).

Habitat
Habitat had a varying effect on abundance depending on habitat type and
species/group (Table 6.2, Supplementary Material S6.1, and Fig. 6.3b). High
abundance was positively associated with park and garden habitat for all
species/groups. Stands of tall herbs were also associated with higher abundances of
all bumblebee species/groups while man-made woodlands were associated with
higher abundances of most species (B. hypnorum, B. lapidarius, B. pascuorum and B.
terrestris/lucorum). Man-made woodlands were associated with lower abundances
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of two species/groups, A. mellifera and B. pratorum. Three bumblebee species (B.
lapidarius, B. pratorum and B. terrestris/lucorum) were highly abundant in flowerrich grassland while inland freshwater vegetation positively affected numbers of B.
terrestris/lucorum and B. pratorum. Field margins of agricultural land had the least
positive affect of all habitat types apart from those grouped in the “other” category,
associated with higher numbers of only two species/groups, A. mellifera and B.
terrestris/lucorum.

Land-Use
Species densities also varied in their response to land-use type. (Table 6.2,
Supplementary Material S6.1, and Fig. 6.3b). Land used for agriculture was
associated with lower abundances of most bumblebee species/groups (B. hypnorum,
B. pascuorum, B. pratorum and B. terrestris/lucorum) and positively associated with
higher abundances of A. mellifera. Un-used land was associated with lower
abundances of all bumblebee species. In contrast, residential areas were positively
associated with high abundances of most species/groups (A. mellifera, B. hortorum,
B. pascuorum and B. terrestris/lucorum). Un-managed forest negatively affected the
abundance of most bumblebee species (B. hortorum, B. lapidarius, B. pascuorum and
B. terrestris/lucorum) while managed forest had a negative effect on three species
(B. pascuorum, B. pratorum and B. terrestris/lucorum). Outdoor amenity and open
spaces were positively associated with higher abundances of A. mellifera and B.
hypnorum while having a negative effect on B. hortorum. Abundances of B.
hypnorum and B. terrestris/lucorum were negatively affected by transport
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tracks/ways with B. terrestris/lucorum additionally negatively affected by
waterways.

171

6.5 Discussion
A major barrier to assessing the conservation status of UK bees in order to protect
against future decline is the paucity of information on their relative abundances due
to a lack of monitoring. Here, for the first time a citizen science survey is used to
assess the abundances of common UK species on a national scale across a broad
variety of different habitats and land use types. The findings reveal interspecific
variation across environments but there is a discernible positive effect of urban
environments, such as parks, gardens and residential areas on species abundances
and a contrasting negative effect of agricultural land. This fits in with the wellestablished theory that agricultural intensification in the UK as a leading cause of
decline in wild bee populations (Williams, 1982; Goulson et al., 2008, 2015; Potts et
al., 2010) with urban areas providing refuge in an otherwise impoverished landscape
(Goulson et al., 2010; Baldock et al., 2015; Senapathi et al., 2015)
6.5.1 Comparison with earlier studies
Comparison of the relative frequency of species in the BeeWalk survey with previous
surveys of bumblebee flower visitation (Fussell and Corbet 1992a) and nest densities
(Fussell and Corbet 1992b) reveal a change in the relative abundances of species over
time. B. terrestris/lucorum is more abundant now compared to a flower visitation
study of 1987-88 but similar in abundance to the nest density study of 1989-91.
Other studies have found a higher abundance of B. terrestris/lucorum in recent years
(Osborne et al., 2008; Lye et al., 2012), suggesting that, as a robust set of species that
are known for adapting to non-native environments it is more resilient to habitat and
land-use change than other species (Chapter 5). B. pratorum was less abundant in
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the BeeWalk survey compared to previous studies (as in Chapter 5) while B.
pascuorum showed an increase in relative abundance. It is important to note that
these changes may be due to differences in survey methods, for example each Fussell
and Corbet study ran for only two seasons while BeeWalk records were collected
over a four-year period. Bee populations are highly dynamic with changes in
abundance between years (Williams et al., 2001) and shorter-term studies may not
account for inter-annual variation. While there are differences for certain species,
there is a strong overall correlation between relative species proportions in the
BeeWalk data and those in both Fussell and Corbett’s nest survey data and Garden
BeeWatch data (Fig. 6.2), providing support for the ability of volunteers to collect
consistent information on populations. Relative species proportions were less
correlated with those in Fussell and Corbett’s flower visitation study, a similar
pattern to that found for Garden BeeWatch data (Chapter 5). This is likely due to
differences in survey methods, for example Fussell and Corbett’s flower visitation
survey ran from Apr-Oct which potentially led to an underrepresentation of early
emerging species, such as B. terrestris. The BeeWalk survey is ongoing with an aim
to monitor populations in the long term and these initial results will provide a good
baseline for comparison of future trends.
6.5.2 Interspecific variation in density across different habitats and land-use types
The results of this study demonstrated that bee species vary in their relative density
across different habitats and land use types. Previous studies have found similar
differences between bee species in various environments. Carvell (2002) found that
UK bumblebee species responded differently to grassland habitat characteristics
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based on their foraging and nesting requirements while Carvell et al. (2007) found
marked variation in abundance between species in arable field margins under
different management regimes. In a study of parks in San Francisco, McFrederick and
LeBuhn (2006) also found differences in abundance between species between urban
and wild areas, noting the importance of the surrounding landscape as a contributing
factor. Interspecific variation across habitat and land use types is most likely due to
ecological differences between species with long-tongued bumblebees that
specialise on flowers with deeper corollas using different food resources to short
tongued generalists (Heinrich, 1979; Inouye, 1978; Goulson and Darvill, 2004).
Bumblebees also differ in nesting habitat preferences with carder bees such as B.
pascuorum utilising on ground sites and requiring sheltered areas of tall grassland or
hedgerows. This may explain the finding that lower densities of B. pascuorum were
associated areas of bare ground, although arable field margins, which could
potentially provide shelter, were also included in this habitat category. B. hypnorum
tends to nest well above ground, often in holes in trees and in bird boxes in urban
areas whereas most other common species choose to nest below ground, often in
abandoned rodent holes (Carvell, 2002; Goulson et al., 2008). The findings of this
study reveal a strong association of high B. hypnorum abundances with areas that
would provide suitable nesting such as man-made woodlands, gardens and parks. A
study of field and forest boundary sites by Kells and Goulson (2003) found similar
interspecific variation in nesting habitat preferences of common UK species with B.
pascuorum and B. hortorum favouring tussock-type vegetation and below ground
nesters (Bombus terrestris, B. lapidarius and B. lucorum) preferring habitats with
raised banks.
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Interspecific variation may also be due in part to differences in resource use and/or
competition between honeybees and bumblebees. Honeybees are found in similar
environments to bumblebees, often utilising similar floral resources yet it is unknown
whether or not this leads to competition. Studies investigating potential competition
are few and are limited to single habitat types. Steffan-Dewenter and Tscharntke
(2000) found no evidence of competition between honeybees, bumblebees and
solitary bees in German grassland sites while Walther-Hellwig et al. (2006) found that
the introduction of honeybee colonies to agricultural sites had little effect on plant
visitation by the short-tongued B. terrestris but led to a switch in foraging
preferences of the long-tongued B. pascuorum. In the UK, Forup and Memmot (2005)
found a similar influence of honeybee abundance on bumblebee foraging on lowland
heath sites with higher abundance leading to a reduction in the floral host breadth
of long tongued species but the authors concluded that although competition cannot
be ruled out, further investigation is needed to rule out other potentially
contributing factors. Goulson and Sparrow (2009) found that for four species of
bumblebee (B. pascuorum, B. lucorum, B. lapidarius and B. terrestris), worker size
was significantly reduced in areas where honeybees were abundant.
While UK honeybees suffered similar declines to bumblebees following World War 2
due to habitat degradation along with a reduction in beekeeping, population drivers
are now likely to vary somewhat across different habitat and land use types. The
invasive ectoparasitic mite, Varroa destructor, found in Britain in 1991 has led to
regional declines in honeybees across Europe, decimating feral populations.
Thompson et al. (2014), for example, found that remaining feral honeybee
populations in England and Wales had high levels of deformed wing virus (DMV), a
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concomitant virus associated with V. destructor that leads to colony collapse. Due to
this, most remaining honeybee colonies are domesticated and higher abundances of
honeybees are likely to be biased towards areas of human activity across both rural
and urban habitat and land-use types, as was found in this study where honeybees
were positively associated with agricultural areas, residential areas and outdoor
amenity spaces.
6.5.3 Spatial patterns of abundance in the UK
Species varied considerably in their patterns of spatial abundance. Three species, B.
hypnorum, A. mellifera and B. lapidarius were found to be more strongly associated
with southern latitudes. Two of these species, A. mellifera and B. lapidarius, along
with B. pratorum were also found at higher abundances in the east. Although B.
hynorum has a species distribution that covers a wide range of biotopes, including
northern-temperate and southern-montane forests in Europe and Asia (Goulson and
Williams, 2001), it is not surprising that it is more abundant in the south of the UK.
Despite presence records occurring as far north as central Scotland (BWARS, 2015),
its recent arrival to southern UK in 1991 (Goulson and Williams, 2001) means that,
while local southern populations have had time to become more established at
higher abundances, it is likely northern populations are still growing and expanding.
Higher abundances of B. hypnorum in the south may also be driven by the species’
association with urban habitats with the most densely populated areas in the UK
strongly biased towards the southeast (Morton et al., 2011).
While climatic factors may play a certain role the higher abundances of some species
in warmer, southern and eastern regions of the UK, it is unlikely that they fully
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explain these regional associations. According to Williams’ 1988 ‘marginal mosaic
model’, species tend to be less abundant towards the edges of their ranges and
although A. mellifera, B. lapidarius and B. pratorum have a slightly more southern
European distribution limit compared with other species such as B. hortorum and B.
pascuorum they still occur as far north as southern Scandinavia (Rasmont and
Iserbyt, 2014).
It is interesting that, of the bumblebee species surveyed, the ones associated with
more urban southern and eastern regions are relatively short-tongued, generalist
species that emerge earlier than long-tongued species such as B. hortorum and B.
pascuorum, which tend to be more associated with rural habitats (Chapter 4;
Goulson et al., 2005; Goulson and Darvill, 2004). These short-tongued generalists
may have been more able to adapt quickly in response to the current rapid rate of
urbanisation leading to higher population abundances in these areas. As suggested
by previous studies on bumblebee distribution and decline, it is likely that a complex
combination of these and other potential climatic, ecological and environmental
factors drives species population dynamics (Chapter 4; Williams et al., 2007).
6.5.4 Relative abundances across habitat and land-use types.
Higher abundances were positively associated with park and garden habitats for all
species, and most species were associated with residential areas. Stands of tall herbs,
which are likely to be found within these habitats and residential areas, were also
associated with higher species’ abundances. This finding supports a number of
recent studies that suggest that urban habitats are providing a refuge for pollinators,
leading to increases in both species diversity and abundance. Baldock et al. (2015)
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compared pollinator communities between cities, farmland and nature reserves
finding a higher bee diversity in urban areas. Similarly, Senapathi et al. (2015) found
that areas in England surrounded by urban expansion have lost fewer species over
the past 80 years compared with other land-use types indicating that more species
are able to cope with rapid urbanisation compared with other extensive land use
changes such as agricultural intensification. Gardens and parks in particular are
increasingly being recognised as important habitats for bees (Chapter 5, Osborne et
al., 2008; Chapman et al., 2003; McFrederick and LeBuhn, 2006; Goulson et al.,
2010), offering a high diversity of both native and non-native floral resources
throughout the foraging season (Gunnarsson and Federsel, 2014). The association
between higher bumblebee abundance and gardens may also incorporate a positive
effect of rural gardens, which have been shown to provide a refuge for pollinators
within an intensively managed agricultural environment (Goulson et al., 2010;
Samnegård et al., 2011).
In contrast to urban areas, land used for agriculture was associated with lower
abundances for most bumblebee species. This finding is unsurprising since it has long
since been established that agricultural intensification is one of the primary causes
of bumblebee decline (Goulson et al., 2008, 2015; Williams, 1986). Changes in
agricultural practices have led to a loss of floral abundance and diversity and
recently, the use of pesticides has been highlighted as having a toxic effect on
foraging behaviour, survival and reproduction in both bumblebee (Whitehorn et al.,
2012; Feltham et al., 2014; Rundlöf et al., 2015) and honeybee colonies (Henry et al.,
2012; Yang et al., 2012). Despite this, results showed that A. mellifera was positively
associated with agricultural habitats and high abundances of both A. mellifera and B.
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terrestris were associated with margins of agricultural fields and abandoned crops.
Both of these species are used commercially, to enhance pollination and increase
crop yields (Corbet et al., 1991; Breeze et al., 2011) and managed colonies may
increase local counts as volunteers will not differentiate between wild and
commercial bees. Field margins have been identified as an important ecological
habitat within impoverished agricultural landscapes (Benton et al., 2003) and may
increase numbers of such common, short-tongued generalist bees through the
provision of flowers and nesting sites. Margins of recently abandoned arable crops
(e.g. set aside) in particular may have led to an increase in the abundance of these
species which have previously been shown to respond positively to uncropped field
margins that have been allowed to regenerate naturally (Kells et al., 2001; Pywell et
al., 2005).
Managed woodland had a positive effect on most species and conversely, unmanaged forest was associated with lower abundances of most species. This may be
an artefact of survey methods since bees will be more visible to recorders in less
dense woodland. Numbers may also vary in relation to proximity to the forest or
woodland edge with bumblebees displaying a preference for boundaries compared
to within woodland areas and clearings (Svensson et al., 2000; Osborne et al., 2008).
Traditional coppicing of woodlands is slowly increasing in the UK, particularly on
nature reserves, after waning in the 1800s (Fuller and Warren, 1993). This leads to
an increase of spring flowers, which may benefit bee populations as it has done with
butterflies and moths (Warren and Key, 1991). Managed woodlands also tend to be
less dense than forests, allowing more light for visibility and more suitable foraging
conditions.
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Only three species, Bombus lapidarius, Bombus pratorum and Bombus
terrestris/lucorum were positively associated with flower-rich grassland. This is
surprising since this habitat is of known importance to bee populations and its
degradation is thought to play a key role in species declines (Goulson et al., 2010). It
is interesting that all three species are short-tongued generalist bumblebees. Carvell
et al., 2006 reported a nationwide decline in key bumblebee forage plants across a
wide range of habitats, including unimproved grassland. Fabaceae species, many of
which produce flowers with long tubular corollas specialised for pollination by longtongued bumblebees were among those with high visitation rates that suffered
declines at both a local and national scale. Their decline in grassland habitats may
have particularly affected abundances of long-tongued bumblebee species since
they have a narrower dietary breadth and may adapt less readily than short-tongued
species to exploit the remaining floral resources.
6.5.5 Addressing error in data collected by volunteers
Citizen science is invaluable to the field of ecology enabling information to be
collected at a scale that would otherwise be impossible, however it is important to
note that that there can be some error in this type of volunteer-led data collection.
Volunteers differ in their level of experience, motivation and expertise and this
variation needs to be addressed and accounted for at both the data collection and
analysis stage (Dickinson et al., 2010, Hochachka et al., 2012). This study attempts to
address these issues in a number of ways. A standardised protocol designed for
collecting information on insect abundance that has proven successful in allowing
volunteers to collect long-term scientific information of high ecological value was
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used (Pollard and Yates, 1993). Clear instructions were provided to participants and
they were encouraged to get in contact with regard to any queries (Supplementary
Material S6.2). For the analysis, the dataset was mined for the common, well-known
bumblebee species to reduce the level of recorder misidentification. As previously
mentioned, the relatively high abundance of these species/groups compared to
others means that the inclusion of some misidentified, rare individuals is unlikely to
affect overall trends. Even in the remaining fragments of prime habitat for
bumblebees in the UK, the vast majority of records are of common species. In a
published survey of Salisbury plain, a protected area of 38,000 ha of flower-rich
grassland and scrub that is considered the best UK habitat for bumblebees (Carvell,
2002), >80% of records are comprised of the six most common species/groups
(Goulson and Darvill, 2004). This strategy has previously been used in other citizen
studies involving bumblebee identification by volunteers (Fussell and Corbet, 1992;
Osborne et al., 2008; Lye et al., 2012). A potential caveat is the misidentification of
honeybees by volunteers who may mistake them for mimic flies such as the dronefly, Eristalis tenax. In a study assessing the use of citizen science to record insect
visitors on ivy flowers, Ratnieks et al. (2016) found that most misidentification by
volunteers involved mistaking honeybees and wasps for their hoverfly mimics.
However, in spite of these misidentifications, volunteer accuracy rates ranged from
79.1-94.3% overall, depending on identification materials and training methods
used. This highlights the importance of assessing the accuracy of BeeWalk data in
relation to identification materials provided to volunteers and training provision in
the future as these factors are likely to affect data reliability (Chapter 2). The final
BeeWalk dataset was analysed over a large temporal and spatial scale, looking at
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broad trends that were less likely to be affected by variation at a site-specific level,
using modelling techniques to account for inter-annual and recorder biases. Even
with the application of these techniques, it is important to interpret results with
some caution and further studies on both the accuracy of volunteer-collected data
and bee population ecology are necessary.
This study highlights the importance of citizen science monitoring in understanding
the population dynamics of species at a national scale. It enabled the collection of
data on bee abundance data over a wide range of habitats and land use types,
enabling assessment of the relative importance of key habitats in terms of
population abundance for the first time in the UK. Abundance trends indicate that
urban areas are supporting higher numbers of bumblebees and honeybees
compared with rural habitats and that short-tongued generalist bumblebees are
adapting more readily to land use change than long-tongued specialists. Although
this study highlights urban areas, parks and gardens as key habitats for bees, it
remains to be seen whether these refuges can offer long-term support for
populations that are currently facing extensive habitat and land use change along
with the additional stressors of climate change, parasites and pesticides (Goulson et
al., 2015). Continued monitoring of these pollinators is crucial in order to confirm
these initial trends, understand their importance in relation to other drivers of
population change, and protect against future declines.
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6.6 Supplementary Material
S6.1 Instructions provided to volunteers

Bumblebee Conservation Trust
Biological and Environmental Sciences
University of Stirling
Stirling, FK9 4LA
Email:Leanne.casey@sussex.ac.uk

Welcome to BeeWalk!

In 2007 the BBCT launched BeeWatch, a survey through which volunteers provide us with
digital photograph records of bumblebees. This survey has proven very successful in
providing detailed information on the spatial distribution of bumblebee species.
However, in order to effectively monitor our declining bumblebee populations it is also
important to collect bumblebee abundance data. For this reason, a pilot bumblebee
transect scheme was launched by the BBCT in 2008. Following positive feedback from this
bumblebee transect scheme, we decided to launch “BeeWalk.” BeeWalk is a more
expansive survey scheme which aims to collect bumblebee abundance data from all
across the UK. This type of survey would be impossible without the help of our volunteers.

The information collected by BeeWalk volunteers is integral to monitoring bumblebee
population changes and will allow us to detect early warning signs of population declines.
All data collected will contribute to important long-term monitoring of bumblebee
population changes in response to changes in land-use and climate change.

In order to collect this important information by the transect method you will need to set
up a fixed-route walk of 1-2km and take recordings on a monthly basis. It is essential that
the walk is a fixed route to allow direct comparisons of bumblebee population trends
over time.

This pack provides all the information you will need to set up your transect and begin
recording. The following steps outline the main considerations involved:
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Step 1: Establish your fixed walk route of 1-2km.

Step 2: Fill out the site description form enclosed, attach a map of your fixed route walk
and return it to us.

Step 3: Walk your fixed route monthly recording the bumblebees you observe.

Step 4: Return your records to us by the end of each season.

Thank you for participating in this important survey and for dedicating your time to
conserving our native bumblebees.

Best Wishes,
Leanne Casey
BBCT Citizen Science Officer
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Getting Started

This step-by-step guide is designed to help you get started by describing the
processes involved in collecting your bumblebee abundance data. It is important
that you take time to understand these processes so that the important
information you collect can be included in a long-term monitoring programme
through which results can be compared from year to year. If you have any queries
regarding the following steps, please don’t hesitate to contact me.

Forms
 All green forms beginning with letter ‘F’ require filling out. F1 should be
filled out before you begin recording and a copy sent to us along with a
map of your transect route so that your site can be registered. F2 is your
monthly bumblebee recording form (use one for each monthly walk of the
season) copies of which should be returned, preferably using the
electronic excel spreadsheet but hard copies are also acceptable, as soon
as possible after recording and before November 10th 2012.
 All blue forms beginning with “G” are guidance forms only. These forms
include examples of how to fill out your F forms (G1 and G2), classification
systems (G3 and G4) that you require for filling in details on habitat and
land-use types and an example of how to mark your transect route on an
OS map (G5).
 The recorder should retain all original forms. Copies of filled out forms
should be made and sent to us as soon as possible to ensure that
information is not lost.

Establishing Your Fixed-Route Transect
 Transect routes should be approx 1-2km in length, taking about 45-60
minutes to walk
 Identify a route that takes in flower-rich habitat. It is important to
consider the location of your route carefully. Your route should easily
accessible and located in an area that is convenient for you as the same
route will be walked monthly from year to year to enable sightings to be
compared.
 Divide your transect into sections (4-10) according to habitat type (see
Habitat Classification form G3). Note sections in the table provided on Site
Description form F1 (see Site Description form G1 for an example). Grid
references should be taken from the beginning of each section.
 Identify the most dominant type of land use in each of your transect
sections (see Land Use Classification form G4). Note land-use types in the
185





table provided on Site Description form F1 (see Site Description form G1
for an example).
Mark your route on a photocopy of an OS map. You should show clearly
where each section of your transect starts and finishes (see Transect Route
Map form G5 for an example). This map should be attached to Site
Description form F1 and returned to us before recording begins.
Notify us if any changes in habitat or land-use occur.

Walking Your Transect
 You should walk your transect monthly between and including March
and October.
 Use a separate monthly recording form (F2) for each walk.
 Transects should ideally be walked between 11am and 5pm and
preferably at approximately the same time of day.
 Transects should only be walked when weather conditions are suitable
for bumblebee activity i.e. warm, sunny days with no more than a light
breeze.
Recording Bumblebees
 Bumblebees should be recorded for on form F2 (see form G2 for an
example). A separate form should be used for each month. Space is
provided for the 6 most common species on the front of the form. Any
other species can be recorded on the reverse side. Honeybees should also
be noted if possible.
 Fill in environmental details first. Before you begin walking fill in name,
site, date, weather conditions and start time in the spaces provided on
monthly recording form F2 (see monthly recording form G2 for an
example).
 Walk your transect route at a slow steady pace and record all
bumblebees you see within 2m of either side of you. Do not look behind;
focus on the area 2m ahead and 2m to either side of you.
 Maintain a slow steady pace. Do not linger in hotspots to improve your
count, as this will bias results.
 Nets and pots can be used to capture bumblebees for closer examination
when necessary. For details on suppliers see the Bumblebee Conservation
Trust website.
 Ensure that all recording is completed at the end of each walk. Doublecheck for errors, as it will be impossible to accurately fill in any blanks at
the end of the season.
 Where estimates have to be made (when numbers are too large to count
accurately) make sure a figure is recorded (e.g.46 rather than 40+).
 If something unusual is recorded, add a note at the bottom of the
recording sheet to confirm that what you have recorded is correct.
Otherwise anomalous looking data will be omitted.
 It is very important to note if any changes in habitat or land use occur.
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Where possible record the caste (queen, worker, male) of each individual
and make a note of any interesting behaviour.
Don’t forget to fill in the finish time at the end of your walk.

Useful Identification References
Field Guide to the bumblebees of Great Britain and Ireland. Revised
Edition. Edwards M and Jenner M, 2009. UK: Ocelli.
A Pocket Guide to the Bumblebees of Britain and Ireland. Pinchen BJ,
2006. Forficula Books.
What’s that Bumblebee? Bumblebee Conservation Trust, 2010.
Laminated identification guide.
Health and Safety
 Take a mobile phone with you.
 Let at least one other person know when and where you are going out and
when you will return (let them know when you have returned).
 Wear appropriate footwear and clothing for the terrain and weather
conditions.
 Take some water with you.
 Apply sun block if necessary.
Once you have decided on your transect please send a copy of Site Description
form F1 along with a map of your fixed route to:
BeeWalk,
Bumblebee Conservation Trust,
Biological and Environmental
Sciences
University of Stirling,
Stirling
FK9 4LA

If you are still unsure of anything, please don’t hesitate to contact me.
Happy BeeWalking!!

Best Wishes,
Leanne Casey
BBCT Citizen Science Officer
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Site Details
Recorder Details:

F1: Site Description Form
(Please refer G1 for an example form)
Habitat and Land Use Details (Please refer to forms G3
and G4 for codes and descriptions)
Section

Length

Grid
Ref

Habitat Description

Site Name :

OS Grid Ref (Centre,6Fig):
OS Map No (1:50000):

County:

Transect Length (m):

Year Transect established:

Code (s)

188

Land Use Description

Code (s)

Site Details

G1: Site Description
Form
Habitat and Land Use Details (Please refer to
forms G3 and G4 for codes and descriptions)
Section

Length

Grid

Ref

1

316m

NT156988

2

105m

3

Recorder Details: Leanne Casey
Site Name : Vane Farm Nature Reserve

OS Grid Ref (Centre,6Fig): NT159988
OS Map No (1:50000): 58

County: Kinross

Transect Length (m): 1200

Year Transect established: 2010

Habitat Description (see G3)

Code (s)

Land Use Description (see G4)

Code (s)

BBCT bumblebee reserve, Dry semi unimproved
flower rich neutral grassland

H17

Unused land, Transport tracks and ways

L41, L12

NT1599O

Car park, bare ground/woodland herb/grass
mosaics of woodland rides, hedgebanks and
green lanes and small man made woodland

H30,H32

Managed forest

L3

232m

NT160989

Bracken dominated glades or hillsides and
mature broadleaved woodland

H20,H26

Un-managed forest

L4

4

351m

NT161987

Wet and dry heathland/ dry heather moorland

H23

Unused Land

L41

5

196m

Nt161989

Bracken dominated glades or hillsides and
mature broadleaved woodland

H20,H26

Managed forest, Transport tracks and ways

L3,L12
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Recorder:
Date:
Start Time:

Site:
Temp:
Finish Time:

Wind(please circle):

F2: Monthly Recording Form

Species

Caste

Buff-tailed
B.terrestris

Queen
Worker
Male
Queen
Worker
Male
Queen
Worker

Red-tailed
B.lapidarius
Early
B.pratorum
Garden
B. hortorum
Common
Carder
B. pascuorum
White-tailed

Section
1

None

Light

Weather conditions(please circle) Sunny

Section
2

Section
3

Section
4

Section
5

Male
Queen
Worker
Male
Queen
Worker
Male
Queen
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Section
6

Breezy

Sunny/Cloudy

Section
7

Section
8

Cloudy

Section
9

Section
10

Total

B. lucorum

Worker
Male

(Please refer to G2 for an example form)
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Other
Species

Caste

Section
1

Section
2

Section
3

Section
4

Section
5

Section
6

Section
7

Section 8

Section
9

Section
10

Total

Queen
Worker
Male
Queen
Worker
Male
Queen
Worker
Male
Queen
Worker
Male
Queen
Worker
Male
Queen
Worker
Male
Additional Comments (e.g. Has any management such us ploughing, hedge cutting, burning etc. taken place? Were any unusual behaviours observed?)
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Recorder: Leanne Casey
Date: 13/06/10
Start Time: 09:00

G2: Monthly Recording Form

Wind(please circle):

Site: Vane Farm, Kinross
Temp: 15 ° C
Finish Time: 10:30

None

Light

Weather conditions(please circle) Sunny

Species

Caste

Buff-tailed
B.terrestris

Queen
Worker
Male
Queen
Worker
Male
Queen
Worker

Red-tailed
B.lapidarius
Early
B.pratorum
Garden
B. hortorum

Section
1

Section
2

II
II

I
I

I
I

I
II

Section
3

Section
4

Section
5

II

II

III
IIII

I

II
I

I
IIII

Male
Queen
Worker
Male
Queen
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Section
6

Section
7

Breezy

Sunny/Cloudy

Cloudy

Section
8

Section
10

Section
9

Total

8
9
0
5
9
0

Common
Carder
B. pascuorum
White-tailed
B. lucorum

Worker
Male
Queen
Worker
Male
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Other
Species
Heath
B. jonellus
Field cuckoo
B. campestris

Caste
Queen
Worker
Male
Queen
Worker
Male
Queen
Worker

Section
1

Section
2

Section
3

I

Section
4

Section
5

I

Section
6

Section
7

Section 8

Section
9

Section
10

Total

2

I

1

Male
Queen
Worker
Male
Queen
Worker
Male
Queen
Worker
Male
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G3: Habitat Classification
Code
H1
H2
H3
H4
H5
H6
H7
H8
H9
H10
H11
H12
H13
H14
H15
H16
H17
H18
H19
H20
H21
H22
H23
H24
H25
H26
H27
H28
H29
H30
H31

Habitat Type

H39

Marine saltmarshes/estuaries/saline reedbeds
Coastal dune grassland
Coastal dune and sand heath
Coastal dune and sand scrub
Coastal dune and sand woods
Coastal dune slacks
Coastal Machair
Coastal shingle
Coastal cliffs/undercliffs
Fen/swamp/marsh vegetation of inland freshwater edges
Bare ground/sparse vegetation of inland freshwater edges
Acid bog/mire habitats
Flushes
Inland swamp/fen stands without open water (e.g. reed and sedgebeds)
Dry semi/unimproved (flower-rich) chalk/limestone grassland
Dry semi/unimproved acid grassland
Dry semi/unimproved (flower-rich) neutral grassland
Agriculturally improved/re-seeded/ heavily fertilised grassland
Seasonally wet and wet marshy grasslands
Bracken dominated glades or hillsides -(EUNIS code)
Stands of tall herbs (e.g. nettle and willow-herb beds)
Dry scrub/shrub thickets
Wet and dry heathland/ dry heather moorland
Wet Willow scrub of fen, river and lake-side
Hedgerows
Mature broadleaved woodland
Mature coniferous woodland
Mature mixed broadleaved and coniferous woodland
Lines of trees or scattered trees of parkland
Small man-made woodlands
Recently felled areas/early-stage woodland and coppice
Bare ground/woodland herb/grass mosaics of woodland rides, hedgebanks and
green lanes
Orchards, hop gardens and vineyards
Inland screes/cliffs/ rock pavements, and outcrops
Intensive arable crops
Horticultural crops
Organic arable crops
Bare ground/weeds of arable field margins or fallow/recently abandoned
arable crops (e.g. set-aside)
Ornamental shrubs/trees/lawns of churches/parks/domestic gardens etc

H40

Bare ground/weed communities of post-industrial sites

H32
H33
H34
H35
H36
H37
H38
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G4: Land Use Classification
Code
L1
L2
L3
L4
L5
L6
L7
L8
L9
L10
L11
L12
L13
L14
L15
L16
L17
L18
L19
L20
L21
L22
L23
L24
L25
L26
L27
L28
L29
L30
L31
L32
L33
L34
L35
L36
L37
L38
L39
L40
L41

Land Use Type
Agriculture
Fisheries
Managed forest
Un-managed forest
Mineral workings and quarries
Outdoor amenity and open spaces
Amusement and show places
Libraries, museums and galleries
Sports facilities and grounds
Holiday parks and camps
Allotments and city farms
Transport tracks and ways
Transport terminals and interchanges
Car parks
Vehicle storage
Goods and freight terminals
Waterways
Energy production and distribution
Water storage and treatment
Refuse disposal
Cemeteries and cremetoria
Post and telecommunications
Residential
Hotels
Residential Institutions
Medical and healthcare services
Places of worship
Education
Community services
Shops
Financial and professional services
Restaurants and cafes
Public houses and bars
Manufacturing
Offices
Storage
Wholesale distribution
Vacant
Derelict
Defence
Unused Land
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G5: Transect route map (example)

NT16

N

Finish
5
2
1
4
3

Start
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S6.2 Minimal model summary for each species where number of bees observed is fitted as the response variable in a general linear mixed model. Latitude
and Longitude of the midpoint of each transect along with (a) habitat variable and (b) land use variables were fitted as fixed factors. Year and transect length
were included in each model as random factors. Habitat and land-use variables are compared to all other categories grouped under “Other” (see Methods,
Table 6.1).
Species
Fixed Effects
Estimate

S.E.

z-value

P

AIC

Loglik

(a) Habitat Variables
A. mellifera
Latitude

-0.407

0.072

-5.639

1.71e-08*

0.148

0.069

2.143

0.032*

H10 (Fen/swamp/marsh vegetation of inland freshwater edges)

-0.574

0.630

-0.911

0.362

H17 (Dry semi/unimproved (flower-rich) neutral grassland)

-0.587

0.366

-1.603

0.109

H21 (Stands of tall herbs (e.g. nettle and willow-herb beds) )

0.276

0.378

0.731

0.465

H24 (Wet Willow scrub of fen, river and lake-side)

0.154

1.178

0.130

0.896

-2.020

0.702

-2.875

0.004*

H36 (Horticultural crops)

1.816

1.104

1.645

0.1

H38 (Bare ground/weeds of arable field margins or fallow/recently abandoned arable crops)

2.041

0.737

2.768

0.006*

H39 (Ornamental shrubs/trees/lawns of churches/parks/domestic gardens)

0.871

0.282

3.095

0.002*

0.346

0.528

0.656

0.512

Longitude

H30 (Small man-made woodlands)

3619.1

-1795.57

3198.2

-1587.1

B. hortorum
H10 (Fen/swamp/marsh vegetation of inland freshwater edges)
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H17 (Dry semi/unimproved (flower-rich) neutral grassland)

0.135

0.311

0.434

0.664

H21 (Stands of tall herbs (e.g. nettle and willow-herb beds) )

1.899

0.324

5.867

4.43e-09*

H24 (Wet Willow scrub of fen, river and lake-side)

1.349

0.945

1.428

0.153

H30 (Small man-made woodlands)

0.243

0.550

0.442

0.659

H36 (Horticultural crops)

0.867

0.931

0.932

0.351

H38 (Bare ground/weeds of arable field margins or fallow/recently abandoned arable crops)

0.317

0.648

0.490

0.624

H39 (Ornamental shrubs/trees/lawns of churches/parks/domestic gardens)

1.669

0.237

7.042

1.90e-12*

Latitude

-0.430

0.081

-5.313

1.08e-07*

H10 (Fen/swamp/marsh vegetation of inland freshwater edges)

-0.482

0.711

-0.678

0.498

H17 (Dry semi/unimproved (flower-rich) neutral grassland)

0.064

0.417

0.153

0.878

H21 (Stands of tall herbs (e.g. nettle and willow-herb beds) )

1.123

0.380

2.957

0.003*

H24 (Wet Willow scrub of fen, river and lake-side)

0.758

1.224

0.620

0.536

H30 (Small man-made woodlands)

1.381

0.644

2.144

0.032*

-0.335

1.513

-0.221

0.825

H38 (Bare ground/weeds of arable field margins or fallow/recently abandoned arable crops)

0.220

0.846

0.260

0.795

H39 (Ornamental shrubs/trees/lawns of churches/parks/domestic gardens)

1.869

0.288

6.482

9.06e-11*

-0.074

0.034

-2.217

0.027*

Longitude

0.159

0.030

5.237

1.63e-07*

H10 (Fen/swamp/marsh vegetation of inland freshwater edges)

0.617

0.318

1.941

0.052

B. hypnorum

H36 (Horticultural crops)
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-900.981

B. lapidarius
Latitude

200

6708.5

-3340.27

H17 (Dry semi/unimproved (flower-rich) neutral grassland)

0.751

0.182

4.133

3.57e-05*

H21 (Stands of tall herbs (e.g. nettle and willow-herb beds) )

0.638

0.197

3.234

0.001*

H24 (Wet Willow scrub of fen, river and lake-side)

0.150

0.587

0.255

0.799

H30 (Small man-made woodlands)

0.782

0.368

2.122

0.034*

H36 (Horticultural crops)

0.927

0.569

1.627

0.104

H38 (Bare ground/weeds of arable field margins or fallow/recently abandoned arable crops)

0.541

0.400

1.353

0.176

H39 (Ornamental shrubs/trees/lawns of churches/parks/domestic gardens)

0.450

0.156

2.886

0.004*

Latitude

0.108

0.026

4.135

3.56e-05*

H10 (Fen/swamp/marsh vegetation of inland freshwater edges)

0.487

0.285

1.708

0.088

H17 (Dry semi/unimproved (flower-rich) neutral grassland)

0.220

0.165

1.331

0.183

H21 (Stands of tall herbs (e.g. nettle and willow-herb beds) )

0.968

0.180

5.387

7.16e-08*

H24 (Wet Willow scrub of fen, river and lake-side)

0.404

0.532

0.759

0.448

H30 (Small man-made woodlands)

1.028

0.298

3.454

0.001*

H36 (Horticultural crops)

0.812

0.506

1.603

0.109

-0.050

0.358

-0.140

0.889

0.880

0.135

6.541

6.12e-11*

Longitude

0.088

0.043

2.021

0.043*

H10 (Fen/swamp/marsh vegetation of inland freshwater edges)

1.031

0.470

2.194

0.028*

H17 (Dry semi/unimproved (flower-rich) neutral grassland)

0.441

0.278

1.587

0.113

B. pascuorum

H38 (Bare ground/weeds of arable field margins or fallow/recently abandoned arable crops)
H39 (Ornamental shrubs/trees/lawns of churches/parks/domestic gardens)

8240.3

-4107.15

3501.3

-1737.65

B. pratorum
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H21 (Stands of tall herbs (e.g. nettle and willow-herb beds) )

0.892

0.291

3.069

0.002*

H24 (Wet Willow scrub of fen, river and lake-side)

-0.096

0.916

-0.105

0.917

H30 (Small man-made woodlands)

-1.745

0.698

-2.499

0.012*

H36 (Horticultural crops)

0.506

0.865

0.585

0.559

H38 (Bare ground/weeds of arable field margins or fallow/recently abandoned arable crops)

0.067

0.609

0.110

0.912

H39 (Ornamental shrubs/trees/lawns of churches/parks/domestic gardens)

1.301

0.224

5.806

6.38e-09*

Latitude

0.065

0.019

3.472

0.001*

H10 (Fen/swamp/marsh vegetation of inland freshwater edges)

0.429

0.215

1.997

0.046*

H17 (Dry semi/unimproved (flower-rich) neutral grassland)

0.330

0.125

2.651

0.008*

H21 (Stands of tall herbs (e.g. nettle and willow-herb beds) )

0.690

0.133

5.175

2.27e-07*

H24 (Wet Willow scrub of fen, river and lake-side)

0.045

0.405

0.111

0.912

H30 (Small man-made woodlands)

0.598

0.240

2.491

0.013*

H36 (Horticultural crops)

0.617

0.385

1.603

0.109

H38 (Bare ground/weeds of arable field margins or fallow/recently abandoned arable crops)

0.809

0.265

3.057

0.002*

H39 (Ornamental shrubs/trees/lawns of churches/parks/domestic gardens)

0.878

0.102

8.577

9.77e-18*

-0.277

0.072

-3.817

1.35e-04*

Longitude

0.199

0.069

2.875

0.004*

L1 (Agriculture)

1.113

0.348

3.198

0.001*

B. terrestris/lucorum
10285

-5129.51

3625.1

-1798.56

(b) Land Use Variables
A. mellifera
Latitude
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L12 (Transport tracks and ways)

-0.183

0.390

-0.470

0.638

L17 (Waterways)

-0.217

0.700

-0.310

0.756

L23 (Residential)

1.700

0.451

3.769

1.64e-04*

L3 (Managed forest)

0.610

0.459

1.329

0.184

L4 (Un-managed forest)

0.756

0.666

1.135

0.256

L41 (Unused Land)

0.169

0.343

0.492

0.623

L6 (Outdoor amenity and open spaces)

0.649

0.311

2.088

0.037*

L1 (Agriculture)

-0.521

0.307

-1.697

0.090

L12 (Transport tracks and ways)

-0.600

0.347

-1.730

0.084

L17 (Waterways)

-1.031

0.613

-1.682

0.092

L23 (Residential)

1.164

0.401

2.902

0.004*

L3 (Managed forest)

-0.700

0.417

-1.676

0.094

L4 (Un-managed forest)

-1.577

0.648

-2.432

0.015*

L41 (Unused Land)

-0.949

0.313

-3.033

0.002*

L6 (Outdoor amenity and open spaces)

-0.711

0.278

-2.553

0.011*

Latitude

-0.432

0.088

-4.920

8.64e-07*

L1 (Agriculture)

-0.897

0.373

-2.401

0.016*

L12 (Transport tracks and ways)

-0.968

0.439

-2.202

0.028*

1.150

0.669

1.718

0.086

B. hortorum
3231.1

-1603.55

1846.6

-909.292

B. hypnorum

L17 (Waterways)
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L23 (Residential)

0.650

0.476

1.366

0.172

L3 (Managed forest)

0.467

0.485

0.964

0.335

L4 (Un-managed forest)

0.040

0.727

0.054

0.957

L41 (Unused Land)

-1.405

0.393

-3.574

3.52e-04*

L6 (Outdoor amenity and open spaces)

-0.407

0.327

-1.245

0.213

Longitude

0.161

0.028

5.685

1.31e-08*

L1 (Agriculture)

0.162

0.191

0.847

0.397

L12 (Transport tracks and ways)

-0.055

0.216

-0.256

0.798

L17 (Waterways)

-0.251

0.359

-0.700

0.484

L23 (Residential)

-0.058

0.257

-0.224

0.822

L3 (Managed forest)

-0.111

0.257

-0.433

0.665

L4 (Un-managed forest)

-0.692

0.375

-1.843

0.065

L41 (Unused Land)

-0.007

0.196

-0.037

0.971

0.446

0.174

2.565

0.010*

0.092

0.028

3.257

0.001*

-0.337

0.165

-2.037

0.042*

0.152

0.189

0.800

0.424

L17 (Waterways)

-0.354

0.314

-1.126

0.260

L23 (Residential)

0.516

0.222

2.327

0.020*

B. lapidarius

L6 (Outdoor amenity and open spaces)

6722.3

-3348.15

8271.6

-4122.79

B. pascuorum
Latitude
L1 (Agriculture)
L12 (Transport tracks and ways)
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L3 (Managed forest)

-0.595

0.226

-2.629

0.009*

L4 (Un-managed forest)

-0.798

0.332

-2.403

0.016*

L41 (Unused Land)

-0.342

0.163

-2.099

0.036*

L6 (Outdoor amenity and open spaces)

-0.225

0.154

-1.459

0.145

0.083

0.042

1.968

0.049*

L1 (Agriculture)

-1.030

0.266

-3.872

1.08e-04

L12 (Transport tracks and ways)

-0.183

0.296

-0.619

0.536

L17 (Waterways)

-1.089

0.535

-2.038

0.042*

L23 (Residential)

0.612

0.359

1.706

0.088

L3 (Managed forest)

-0.785

0.367

-2.137

0.033*

L4 (Un-managed forest)

-0.873

0.549

-1.592

0.111

L41 (Unused Land)

-1.247

0.269

-4.635

3.57e-06*

L6 (Outdoor amenity and open spaces)

-0.381

0.236

-1.616

0.106

0.086

0.021

4.135

3.55e-05*

L1 (Agriculture)

-0.313

0.124

-2.526

0.012*

L12 (Transport tracks and ways)

-0.377

0.137

-2.744

0.006*

L17 (Waterways)

-0.328

0.233

-1.412

0.158

L23 (Residential)

0.431

0.161

2.678

0.007*

-0.388

0.167

-2.325

0.020*

B. pratorum
Longitude

3510.4

-1742.21

B. terrestris/lucorum
Latitude

L3 (Managed forest)

205

10338.7

-5156.37

L4 (Un-managed forest)

-0.509

0.242

-2.103

0.035*

L41 (Unused Land)

-0.454

0.129

-3.529

4.18e-04*

L6 (Outdoor amenity and open spaces)

-0.195

0.124

-1.576

0.115

* P-value at a significance level of <0.05.
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Chapter 7
GENERAL DISCUSSION
7.1 Research purpose
Bumblebees are currently in global decline and honeybees are in decline in Europe and
N. America threatening the ecosystem service of pollination (Chapter 4; Goulson et al.,
2008, 2015; Potts et al., 2010). Range contractions are evident for a number of bee
species and some have become locally or globally extinct in recent years (Williams, 1982;
Goulson et al., 2008, 2015; Potts et al., 2010) but due to a lack of monitoring, patterns
of decline are poorly understood and long-term abundance data is entirely lacking. A
recent report on the status of European bees (Nieto et al., 2014) found that over half of
1,965 European species were classed as ‘data deficient’ and their population trends
remain unknown. Given the importance of wild bees as pollinators (Williams 1994;
Goulson et al., 2008; Goulson et al., 2015), experts have called for more widespread
monitoring of their populations to elucidate drivers of decline and guide effective
conservation action (Steffan-Dewenter et al., 2005; Holden, 2006; Nieto et al., 2014;
Goulson et al., 2015). Therefore, this thesis first reports my findings from evaluating
training methods for citizen scientists (Chapter 2) and then explores the use of largescale citizen science datasets to fill this knowledge gap, monitor bumblebee and
honeybee populations, and elucidate drivers of population change (Chapters 3, 4, 5 and
6).
7.2 The value of citizen science in monitoring bumblebee and honeybee populations
Bumblebees and honeybees are popular, charismatic, visible insects, traits that make
them particularly suitable for citizen science surveys (Dickinson et al, 2010; Silverton et
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al, 2009; Lye et al., 2012). This thesis demonstrates the scale on which volunteer-led
monitoring of these taxa is possible with tens of thousands of records collected by the
public over multiple years (Chapters 3, 4, 5 and 6). While broad-scale data collection is
possible, biases are often inherent in data collected by volunteers due to differences in
individuals’ expertise, effort and experience. These issues need to be addressed at each
stage of the scientific process; data collection, data analysis through to the
interpretation of results, in order to draw any dependable conclusions relating to
ecological trends (Dickinson et al., 2010, Hochachka et al., 2012). In this thesis,
techniques used to address these issues are applied to bumblebee and honey bee citizen
science datasets to derive much need information on species distribution and
abundance trends.
The provision of adequate training for volunteers is often cited as critical to data
accuracy in any volunteer-led monitoring programme (Dickinson et. al., 2010; Brandon
et al. 2003; Bell 2007; Kremen et al. 2010), yet there is a lack of information available on
what type of training to provide and its efficacy. Understanding the level and extent of
training required to produce the most accurate information on species trends is crucial,
particularly where there is a need to produce high quality data with limited resources.
In Chapter 2, I showed that training can have a significantly positive effect on bumblebee
species identification, even after a short 30-minute session. Furthermore, I found that
type of training matters, where a simple training type, focusing on just seven common
species, was more efficacious for producing accurate species identification than when
volunteers were introduced to a larger suite of species. This was valuable in informing
subsequent studies where untrained volunteers were asked to focus on only the six
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most common species/groups, along with A. mellifera to ensure identification accuracy
(Chapter 5 and 6).
Broad-scale surveys aiming to gather data on species population trends often benefit
from collaboration between regional and national organisations that share data
standards (Silvertown, 2009). In this thesis, the benefits of collaboration are highlighted
through the use of already-established citizen science networks and datasets to assess
and monitor UK bumblebee populations. In Chapter 4, a collaboration with BWARS
(Bees, Wasps and Ants Recording Society) and the National Biodiversity Data Centre
(Ireland) facilitated access to historical data, which is comprised of presence-only
records that have been validated by senior members of each society and made available
through the National Biodiversity Network. This enabled the assessment of populations
over a broad spatial and temporal scale using a reliable species records database. The
outcomes revealed serious species range contractions during the 1960s-80s that
supported Williams’ (1982) previous findings. My analysis highlighted recent population
trends, which may be of conservation concern with common species expanding in
distribution while endangered UKBAP species retreating towards their climatic
optimum.
The use of rigorous, standardised protocols by volunteers is considered imperative for
the collection of reliable citizen science data (Dickinson et al., 2010, Silvertown, 2009;
Matteson et al., 2012). In Chapters 3 and 5, data derived from a collaboration with a
long-established citizen science scheme, BTO’s Garden BirdWatch, which utilised a
standardised protocol and a consistent network of volunteers, was used to investigate
species trends. Other advantages to this collaboration included an online system, which
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used threshold validation alerting to flag-up unusual records, thereby alerting observers
and scientists to potential errors, which were removed from the dataset. It also allowed
the assessment of trends at a national scale over multiple years, accounting for some
spatial and temporal bias in species trends, in garden habitats which are of known
importance to bumblebees (Chapter 5 and 6; Fussell and Corbet, 1992a, b; Goulson et
al., 2002; Osborne et al., 2008; Lye et al., 2012). In Chapter 6, data were derived from a
collaboration with the Bumblebee Conservation Trust, which has established network
of volunteers that can be used to gather much needed information on honeybee and
bumblebee abundance trends. A standardised transect monitoring protocol, previously
used in published smaller-scale studies on bumblebee abundance trends, (Kells and
Goulson, 2003; Redpath et al., 2010; Persson and Smith, 2013) was provided to
volunteers. Monitoring methods closely follow the highly successful volunteer-led
butterfly monitoring survey, the UK Butterfly Monitoring Scheme (Pollard and Yates,
1993). Using a tried and tested protocol, the collection of reliable information on species
abundances and comparison to earlier studies was made possible, and highlighted urban
areas as one of most important habitats for these declining taxa (Chapter 6).
The value of citizen science in monitoring population trends often depends on the
opportunity to mine data for subsets that are less prone to volunteer error, while having
the potential to reveal ecologically interesting trends (Dickinson et al., 2010, Hochachka
et al., 2012). My research highlights the benefits of applying data mining techniques to
volunteer-collected bumblebee datasets. In Chapter 3, for example, BTO’s Garden
BeeWatch dataset was mined for records of two species that have recently been
observed foraging during the winter months, an unusual phenomenon since until these
sightings, winter hibernation was thought to be typical for all UK bumblebees. The data
210

was further mined with seasonal restrictions for winter records, when all other species
were inactive, and spring records when only queens were active. Since these two species
are morphologically dissimilar to one another, being assigned to two separate colour
morphs in previous studies (Fussell and Corbet 1992a,b; Lye et al., 2012),
misidentification of winter records is improbable. The queens are more distinctive than
workers, particularly for B. terrestris (Wolf et al., 2010) and are less prone to
misidentification during the spring queen flight period than later in the year when
worker bumblebees predominate. Mining the dataset for these subsets that were likely
to be comprised of more accurate records while still incorporating species and timeperiods of interest enabled a reliable analysis of the distribution of this phenomenon for
the first time, revealing a southerly bias of winter records. In Chapters 5 and 6, datasets
were mined for common species only since these most likely comprise the vast majority
of UK bumblebee records, and the odd rare species included by untrained volunteers is
unlikely to affect overall trends that are measured on a national scale over multiple
years. This allowed a reliable assessment of population abundances of these seven
species in relation to environmental variables for the first time, and revealed
interspecific differences in location and habitat associations.
The value of citizen science in monitoring is also dependant on the application of
statistical techniques that account for variation in recorder effort along with the spatial
and temporal variation inherent in these broad-scale datasets (Hochachka et al, 2012;
Dickinson et al, 2010). Modern analytical approaches, such as the use of generaI linear
models and their extensions in R Statistical Software and species distribution modelling
in Maxent, have great capability in accounting for these issues to reveal accurate
patterns in citizen science datasets (Hochachka et al., 2012; Bird et al., 2014). In
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Chapters 3 and 6, general linear models extensions were applied (Chapter 3: general
linear model with binomial distribution; Chapter 6: general linear mixed models) to bee
data collected by volunteers, allowing me to incorporate factors such as recorder id,
number of recorders (Chapter 3), year and transect length (Chapter 6) into the models
to account for potentially confounding sources of variation and increasing the reliability
of my outcomes and conclusions. In Chapter 5, I used a hurdle model approach with
general linear models, modelling presence/absence and abundance separately, to
account for the high proportion of zeros in the dataset, which could obscure interesting
trends, a common problem in citizen science datasets of species records (Hochachka et
al., 2012; Bird et al., 2014). The resulting analysis revealed a concerning decline in some
common bumblebee species and interspecific differences in responses to levels of
urbanisation, both issues of importance to bumblebee conservation.
Collaborating with organisations that share data standards and/or have established
successful citizen science projects, using standardised protocols, mining data for reliable
subsets, and applying appropriate statistical techniques to volunteer collected datasets,
enabled the successful application of citizen science to bumblebee and honeybee
monitoring, helping to fill some of the current knowledge gaps in their population
ecology.
A notable drawback of the use of citizen science in monitoring species populations is
that the spatial extent and resolution of data, as well as the structure of the program
and the simplicity of the protocol limits the questions that can be addressed (Tulloch et
al., 2013). Many citizen science programs are spatially restricted to areas near to where
people reside. Garden BeeWatch (Chapter 5) is one example where the survey habitat
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is easily accessible to volunteers possibly leading to to a high number of records and
level of volunteer retention. However, a notable drawback to this is that the survey is
restricted to common garden visitors and that other species that may be suitable for
inclusion in volunteer surveys in terms of their ease of identification, such as B.
monticola, an upland moorland specialist (Edwards and Jenner, 2001), are unsuitable
due to their association with more remote habitats. Species that are rarely encountered
are often incompatible with volunteer monitoring unless more complex protocols are
used. An increased effort in terms of training and volunteer engagement in areas where
these species occur is often required. An example of this is the Great Yellow Bumblebee
(B. distinguendus) Species Action Framework (SAF) plan implementation (2007-12;
Tonhasca and MacDonald, 2016) in the north west of Scotland. Implementation involved
the production of species information packs, recruitment and direct training of local
volunteers in a variety of monitoring methods along with the verification of preserved
specimens by experts. This was highly successful, leading to the production of a public
database of verified records on the National Biodiversity Network (NBN) website and
continuation of species specific monitoring and habitat management after the SAF plan
timeframe had ended (Tonhasca and MacDonald, 2016). Unfortunately, it is not
possible to monitor such rarer species using broadscale, national surveys with more
straightforward protocols, such as BeeWalk and Garden BeeWatch (Chapter 5 and 6). It
is often impossible to include species that easily mistaken for others in volunteer-led
surveys. Even with targeted effort, as in the case of the SAF plan for B. distinguendus,
some species simply cannot be monitored using volunteers. An example is Bombus
muscuorum a rare species that is impossible to separate from the common B. pascuorum
in the field whose identification requires lab dissection by experts (Edwards and Jenner,
213

2001). My analysis of the effect of training type on volunteer identification of
bumblebees (Chapter 2) highlights the importance of introducing a small suite of species
that can be identified in the field to volunteers when monitoring UK bumblebees using
citizen science. While it is a powerful monitoring tool, the limitations of volunteer
collected data, suggest that it needs to be combined with studies by trained scientists
and professionals in order to successfully monitor and protect all of the UK’s bumblebee
populations.
7.3 Population trends of UK bumblebees and honeybees
While Williams (1982) revealed severe range contractions in several UK bumblebee
species in the 1960s-80s compared with pre1960, his is the only published national study
on the range dynamics of UK bumblebees and more recent information on population
trends is necessary to understand the status and conservation requirements of these
species. My analysis of UK bumblebee range dynamics in Chapter 4 substantiated
Williams’ findings, revealing significant range contractions in those species that were
awarded UKBAP status based on his earlier study. It also highlighted severe range
contractions in two additional species, B. rupestris and B. soroeensis during this time
period, trends that may previously have been masked by the coarser scale of Williams’
analysis. Comparison of more recent data (1981-12) to these time periods (Chapter 4)
suggest that UKBAP species’ ranges have remained stable while the most common
species have expanded by 25-65% of the area they occupied during 1960-80. However,
it is important to note that, despite attempts to account for variations in survey effort
across time periods by only analysing areas for which at least one bumblebee had been
recorded in the earliest time period (Chapter 4), the apparent stabilisation and/or
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expansion of bumblebee species‘ ranges could be an artefact of more intensive sampling
in recent years. This could potentially create artefactual apparent increases in range of
common species and mask further decline of rare species; continued monitoring of the
status of all bumblebees is necessary to ensure their protection.
While range contractions are evident for a number of bumblebee species with some
becoming locally or globally extinct in recent years (Williams, 1982; Goulson et al., 2008,
2015; Potts et al., 2010), there is a paucity of information on abundance trends of
bumblebees and honeybees (Nieto et al., 2014; Goulson et al., 2008; 2015). It is
important to consider abundance trends along with range dynamics when assessing the
status of populations since the relationship between range size and abundance is not
always positive (Blackburn et al., 1998; Gaston et al., 1998a; Gaston et al., 1998b). In
this thesis, abundances of common bumblebees (Chapters 5 and 6) and honeybees
(Chapter 6) are analysed at a national scale over multiple years for the first time using
two separate citizen science surveys, Garden BeeWatch (2007-14; Chapter 5) and
BeeWalk (2009-12; Chapter 6). The bumblebee species proportions derived from these
surveys are highly correlated with one another (Chapter 6) supporting the validity of
using citizen science to collect consistent and accurate data on populations. The analysis
of both surveys also revealed an overall positive effect of parks and gardens on
bumblebee abundances (Chapters 5 and 6). There are, however some contrasting
findings, for example analysis of Garden BeeWatch data indicates that B. lapidarius and
B. terrestris/lucorum are associated with southern areas whereas BeeWalk data reveals
an association of these species with higher latitudes. Specific, contrasting trends are to
be expected when comparing surveys with differing protocols that span different time
periods and habitat ranges and further monitoring is necessary to reveal which of these
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trends remain constant over time. It is however, encouraging that overall species
proportions and the main habitat asscoiation are consistent across both Garden
BeeWatch and BeeWalk surveys.
Comparing abundances of bumblebees derived from these surveys to those presented
in previous smaller-scale surveys carried on nest density (1989-91; Fussell and Corbet,
1992b) and flower visits (1987-88; Fussell and Corbet 1992a) suggests a notable increase
in the relative abundance of B. terrestris/lucorum and a decrease in the relative
abundances of B. pratorum (Chapters 5 and 6). Comparisons with other studies
(Osborne et al., 2008; Lye et al., 2012) to Fussell and Corbet’s nest density survey have
also revealed an increase in B. terrestris/lucorum suggesting that, as a robust taxonomic
group that is known for adapting to non-native environments, it is more resilient to
habitat and land-use change than other species. However, this is the first evidence of
decline in B. pratorum.
More recent trends derived from Garden BeeWatch records (2007-14) suggest that B.
terrestris/lucorum is now decreasing in abundance over time (Chapter 5). A potential
explanation for the recent decrease in B. terrestris/lucorum could be competition with
B. hypnorum, also a robust species capable of invading non-native environments that
has been spreading quickly through the UK since its arrival in 2001 (Goulson and
Williams, 2001; Crowther et al., 2014). My results from analysing both Garden BeeWatch
(Chapter 5) and BeeWalk (Chapter 6) records show that B. hypnorum is increasing in
abundance over time (Chapter 5), that higher abundances of both B. hypnorum and B.
terrestris/lucorum are associated with urban habitats (Chapter 5 and 6) and that
abundances of both species are higher in the south (Chapter 5 and 6). Occupation of
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similar habitats may lead to competition for nesting and foraging resources. While this
is a possible explanation, there is no other quantitative evidence to suggest that B.
hypnorum is competing with native species and further monitoring is required to
ascertain whether or not it is a contributing factor in their decline.
Garden BeeWatch records (2007-14) also suggest a decline in abundance of longtongued specialist bumblebee species with numbers of both B. hortorum and B.
pascuorum declining between 2007 and 2014 (Chapter 5). Lye et al (2012) and Osborne
et al., (2008) found a lower relative abundance of B. pascuorum when comparing
smaller-scale surveys to Fussell and Corbet (1992b) nest density survey, however this is
the first evidence for decline in B. hortorum. It is of particular concern that the last
remaining long-tongued species, previously thought to be common, are now showing
signs of threat as this is likely to impact on the pollination of wild plants with deep
corollas specialised for pollination by these species, many of which are already in decline
(e.g. Trifolium pratense, Rhinanthus minor; Carvell et al., 2006), providing a potential
circle of positive feedback or ‘extinction vortex’.
It is important to note that care must be taken when interpreting the results of
comparisons among these studies due to spatial and temporal differences between
surveys. The exact geographic location of Fussell and Corbet’s (1992b) nest density
survey is unknown and their survey on flower visits by bumblebees (1992a) is comprised
predominantly of southerly records. Additionally both studies run for two seasons
representing a temporal snapshot that may be influenced by chance variations in
environmental conditions, pressure from natural enemies and other short-term factors.
Since the BeeWalk and Garden BeeWatch surveys are ongoing with an aim to monitor
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populations in the long term, these initial outcomes will provide a good baseline for
comparison of future trends.
7.4 Species population trends in relation to environmental drivers
7.4.1 Distribution trends indicate climate associations of bumblebees
Climate change has a significant impact on many invertebrates (Walther et al. 2002;
Robinet and Rocques, 2010; Pöyry et al. 2011) with the highly successful citizen science
survey, the UK Butterfly Monitoring Scheme (UKBMS) revealing large-scale evidence of
range shifts and changes in first and peak emergence dates of species (Parmesan et al.,
1999; Roy and Sparks, 2000; Hodgson et al., 2011). Compared with butterflies, there is
a paucity of information available on the effect of climate change on UK bumblebees
and it is likely that a combination of climate and habitat associations determine
population trends (Goulson et al, 2015; Williams et al., 2007). My findings support the
theory that bumblebee populations are, at least in part, influenced by climate. In
Chapter 3, my analysis of Garden BeeWatch records revealed that winter-active
bumblebees, B.terrestris/lucorum and B. pratorum were disproportionately more
common in the south of the UK compared with spring populations with no clear
influence of urbanisation in the surrounding landscape on their distribution, indicating
that climate may play a role in this phenomenon. In Chapter 4, Maxent models revealed
that all rare, UKBAP species apart from B. muscorum have retreated to areas of higher
predicted climatic suitability in the 1981-12 time period, supporting the theory that
species retreat to their climatic optimum as they decline (Williams et al., 2007) and that
climate may be influencing patterns of decline in the bumblebees of Britain and Ireland.
B. soroeensis, which showed similar range contractions to UKBAP species in the 1960-80

218

time period compared to pre1960, has also retreated to areas of higher predicted
climatic suitability in recent years, indicating that its population may be more unstable
than previously thought (Chapter 4).
7.4.2 Habitat associations of honeybees and bumblebees
Habitat loss due to agricultural intensification, which has led to a reduction in foodplants and nesting opportunities, has been a major driver of honeybee and bumblebee
declines over the last 50 years (Williams, 1982; Goulson et al., 2003; Goulson et al., 2008;
Goulson et al., 2015). In order to protect remaining populations we need to understand
which habitats best support them but information on habitat-associations is lacking
making it difficult to assess the health of populations and target conservation measures
(Goulson et al., 2015; Convention on Biological Diversity, 2016). My analysis highlights
several main habitats as important conservation areas for bees, including marshes
(Chapter 5), coastal habitats (Chapter 4 and 5) and urban gardens and parks (Chapter 5
and 6). Analysis of the Garden BeeWatch dataset in Chapter 5 revealed that gardens
close to marsh habitat were more likely to record bumblebee species and have a higher
abundance of most species. Williams (1988) had previously highlighted marshes as
important bumblebee habitat as they are less affected by agricultural intensification due
to their unsuitability for farming, and tendency to be high in floral richness and
abundance with a long growing season. Coastal areas were also highlighted as a key
bumblebee habitat in my study with higher abundances of common species, B.
lapidarius, B. pascuorum, B. pratorum, and B. terrestris/lucorum found in gardens near
to the coast, and Maxent models in Chapter 4 showed that rare species, B. muscorum,
B. distinguendus and B. soroeensis have retracted towards the coast in recent years.
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Urbanisation has increased in recent years (United Nations, 2014) and several studies
have indicated that urban and suburban parks and gardens are supporting pollinator
populations (Goulson et al., 2010; Baldock et al., 2015; Senapathi et al., 2015). My
analysis illustrated interspecific variation across different habitats (Chapter 4, 5 and 6)
but there is a pronounced effect of urban habitat on species populations. In Chapter 3,
analysis of BeeWalk records revealed an overall positive effect of urban habitat with
higher abundances of all common bumblebee species and A. mellifera associated with
parks and gardens, supporting evidence that urban areas provide refuge for bees in an
otherwise impoverished landscape (Chapters 5 and 6; Goulson et al., 2002, Goulson et
al., 2010, Osborne et al., 2008; Chapman et al., 2003; McFrederick and LeBuhn, 2006).
However, populations of short-tongued, generalist species were associated with the
more urbanised southern and eastern regions of the UK (Chapter 5). Additionally, results
of the Garden BeeWatch survey highlighted urban gardens as having higher abundances
of short-tongued common bumblebee species only while long-tongued specialists, B.
hortorum and B. pascuorum, were more likely to occur in rural gardens (Chapter 5).
These findings are of concern given that the Garden BeeWatch analysis also showed a
recent decline in the abundance of these long-tongued specialists (Section 7.3; Chapter
5), suggesting that short-tongued generalists may be outcompeting long-tongued
specialists as they adapt more readily to rapidly expanding urban environments.
7.5 Further research and management recommendations


A short, targeted bumblebee identification session can increase record
reliability. It is therefore recommended that the number of species that are
introduced per training session is kept to a minimum, focusing on just the six
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common bumblebee species groups, and honeybees, and providing additional
targeted sessions in areas where UKBAP species are present and/or in areas of
key bumblebee habitat. Further research into training types, including assessing
the efficacy of online training, is also recommended.


Further research is required into the accuracy to which individual bee species
that are targeted as part of citizen science projects can be identified without
training, following training and following experience of taking part in surveys.
This information could be used to apply confidence limits to species data and
incorporate measures of volunteer expertise into statistical modelling.



Since Bombus hypnorum is the most distinctive species in terms of identification
by volunteers (Chapter 2), the current Garden BeeWatch dataset could reliably
be used to analyse its spread northwards in the UK and assess possible effects of
its expansion on the occurrence and abundance of other bumblebee species.



Continue long-term monitoring of bumblebee and honeybee populations using
citizen surveys, BeeWalk and Garden BeeWatch particularly in light of the
evidence for decline of some common species (Chapters 5 and 6) and the recent
retraction of rare species to their climatic optima (Chapter 4). These surveys are
reliable and can act as a baseline for future comparisons. B. soroeensis needs
more recognition as a rare species given evidence for range contractions similar
to those observed for UKBAP species along with its retraction to areas of higher
predicted climatic suitability (Chapter 4).



Further research is required into how urban habitats support bee populations
and whether expanding urban areas are leading to homogenisation of
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communities by favouring generalist species. Urban green space should be
managed sympathetically for declining, specialist pollinators such as longtongued bumblebee species by providing continuity of forage with suitable
native flowers, particularly from the Fabaceae family (e.g. Trifolium pratense,
Vicia cracca, Lamium album)


In addition to providing suitable forage for long-tongued bumblebee species in
flowerbeds, other recommendations to manage gardens beneficially for
bumblebees are the inclusion of vegetable plots and berry plants for additional
forage rewards and the use of hedges as boundaries to provide linear features
for navigation, forage material, potential nesting sites and shelter
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