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SUMMARY

As is much of the world’s biodiversity, bees and other flower-visiting insects are in global
decline, largely due to human activities. The impacts of humans on wildlife can be
ameliorated, at least to an extent, by wildlife-friendly management practices in both rural
and urban areas. This thesis comprises two introductory chapters (Part 1), followed by a
series of ten research chapters (Parts 2 - 5) aimed at informing management practices that
encourage bees and other flower-visiting insects in urban areas, and ends with a
concluding chapter (Part 6). The projects are grouped in four parts making contributions
to four broad areas of research. Part 2 is concerned with evaluating the attractiveness of
ornamental garden plants to insect flower-visitors. Individual projects examine the advice
currently available to gardeners via recommended plant lists, and describe surveys of plant
varieties grown in a public garden (Southover Grange garden, Lewes), a Plant Heritage
national collection of asters (Picton Garden, Malvern), and the experimental gardens
planted on campus of the University of Sussex, Brighton, as well as in towns of Plumpton
and Magham Down. Part 3 evaluates the attractiveness to insects of urban wild flowers,
including those growing in amenity grass areas in parks, and the effects on their
abundance and diversity of the various mowing regimes, as well as the attractiveness of
the common autumn flowering ivy. Part 4 uses waggle dance decoding to investigate
honey bee foraging in the urban landscape of Brighton, with an additional particular focus
on foraging on spring-blooming oilseed rape in the surrounding agricultural land. Part 5
examines an aspect of good practice in urban apiary set up, the use of lattice fence or hedge
barriers, which should facilitate beekeeping in urban areas, including in private gardens

and allotments.
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Part 1: General Introduction and General Methods



Chapter 1

General Introduction

1.1 European honey bee — an important part of the thesis

The European honey bee (Apis mellifera, Fig. 1.1) is
an important part of this thesis, with three chapters
focused exclusively on its foraging behaviour
(Chapters 10 & 11) and an aspect of beekeeping
practice (Chapter 12), as well as a large part of
Chapter 8 quantifying ivy pollen collection. The
honey bee is one of about 250 bee species native to
Britain (Baldock, 2008; Carreck, 2008). It is an

obligately eusocial species, living in colonies with a

Figure 1.1. Honey bee forager visiting reproductive queen and sterile female workers, and
flowers of garden catmint, Nepeta x

faassenii. is the only species in Britain with perennial colonies
that are, in principle, active throughout the year. Honey bees feed almost exclusively on
nectar, which is the main source of carbohydrate, and pollen, the main source of protein,
collected from flowers by foraging workers. The exceptions to this are ‘honeydew’ -
a sugary excretion of aphids and some other sap-sucking insects (Moller & Tilley, 1989),
and, very rarely, fungal spores, collected in lieu of pollen (Shaw, 1990).

Most honey bee colonies in the UK are managed by hobbyist or professional
beekeepers. The colonies reproduce by swarming, whereby one queen with a group of
workers leave the parent colony to found the daughter colony in a new nest (Seeley, 1985).
Some swarms are captured by beekeepers, but others naturally nest in cavities, such as

tree hollows. These newly founded colonies form the unmanaged, or wild, population.

The extent or density of the wild honey bee population in the UK is unknown due to lack



of research, but some indirect estimates suggest that wild colonies are generally rare across
Europe (Jaffé et al., 2010). The wild population is also not genetically isolated from the
managed population (Thompson et al., 2014), as mating takes place in open air between

drones and queens from hives up to 15 km apart (Jensen et al., 2005).

1.1.1 Honey bee importance, declines and their causes

Honey bees are important producers of honey for human consumption, producing c. 1.6
million tonnes per year worldwide (FAO, 2011). However, their main economic
importance is in the pollination of agricultural crops, valued at £230 million in the UK
(Fig. 1.2, Mwebaze et al., 2010) and $12 billion in the USA (Calderone, 2012). About
three-quarters of the globally important food crops are to some extent dependent on
animal pollination and the honey bee remains, by far, the most widely used species for
this task worldwide (Klein et al., 2007). The contributions of wild pollinators to crop
pollination are also important (Garibaldi et al., 2011; Garibaldi et al., 2013) and it is
possible that the value attributed to honey bees may have been overestimated (Breeze et

al., 2011).
(a)£108 million  (b) £49 milion  (c) £31 million

P

f) £3 million
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Figure 1.2. Value of honey bees in
4 pollination of UK agricultural crops:
| (a) apples, (b) oilseed rape, (c)
raspberries, (d) strawberries, (e)
field beans and (f) pears. Additional
categories include mixed orchard
fruits (£6 million) and other soft fruits
(£6 million), not illustrated. Data
from Mwebaze et al. (2010).
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Although honey bee colony numbers are increasing worldwide, the demand for
pollination services is increasing at an even greater rate (Aizen & Harder, 2009; Breeze et
al., 2014). Furthermore, declines on local, national and continental scales, such as those
in Europe and USA, are a concern (Neumann & Carreck, 2010). Historical data indicate
that the number of managed colonies in England and Wales has declined from
approximately 1,000,000 in 1910 to 250,000 in 2006, i.e. a decline of 75% over the last
century (Carreck, 2008). More recently, Potts ef al. (2010b) estimated that the number of
colonies in Europe declined by 16% between 1985 and 2005, which is largely due to the
declines in central Europe (-25%) and Scandinavia (-14%), offset to a degree by the
increase in Mediterranean countries (+13%). In the USA, average overwinter colony
losses of c. 30% have been reported for the past several years (Steinhauer et al., 2014),
bringing ongoing difficulties to the beekeeping industry.

Multiple factors, acting alone, concurrently or synergistically could be responsible
for these declines. The list includes the usual culprits, such as (i) habitat loss and land-use
intensification, leading to the loss of available forage; (ii) pests and pathogens, including
those specific to the honey bees (Genersch, 2010), (iii) pesticides, (iv) weather and climate,
as well as (v) the socio-economic factors impacting beekeeping as a profession or as a
hobby (vanEngelsdorp & Meixner, 2010; Smith et al., 2013). Large-scale losses in the USA
since 2006 were attributed mainly to the Colony Collapse Disorder (CCD), a term coined
to describe a particular set of symptoms in the absence of a known cause, characterized
by a rapid loss of adult worker bees and seemingly ‘abandoned’” brood and food stores
(vanEngelsdorp et al., 2009). While no one pest or pathogen has been identified as single
a cause of the CCD, the general consensus appears that it is probably a result of a
combination of stressors (vanEngelsdorp et al., 2009; Ratnieks & Carreck, 2010), with
viral diseases being most significant and the Varroa mites involved in their transmission

(Francis et al., 2013).



Despite the declines in colony numbers, the honey bee still remains a very
common animal and is nowhere near the danger of extinction in the UK or elsewhere.
Nonetheless, worrying downward trends, perhaps aided by attention-grabbing media
headlines, have captured the public consciousness and led to the desire of many people to
help (Spivak et al., 2010). For example, the article by Bryan Walsh titled “The Plight of the
Honeybee”, which made it onto the cover of the TIME magazine (Fig. 1.3), paints a gloomy
picture with a potential impending disaster for farmers and the supply of certain foods if
honey bees continue to decline (Walsh, 2013). One way the public has been encouraged
to help is to take up beekeeping as a hobby. However, as most people live in towns and
cities, this often involves keeping the hives in back gardens or on rooftops. For example,
many businesses in London, UK, have put up hives on their roofs as a means of appearing
‘green’ and showing off their pro-environmental agenda (Alton & Ratnieks, 2013).
Indeed, in the 2008-13 period, the number of beekeepers in London tripled to 1,200 and
the number of colonies doubled to 3,500 (Alton & Ratnieks, 2013). Chapter 12 reports a
study of an aspect of good practice in urban beekeeping, showing that barriers can be used
to reduce the number of stings to people nearby, such as neighbours or pedestrians.
r—— However, as the increase in hive
- numbers has not been accompanied by a

corresponding  increase in  the

abundance of flowers, a better way to

A
WORLD
WITHOUT help bees is to address this lack of forage

BEES

(Alton & Ratnieks, 2013).

THE PRICE WE'LL
PAY IF WE DON'T

WS RENG Figure 1.3. August 19, 2013, issue of the TIME
THE:%TEIS.EE magazine, with a cover featuring Bryan Walsh’s

article titled “The Plight of the Honeybee” that
warns of a potential disaster for farmers in the
case of a further honey bee decline. TIME has
world’s largest circulation for a weekly news

magazine, reaching a very wide readership.




1.2 Declines of other flower-visiting insects

Data on other species of flower-visiting insects were collected as part of Chapters 3-9.
Pollinators as a guild are in a state of global decline due to much the same causes (reviewed
in Potts et al., 2010a; Vanbergen & the Insect Pollinators Initiative, 2013). For example,
declines in bumble bees in Europe over the past 60 years were driven primarily by habitat
loss and intensification, resulting in lower abundance and diversity of flowers (Goulson
et al., 2008b). The abundance of wild bees, other than the honey bee, and hover flies
(Diptera, family Syrphidae) declined in parallel with that of insect-pollinated plants in
both Britain and the Netherlands since 1980 (Biesmeijer et al., 2006). However, the rates
of decline appear to have generally slowed down in native European pollinators since
1990, corresponding with, and maybe owing to the greater investment in conservation
(Carvalheiro et al., 2013). Given that the honey bee is a generalist forager (Crane, 1976),
actions aimed at helping it by enhancing the availability of forage can, in principle, be also

beneficial to other flower-visiting insects.

1.3 Conserving biodiversity and helping flower-visiting insects in urban areas

Traditionally, conservation measures have been focussed on natural (e.g. Forup et al,,
2008), semi-natural (e.g. Tarrant et al., 2013) or agricultural land (Kleijn et al., 2006).
However, attention has recently been extended towards urban areas (Miller & Hobbs,
2002; Sanderson & Huron, 2011). Urban and suburban areas cover 0.4% of the Earth’s
ice-free land area (Ellis et al., 2010) and, depending on definition, 6.8-9.5% in the UK (UK
National Ecosystem Assessment, 2011), where the land use is otherwise dominated by
agriculture (75%, DEFRA, 2012). In Britain, agriculture has become dramatically
intensified since the end of WW2, which corresponded with, and probably caused,
widespread declines in the abundance and distribution of many groups of organisms

(Robinson & Sutherland, 2002; Fig. 1.4a). In this context, the potential role of urban areas



Figure 1.4. (a) Modern British landscape dominated by intensive agriculture, which is mostly used as grazing
land, as well as the cultivation of arable crops: wheat, barley and oilseed rape. (b) Urban area of Hangleton
district in Brighton & Hove, UK, showing a substantial proportion of green space.

in conservation is, arguably, no longer negligible. Dearborn and Kark (2010) suggest
seven motivations for conserving urban biodiversity, which inter alia include ecosystem
services, opportunities for public education and “citizen science”, improvement of human
wellbeing and, perhaps most importantly, the fact that, in some cases, urban areas can
serve as important biodiversity reserves by supporting wildlife populations.

Urban areas, by definition, are heavily developed and it is not surprising that, in
general, species richness of many groups of organisms tends to decrease with increasing

levels of urbanization along rural-urban gradients (McKinney, 2008; Aronson et al.,



2014). However, as with all generalizations, there are exceptions that do not follow the
overall pattern. In a review of 105 studies on the effects of urbanization on species
richness, McKinney (2008) showed that about 65% of plant studies, 30% of invertebrate
studies and 12% of vertebrate studies exhibit peak species richness at a moderate level of
urbanization (i.e. suburban areas), consistent with the ‘intermediate disturbance
hypothesis’, which predicts that, in many situations, species richness is highest at an
intermediate level of disturbance and lower at both high and low levels of disturbance
(Roxburgh et al., 2004).

Urban areas contain many green spaces that can be a resource to wildlife, such as
parks, gardens, lawns, road verges, cemeteries and brownfield sites (Fig. 1.3b). For
example, Helden and Leather (2004) showed that urban roundabouts in Bracknell, UK,
support rich and abundant Hemiptera communities. Green spaces also support flowers
that present a forage resource for many flower-visiting insects. For example, Bates et al.
(2011) found that, although the species richness of bees and hover flies and the abundance
of bees decrease along a rural-urban gradient in Birmingham, UK, both these metrics are
associated positively with the abundance of forb flowers. However, there were some
notable exceptions: social bees that have relatively large foraging ranges, the honey bee
(A. mellifera) and the red-tailed bumble bee (B. lapidarius), showed no negative response
to urbanization (Bates et al., 2011). Similarly, Ahrné et al. (2009) found that in Stockholm,
Sweden, bumble bee abundance is positively related to local flower abundance, while
species richness decreased with the proportion of built-up area, implying that responses
to urbanization may vary among different bumble bee species. Some indirect evidence,
based on parasite prevalence in workers, indicates that the buff-tailed bumble bee
(B. terrestris) may even occur at higher densities in urban compared to rural areas
(Goulson et al., 2012). On a different continent, in New York City, USA, Matteson et al.
(2013) showed that urban green spaces are associated with a higher abundance and
species richness of flower-visiting insects then residential neighbourhoods, which was
largely driven by the abundance of floral resources, vegetation type and cover. In and

around Boston, USA, the abundance of blooming nectar-producing plants was found to



be an important determinant of butterfly diversity on a local scale, and the area of green
space on a landscape scale (Clark et al., 2007).

In an attempt to shed more light on the value of urban areas to honey bees,
Chapter 10 investigates foraging by honey bee colonies located in Brighton, UK. The
results revealed that urban colonies foraged mostly within the surrounding urban area
throughout the season, despite the nearby countryside being well within their foraging
range. This suggests that the urban area of Brighton can support honey bees year round,
and corroborates the findings of Bates ef al. (2011), who did not detect a decline in the

number of honey bee foragers with increasing level of urbanization in Birmingham.

1.3.1 The value of gardens

In the mid-70s, Denis and Jennifer Owen recorded a rich diversity of insects in their
suburban garden in the city of Leicester, UK (Owen & Owen, 1975). Their findings were
at variance to the then prevailing view, which held that all man-made habitats, including
gardens, were basically barren ‘biological deserts’. The Owens were so impressed that it
prompted them to suggest that suburban gardens, collectively, might be the “England’s
most important nature reserve” (Owen & Owen, 1975). The surveys carried on for 30
years and culminated in a book documenting 2673 plant and animal species recorded in
this one garden, including 59 bees, 94 hover flies and 23 butterflies (Owen, 2010).
However, this does not mean that all these species were living in this garden. Many,
especially insects, were merely passing through and occasionally stopping to feed, such as
butterflies feeding on floral nectar, which prompted Owen (1976) to compare gardens to
‘refuelling stations’.

Indeed, of all types of urban green space, private domestic gardens, collectively,
are probably the most important component in supporting urban biodiversity (reviewed
in Goddard et al., 2010). A survey of five major UK cities estimated that domestic gardens
were 22-27% of the total city area, with an average area of 155-253 m? (Loram et al., 2007).

Nationally, 87% of UK households are associated with a garden, which constitutes an



enormous resource for wildlife (Davies et al., 2009). Gardens in California, USA, (Frankie
et al., 2005; Frankie et al., 2009) and even in the heavily developed neighbourhoods of the
New York City (Matteson et al., 2008) can support diverse bee assemblages. Recent
studies showed positive effects of gardens on a landscape scale on both bumble bee
(B. lapidarius and B. pascuorum) nest density and survival in the UK (Goulson et al.,
2010) and the abundance and richness of social and solitary wild bees in Sweden
(Samnegard et al., 2011). Additionally, indirect evidence based on the seed and fruit set
of bee-pollinated plants implies that pollinator density may be enhanced by gardens on a
landscape scale (Cussans et al., 2010). Moreover, a UK-wide survey showed that bumble
bee nest density within gardens is high and comparable to that in linear countryside
habitats, such as fence lines and hedgerows (Osborne et al., 2008a).

The value of gardens to wildlife can be enhanced by ‘wildlife gardening’. That is,
doing something to deliberately attract or encourage wildlife, such as feeding wild birds,
having a compost heap, avoiding the use of chemicals or growing nectar-rich plants that
provide food for flower-visiting insects (Good, 2000). A survey in England showed that
most households with the use of a garden engage in some form of wildlife gardening
(78%), which includes 66% that provide food for birds and 31% that select plants
attractive to wildlife (Mew et al., 2003). Motivations for wildlife-gardening are varied, but
notably include personal wellbeing and a sense of moral responsibility for nature
(Goddard et al., 2013).

The UK garden flora is diverse and is characterized by a high proportion of alien
species (c. %) versus natives (c. %) (Thompson et al., 2003). Indeed, Gaston et al. (2007)
have argued that gardening is inherently friendly to flower-visiting insects, as one of the
things people are most keen to have in their gardens are flowers, whether they practice
wildlife gardening or not. However, it is possible that some flowers, particularly
ornamentals that were bred for their unusual appearance, such as by ‘doubling’ of petals,
may be unattractive or inaccessible, and hence of little or no value to flower-visiting
insects (Comba et al.,, 1999b). In California, a team of researchers surveyed c. 1000

ornamental garden plant species and varieties over 5 years in two cities and found that
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only 129 of them (or 13%) were attractive to bees to any measureable extent (Frankie et
al., 2005). Similarly, although on a smaller scale, Chapter 6 reports the results of a survey
of 79 ornamental plant varieties in the Southover Grange garden - a public garden in
Lewes, East Sussex, UK, showing that only a small proportion, 23%, were highly or
moderately attractive to flower-visiting insects, while the remaining 77% were either
poorly attractive or completely unattractive. These data suggest that there is a great scope
for making urban gardens and parks considerably more valuable to flower-visiting insects
by selecting and growing the right plants.

To help the public make informed choices, there are numerous lists of bee- and
pollinator-friendly plant varieties, produced not only by amateurs (e.g. Creeser, 2004),
but also by professional (e.g. RHS, 2011) and government organizations (e.g. Natural
England, 2007). However, on closer inspection, some advice given in these lists is not
particularly good. For example, Thompson (2006) described one list of wildlife-friendly
plants produced by Natural England as “looks very much as if it was put together late one
Friday afternoon”. Chapter 3 makes a critical overview of a selection of such lists and finds
that there is rather little overlap in their recommendations. Shortcomings include some
poor recommendations, omission of many good plants, lack of detail, and the fact that
almost all are based on their authors’ general expertize, instead of empirical data.
However, some recommendations given in lists are good, and, by virtue of being popular
to the public, lists have merits in raising awareness and education. Chapter 5 attempts to
put some of these recommendations on a firmer scientific footing by comparing 32
popular garden plant varieties in their attractiveness to insect-flower visitors. It finds that
there is an enormous, approximately 100-fold, variation, suggesting that judicious plant

selection by sympathetic gardeners can, in principle, make a big difference.
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Chapter 2

General Methods

All research chapters (Chapters 3-12) have a section providing a detailed description of
specific methods used. This chapter (Chapter 2) provides a broader overview and

discussion of the general methods.

2.1 Studying foraging by quantifying insect visitation to flowers

The aim of several projects in this thesis (Chapters 4-7) was to compare the attractiveness
of different plant varieties to bees and other flower-visiting insects. The main resource
that insects obtain from flowers is food in the form of nectar and/or pollen, but plant
species are hugely variable in flower size and the amount of resources they provide per
flower. Thus, the variable that probably reflects the amount of floral resources gathered
best is the amount of time an insect has spent foraging in a patch of flowers, rather than
the number of individual flowers it visited. However, as it is obviously impractical to clock
the time spent foraging by each individual insect, a proxy measure was used - the number
of insects foraging in a patch of flowers in a near-instantaneous count or ‘snapshot’. This
count is directly proportional to the amount of time the insects spend, on average, in a
flower patch, and is, therefore, a fair proxy of the amount of resources gathered and the
benefit obtained by the insects from plants.

The relationship between an insect count and the amount of floral resources
provided by the plants, which is of primary interest, is also affected by several co-variables.
The most obvious co-variable is the area of a flower patch. One way to allow for this is to
compare plant species or varieties grown in patches of the same area, as was done in
Chapter 5, which compared 32 garden plant varieties, each grown in 1x1 m?* patches.

However, Chapter 4 specifically investigated the relationship between patch area and
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count of foraging insects in a range of garden-scale flower patches (0.1 - 3.1 m?) and
found it to be linear. This result allows us to confidently compare plant varieties grown in
patches of different areas, such as in gardens or parks, by expressing insect visitation as a
count per unit area. In addition, patch area is a useful ‘currency’ from the perspective of
gardeners or park managers, which can help relate the amount of benefit that flower-
visiting insects may receive to the amount of land available for flower cultivation.

Another important co-variable is the flowering phenology, but it is more difficult
to standardize among the plant species or varieties being compared. The amount of bloom
was quantified by assigning it a score 0 (absence of bloom), 1 (< ¥ of maximum), 2 (¥ -
% of maximum) or 3 (full bloom, > % of maximum) (after Anderson & Hubricht, 1940)
and was accounted for by its inclusion as a term in models during statistical analyses.
Chapters 5 & 6 compared garden plant varieties that are mainly summer-flowering and
Chapter 7 compared Aster varieties that flower in the autumn. That is, the plants in each
study flowered in the same general time period, even if not in complete synchrony.
However, comparison of plants flowering at considerably different times, such as spring
vs. autumn, would be heavily confounded by the time of season. The periods of time
separated by a lengthy gap differ considerably in many respects, not least in weather, but
also in phenologies and life cycle stages of plants, animals and other organisms, both
under study and in the wider ecosystem, that there is no satisfactory way of accounting
for all of these factors.

Insect activity itself is also affected by weather on a large scale and microclimate
on a smaller scale (Corbet, 1990). For example, the minimum temperature permissive to
foraging is lower in bumble bees, B. terrestris/lucorum, B. pascuorum and B. hortorum, c.
5 °C, than in the red-tailed bumble bee B. lapidarius and A. mellifera, c. 10-12 °C (Corbet
et al., 1993). However, within the narrower period of the flowering of ivy, Hedera helix
and H. hibernica, in autumn, fluctuations in temperature between 14-24 °C had weak and
often non-significant effects on the activity of flower-visiting insects (Chapter 8). But, to
determine precisely the effects of weather and microclimate variables on insect foraging

activity would require a whole study or a series of studies on their own. We have,
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therefore, confined the insect counts to those periods, when, based on our experience, the
weather was such as to allow all flower-visiting insect categories to be active.

It should also be noted that, due to the ‘snapshot’ counts being made, by
definition, near-instantaneously (<10 s), the use of this method is practical only for
relatively small patches (e.g. on a garden scale, up to c. 3 m*) and with low to moderate
numbers of insects per count (up to c. 10-15 individuals). However, larger patches could
be studied in this way simply by sub-dividing them into manageable sub-units and

summing the data.

2.2 Insect identification

Different species of flower-visiting insects have different flower preferences. It is,
therefore, important not only to count the number of insects foraging in a patch of a
certain plant variety, but also to identify them. The use of the ‘snapshot’ counts requires
insects to be identified as they forage. That is, without capture for closer examination.
This means that in many cases, an insect cannot be identified to species and so has to be

identified to a higher taxonomic rank, such as a genus or a family.

2.2.1 Bees

According to the current systematics, bees belong to an unranked taxon Anthophila
(meaning “flower lovers”) within the superfamily Apoidea in the order Hymenoptera
(Engel, 2005). Among the c. 250 bee species that occur in Britain, the honey bee, A.
mellifera, is one of the few bees that is sufficiently characteristic to be identified to species
on the wing. Others include the large and territorial wool-carder bee, Anthidium
manicatum (Fig. 2.1a), common throughout England and Wales and the sole
representative of the genus Anthidium in Britain (Pechuman, 1967), and the ivy bee,

Colletes hederae (Fig. 2.1b), which, although very similar in appearance to other Colletes
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spp., is the only one to be seen foraging on ivy in autumn due to emerging the latest in a
season (Kuhlmann et al., 2007). The identification of most other British bees (at least
those encountered during fieldwork done as part of this thesis), even to the genus level,
relies on microscopic characteristics, such as wing venation patterns, and is, therefore,

not possible in the field (Baldock, 2008).

Figure 2.1. British solitary bees with characteristic appearance: (a) wool-carder bee, Anthidium manicatum,
male hovering in patrol of his territory, (b) ivy bee, Colletes hederae, female foraging on ivy flowers.

Bumble bees have a characteristic ‘stocky’ body shape and from this can be easily
identified to the Bombus genus. According to Edwards and Jenner (2009), there are 25
described Bombus species in Britain and most of them are impossible to identify
definitively without capture. Indeed, two of the commonest species B. terrestris and B.
lucorum are so similar to each other that even microscopic identification of pinned
specimens with the use of a morphological key has a 5% misidentification rate of the
former as the latter and 45% of the latter as the former (Wolf et al., 2010). Fussell and
Corbet (1992) developed a simple grouping system that allows categorization of British
bumble bees into five broad groups based on the colour banding patterns, with each group
represented by one or two main species that are common and several species that are
rarer. The groups are: (a) two-banded white tails (main species B. terrestris and B.
lucorum), (b) three-banded white tails (main species B. hortorum), (c) banded red tails
(main species B. pratorum), (d) black-bodied red tails (main species B. lapidarius) and (e)

browns (main species B. pascuorum) (Fig. 2.2a-e, Table 1 in Fussell & Corbet, 1992). This
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allows the tentative assumption that most field observations can probably be attributed
to the main species in each category. In addition, Britain was colonized by a new bumble
bee species — the tree bumble bee, B. hypnorum, first spotted in Wiltshire, England, in
2001 (Goulson & Williams, 2001). It has since spread widely across much of England and
Wales (BWARS, 2013) and has a unique banding pattern among the British bumble bees

- brown thorax and black abdomen with a white tip, which makes it easy to identify to

species unambiguously, even while actively foraging (Fig 2.2f).

Figure 2.2. (a) Bombus terrestris/lucorum — a two-banded white tail. (b) B. hortorum — a three-banded white
tail. (c) B. pratorum — a banded red tail (photo credit: Nicholas Balfour). (d) B. lapidarius — a black-bodied
red tail. (e) B. pascuorum — a brown bumble bee. (f) B. hypnorum — the tree bumble bee that has a unique
banding pattern among the British bumble bees (photo credit: Nigel Jones). Colour-band categories based
on Fussell & Corbet (1992).

2.2.2. Hover flies and other true flies

After the bees, in many situations in Britain, the next commonest group of insects seen
feeding on flowers are the true flies (order Diptera), and in particular, the hover flies
(family Syrphidae). The British hover fly fauna comprises 271 described species and, as
with bees, their reliable identification to species is often based on microscopic
characteristics (Stubbs & Falk, 2002). Most hover flies are good mimics of stinging
Hymenoptera: bees and social wasps (Fig 2.3). However, it is possible to distinguish them

from their models and identify them to the Syrphidae family. The four key characteristics
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distinguishing flies from bees and wasps are: (i) presence of only one pair of wings, (ii)
absence of a narrow waist, petiole, (ii) considerably shorter antennae and (iv) bigger eyes,
making up the bulk of a head in flies. In addition, foraging bees will often, though not
always, be seen carrying pollen loads on their body, such as in the corbiculae of honey
bees and bumble bees (e.g. Fig. 2.2a), or the underside of the abdomen in Megachilidae,

which is never the case in flies.

Figure 2.3. (a-d) Bee and wasp mimicking hover flies: (a) Eristalis tenax, (b) Merodon equestris, (c)
Episyrphus balteatus, (d) Volucella zonaria, and (e-h) their respective models: (e) honey bee, Apis mellifera,
(f) banded red-tailed bumble bee, Bombus pratorum, (g) social wasp, Vespula vulgaris, (h) European hornet,
Vespa crabro. (Photo credits: (b, f) Sandy Rae, (d) Ferran Gort, (e) Francis Ratnieks, (h) Erik Jergensen)

2.2.3. Butterflies and moths

Most butterflies and moths (Lepidoptera) feed on floral nectar as adults, while their
larvae, caterpillars, are generally herbivorous. The wings of adult butterflies are covered
in bright and often vividly colourful patterns (Fig. 2.4a-d), which makes their
identification to species relatively easy. There are 60 butterfly species that occur in Britain,
including both resident species and regular migrants (Thomas, 2014).

Moths are more diverse than butterflies, with about 2500 species known to occur
in Britain, of which 874 are macro moths and c. 1600 are micro moths (Townsend et al.,

2007). The majority of moth species are nocturnal and, therefore, difficult to study.
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Moreover, even at night time, the levels of moth activity on flowers can be very low. For
example, Jacobs et al. (2010) quantified both diurnal and nocturnal insect visitation to ivy
flowers and found that, while diurnal insects were abundant and active, only three
individual moths were observed during the whole night of video recording: two of them
spent little time foraging on flowers and one remained still for over 2 hours. However,
some moth species are diurnal, or day-flying, and characteristic enough to be identified
to species while visiting flowers (e.g. Fig 2.4e-h). Although there is no perfect definition
of what constitutes a diurnal moth, 133 species of the British macro moths and are
generally regarded as day-flyers (Newland et al., 2013). Also, many micro moth species
fly during the day, but these are often very difficult to identify or even see, as they are
small and fly very quickly - it may be impossible to separate similar looking species even

with the help of a good photograph (Newland et al., 2013).

U NS

Figure 2.4. Common butterflies: (a) Red admiral, Vanessa atalanta (Nymphalidae), (b) Common blue,
Polyommatus icarus (Lycaenidae), (c) Green-veined white, Pieris napi (Pieridae), (d) Large skipper,
Ochlodes sylvanus (Hesperiidae), and diurnal moths: (e) hummingbird hawk-moth, Macroglossum
stellatarum, (f) Silver Y moth, Autographa gamma, (g) Six-spot burnet moth, Zygaena filipendulae, (h) Mint
moth, Pyrausta aurata. (Photo credits: (e) Frank Wouters, (f) Bob Hall, (h) David Short)

2.2.4. Other flower-visiting insects

Other insects, besides bees, flies, butterflies and moths are, in general, rarely seen feeding

on floral resources. As part of the research carried out for this thesis, the insects observed
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in this category typically comprised less than 1% of all flower-visitors and included both
social, solitary and parasitic wasps, beetles and ants. A notable exception was the high

abundance of social wasps on ivy flowers, which is discussed further in Chapter 8.

2.3. Studying honey bee foraging using observation hives

Hives that enable undisturbed observation of the internal workings of the honey bee
colony have been described as early as seventeenth century (Showler, 1978). In 1920s,
Rosch was among the first to have used observation hives to actually study honey bee
behaviour (Rosch 1925 in Scheiner et al., 2013). An observation hive is a variation of a
regular movable-frame hive that houses one or more combs arranged vertically in a
wooden frame behind a transparent screen, such as glass or, more recently, a
thermoplastic (Scheiner et al., 2013). There are many variations in the design of an
observation hive, adapted for small to medium sized colonies and for use either indoors
or outdoors (Showler, 1978). All observation hives in the Laboratory of Apiculture &
Social Insects (LASI) used for research, including the research as part of this thesis, were
made to custom specifications by Prof. Francis Ratnieks and contained four Langstroth
frames: three medium and one deep (Fig. 2.5), which allowed for a colony size of up to
about 5,000 bees. Conveniently, honey bees are sufficiently flexible behaviourally to
accept this unnatural nest shape and will behave normally as long as a colony has a fertile
queen to lay the eggs, workers have access to the outside and the hive is not exposed to

low temperatures (Scheiner et al., 2013).
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What is the wiggle dahé?

Scientists discovered that
bees tell others in the hive about
sources of pollen through a 'wiggle dance'.
Distance and direction can be communicated
through the angle and length of the wiggle

Please do not

Touch the Glass I

-4
4

~ ‘W‘hre these wires for!

Bees use gravity as a reference

Figure 2.5. Two observation hives that were moved from the Laboratory of Apiculture & Social Insects (LASI)
into the Dorothy Stringer School, Brighton, to study honey bee foraging in an urban environment. The hives
had a dual benefit of both providing valuable research data and being a point of interest for school pupils.

2.3.1 The waggle dance

Honey bees perform many in-nest behaviours that can be studied with an
observation hive. However, with regards to foraging, one particular behaviour that was
used extensively in this thesis is their well-known waggle dance.

The waggle dance is a form of communication unique to honey bees (the whole
genus Apis), whereby successful returning foragers communicate to their nestmates the
location of a resource that a colony needs: nectar, pollen, water or resin (or a new nest
site, in the case of swarms (Dyer, 2002)). The communicative role of the waggle dance was
discovered by the Austrian ethologist Karl von Frisch, who spent most of his life studying
this behaviour. His studies culminated in a landmark book “The Dance Language and
Orientation of Bees” (von Frisch, 1967), and he was later awarded a Nobel Prize in
Physiology in 1973 for his discovery. Although the “dance language”, as von Frisch (1967)

named it, is not strictly a language in a sense that it does not involve a set of symbols
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governed by grammar, it has, nonetheless, been described as the most elaborate form of
communication known in any animal, apart from humans.

The waggle dance involves a characteristic movement pattern consisting of two
components: (i) a waggle phase, during which a bee rapidly shakes her abdomen sideways
while taking a step forward, and (ii) a return phase, during which she walks in a loop to
return approximately to the starting position (Fig. 2.6). Each waggle phase encodes the
resource location from the hive or swarm in the form of a vector. The direction to the
resource relative to the solar azimuth is given by the angle of the bee’s body during the
waggle phase relative to gravity. That is, a bee making a waggle run at 10° to the right of
vertical is communicating resource located at 10° to the right of the solar azimuth. The
distance is encoded in the duration of the waggle run, with a longer run indicating a

greater distance, with each second corresponding to c. 750 m (Schiirch et al., 2013).

Figure 2.6. Honey bee forager performing a waggle dance on the vertical comb of an observation hive. At
least seven nestmate bees in the photo above are following the dance to learn the encoded location
communicated by the dancing bee. This particular dance indicates a resource located at c. 40° to the left of
the current solar azimuth (Photo credit: Christoph Gruter).

Decoding waggle dances, therefore, presents an easy opportunity to ‘eavesdrop’
on honey bee foraging communications. But, one challenge for researchers decoding the

dances in order to determine foraging locations is the presence of variation, or noise, in
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both dance vector components. There are two sources of variation: (i) the intra-dance
variation, with individual circuits being variable within a dance made by the same bee,
and (ii) the inter-dance variation, with mean dance vector components being variable
among dances made by different bees dancing for the same point location (e.g. an
experimental feeder). The reason for the presence of this variation is interesting in itself
and has been debated for a long time, with earlier work suggesting a ‘tuned-error
hypothesis’, which states that dance imprecision is adaptive and serves to spread the
recruits over a wider area, as opposed to a more precise area, which may be quickly
depleted of resources (Towne & Gould, 1988). While more recent evidence suggests that
the imprecision is a result of performance constraints, i.e. the bees are being as precise as
they possibly can (reviewed in Couvillon, 2012; Preece & Beekman, 2014).

Over the years, developments in the methodology of decoding waggle dances have
made it more efficient and accurate. Some of the earliest studies decoded waggle dances
in real time, measuring the duration of a waggle phase with a stopwatch (e.g. Visscher &
Seeley, 1982; Schneider & McNally, 1993; Steffan-Dewenter & Kuhn, 2003). Nowadays,
we can easily record the dances using digital video cameras and analyse them on a
computer (Fig. 2.7). Modern video cameras are capable of recording video at a rate of at

least 24 frames per second, thus allowing for a temporal resolution as high as 1/24" of a

second or greater. A dancing bee may repeat a complete circuit for a maximum of 100

r I~ S ; 3 - R 4
Figure 2.7. Waggle dances being decoded by framewise video playback on a computer. The waggle phase
orientation is measured using a protractor, and its duration is measured using a software timestamp.
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times or more. However, there is no need to decode every circuit within a dance to get an
accurate average. Couvillon et al. (2012) showed that waggle runs of four consecutive
circuits offer a good approximation of the whole dance, provided the first and the last
circuits are not included, as they are significantly more variable than the middle circuits.
Both the mean duration and the mean angle of these four runs correlate exceptionally
tightly with the corresponding parameters of the whole dance (Pearson’s r = 0.986 for
duration and 0.998 for angle, Couvillon et al., 2012), and thus present a very accurate
proxy.

In addition, Schiirch et al. (2013) have developed a method of taking into account
the imprecision inherent in waggle dances when studying the overall foraging patterns of
a colony. Given the variability in both dance vector components, the point location
indicated by each dance can be simulated a very large number of times using the Markov
Chain Monte Carlo algorithm. These simulated locations plotted on a map can be binned
into grid sectors to yield a spatial probability distribution, or a ‘heat map’. For example,
Figure 2.8 shows a joint probability distribution of several dances advertising the location

of an experimental feeder, which provides an accurate representation of the actual

location encoded in these dances and the variation associated with it. Additionally, this

b
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Figure 2.8. Joint probability distribution, binned into 25 x 25 m grid sectors (on an arbitrary scale from low
probability (blue) to high (red)), of several waggle dances advertising the location of an experimental feeder
c¢. 500 m from the study hive located in the laboratory apiary (adapted from Schirch et al. 2013).
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methodology allows estimation of a proportion, with a confidence interval, of dances
pointing to areas of interest, such as urban areas (Chapter 10) or fields of oilseed rape
(Chapter 11).

It was briefly mentioned above that waggle dances indicate locations of resources
sought by a colony. But which resources are they and how should the dance data be
interpreted? By far, the biggest resource that a colony needs is food: nectar and pollen.
The two other resources collected by foragers are water, used for evaporative cooling on
hot days, and resin, used for reinforcement, insulation and sanitation of the nest. Seeley
(1995) reported that, although estimates vary, an average colony extracts from its
environment each year about 120 kg of nectar, 20 kg of pollen, 25 litres of water and only
about 100 g of resin. However, not every successful forager makes a waggle dance. For
example, with regards to foraging for nectar, which has been studied most extensively, the
probability of dancing is directly proportional to the value of the source. Dances for highly
valuable sources are also repeated for a greater number of circuits, leading to greater
recruitment of nestmates to these sources and a higher probability of detecting these
dances in a sample. This decision-making process is based on both the forager’s private
information, which includes factors such as the sweetness of nectar, flower handling time
in a patch and its distance to the hive, and the social information, which takes a form of
the delay between arriving to the hive and meeting a one of the receiver bees who help to
unload the nectar (reviewed in Seeley, 1995; Dyer, 2002). High delay times indicate either
that there is a high flow of nectar from the environment, or that the colony is already full
of nectar, both of which tend to diminish the relative value of a source, as being assessed
by a forager. Thus, a sample of waggle dances represents not all foraging locations used
by a colony, but only the most valuable foraging locations, where a value is judged based
on (i) the intrinsic profitability of a resource, (ii) the profitability of other resources
discovered in the environment by nestmate foragers and (iii) the current needs of the

colony (Dyer, 2002).
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2.4. Studying honey bee foraging using pollen collection and identification

Another way to study honey bee foraging is to analyse pollen collected by foragers.
Complementing the information encoded in waggle dances, pollen analysis can be used
to determine the relative abundance and identity of the plant species on which the bees
have been foraging. However, although foragers often collect both nectar and pollen on
the same foraging trip, some collect either nectar or pollen only (Ribbands, 1953). Indeed,
some plants, such as poppies (Papaver spp.), peonies (Paeonia spp.) or the kiwi-fruit
(Actinidia deliciosa), naturally produce no nectar and can only be used as pollen sources
(Proctor et al., 1996). Other plants produce tiny amounts of pollen (e.g. Lavandula, pers.
obs.) and thus are mainly used as nectar sources. Furthermore, honey bees clearly have
preferences for some types of pollen over the others. For example, Schmidt (1982) showed
using greenhouse preference trials that the pollen of almond (Prunus dulcis) and maple
(Acer grandidentatum) is preferred over pollens of several other plant species, including
creosote (Larrea tridentate), dandelion (Taraxacum sp.) and pine (Pinus halepensis). But,
the underlying reasons for these preferences are not clear (Schmidt, 1982). Since pollen is
normally the sole source of protein for the colony, one hypothesis states that the
preferences are influenced by its protein content. However, Pernal and Currie (2001,
2002) suggest that individual foragers are unable to assess the protein content of pollen.
Using a large dataset of 377 plant species from 93 families, Roulston et al. (2000) showed
that the protein content of pollen ranges considerably, between 2.5% and 61%, and,
although, it is, on average, higher in animal-pollinated species (39%) than in wind-
pollinated species (26%), there is no statistically significant difference when phylogeny is
taken into account. In other words, the plants do not appear to have responded
evolutionarily to animal pollination by increasing the reward value of their pollens.
Instead, the pollen protein content appears to be mainly governed by the need to grow a

pollen tube through a style (Roulston et al., 2000).
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As mentioned above, a honey bee colony over the course of a year needs much less
pollen than nectar. The rate of pollen collection is related to the amount of brood being
reared and can vary substantially. For example, in one sample of six hives, the proportion
of foragers that collected pollen ranged from 28 to 95%, with a mean of 69% (Filmer, 1932
in Ribbands, 1953). However, the amount of pollen stored in the comb is maintained
around a homeostatic set-point, which is c. 1 kg in a typical strong colony (Fewell &
Winston, 1992). At this amount, pollen foraging is greatly reduced and nectar foragers
that get dusted in pollen while visiting flowers may even discard it entirely by brushing it
off their bodies (Thorp, 2000). In conclusion, given that pollen foraging differs from
nectar foraging in several important respects, a sample of pollen collected by the colony
is best viewed not as a comprehensive sample of all floral foraging sources, but rather as

a supplement to other types of data, such as the waggle dance data.

2.4.1 Pollen collection and identification

A sample of pollen collected by a honey bee colony can easily be obtained through pollen

trapping (Dimou et al., 2006). A pollen trap is a mesh with square or circular holes, c. 5

mm in diameter, which is placed in front of the entrance to a hive (Fig. 2.9). The holes are

Figure 2.9. Pollen trap placed onto the entrance tube of an observation hive at the Laboratory of Apiculture
& Social Insects. Pollen loads are knocked off the corbiculae of returning foragers as they pass through the
mesh and are collected as they drop into the tray below.
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just wide enough for returning foragers to pass through, while pollen loads get knocked
off their corbiculae, or pollen baskets, and drop down into the collection tray below.

Conveniently, the proportions of pollen collected from various plant species can
be estimated at the level of pellets, rather than the level of individual pollen grains. This is
because the overwhelming majority of pellets (95% to 99%) are typically monofloral,
containing pollen of only one plant species (Seeley, 1985 and references therein). This is
almost certainly due to the fact that honey bee foragers exhibit a high degree of flower
constancy (reviewed in Chittka et al., 1999). That is, individual foragers tend to visit
flowers of the same species with high fidelity, even if flowers of other species occur in the
same patch. Furthermore, honey bees show an even greater fidelity when collecting pollen
than when they are collecting nectar, because of the extra difficulty in packing pollen from
more than once source into the same pellet (Zahavi et al., 1984 in Proctor et al., 1996).
However, some caution needs to be exercised, as this method assumes that pellets
originating from different plants do not, on average, differ in size. While this assumption
is generally true, with dry pellet weight at c. 5-6 mg, there are exceptions: e.g. pollen of
upland cotton, Gossypium hirsutum, is relatively difficult for honey bees to pack and
results in significantly lighter pellets, c. 0.4 mg (Vaissiere & Vinson, 1994).

Pollen pellets are also variable in colour (Fig. 2.10). Hence, one way to identify

their plant sources is to use a colour key, such as that developed by Kirk (2006). However,

Figure 2.10. A sample of pollen pellets brought to the colony by honey bee foragers, collected using a
pollen trap positioned at the hive entrance.
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identification based on colour is a rather crude and inaccurate method, as the colour is
not only slightly variable within a species, but also overlaps among species (e.g. many
plant species have yellow pollen) and is affected by the pellet water content (pollen is
moistened with nectar as it is packed into a pellet), which, in turn, is affected by
microclimate and, also, the light conditions under which a pellet is viewed (Kirk, 2006).

A more reliable way to identify the pollen plant sources is to examine the
morphology of the pollen grains microscopically. Pollen morphology varies considerably
among species in traits such as size, shape and the structure of the exine (the outer layer),
including the sculpturing of the surface and the number, position and the type of
apertures: pori (pores) and colpi (furrows) (Moore et al, 1991). There exist
morphological keys for pollen identification. However, the key of Moore et al. (1991), for
example, covers only some of the more important and common taxa found in North
America, northwestern Europe and some of the Mediterranean areas, which is far from a
complete coverage of these regions. Indeed, Moore et al. (1991) themselves suggest that
the research where accuracy of identification is important should never rely on keys and
photographs alone, but should always confirm the identity by comparison with the type
specimen.

Studies exploring bee-collected pollen floras rely heavily on extensive pollen
reference collections specific to their study area (e.g. Ireland: Coffey & Breen, 1997;
Argentina: Andrada & Telleria, 2005; Greece: Dimou & Thrasyvoulou, 2007; Italy:
Aronne et al., 2012; Oman: Sajwani et al., 2014). But even the use of a reference collection
may have shortcomings. The pollen morphology within some plant groups is so similar
that it may only be possible to identify pollen to a high taxonomic rank, such as genus or
family (particularly in difficult groups — Rosaceae and Asteraceae). In some cases, pollen

can remain completely unidentified (e.g. Baum et al., 2011).
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Figure 2.11. Pollen grains of (a) ivy, Hedera sp., and (b) oilseed rape, Brassica napus, under bright-field
light microscopy at x400.

In the absence of a local reference collection, and due to the study questions being
focused on the particular species, Chapters 8 and 11 identified only ivy (Hedera spp.,
Fig. 2.11a) and oilseed rape pollen (Brassica napus, Fig. 2.11b), respectively, by reference

to the type specimens collected locally.
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Chapter 3

Listmania: the strengths and weaknesses of lists of

garden plants to help pollinators
Mihail Garbuzov, Francis L. W. Ratnieks

Abstract

Pollinators are in global decline. One of the few ways in which the general public can help
is by cultivating ornamental garden plants that attract pollinators by producing nectar,
pollen, or both. Advice in the form of lists of recommended plants is available, but how
good are these recommendations? Here, we overview a sample of 15 such lists and discuss
their strengths and weaknesses. In particular, we found that the range of the number of
plant genera per list was large (29-257) and that there was rather little overlap in the
recommendations, even among lists addressing the same geographic region (e.g. Britain
or North America). Furthermore, the lists often included poor recommendations,
omitted many good plants, lacked detail, and were almost invariably based on their
authors’ general expertize rather than on empirical data. Nevertheless, some advice given
in the lists was good, because these recommendations were presumably backed by
personal observations and less formally gathered data. The lists were also very appealing
to the public, which makes them an excellent tool in communication and a useful starting

point for further research.

Introduction
Many pollinators are in global decline. The causes are mostly associated with human
activities, such as land-use intensification and the spread of alien species and diseases

(Potts et al., 2010a; Winfree et al., 2011; Vanbergen & the Insect Pollinators Initiative,
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2013). One of the few ways in which the public can help is by growing bee- and pollinator-
friendly plants in their gardens. Although urbanization is generally disadvantageous for
wildlife (McKinney 2008), especially compared with pristine natural habitats, it has been
shown that urban green spaces often harbour considerable biodiversity (Angold et al.,
2006). Among all types of urban green space, domestic gardens are probably the largest
and most important component (Davies et al., 2009; Goddard et al., 2010; Owen, 2010).
In the United Kingdom, gardening is a popular hobby, and the public interest in
helping pollinators is mirrored, for example, in an initiative of the Royal Horticultural
Society launched in 2011 that lists selected ornamental plants and labels them with the
Perfect for Pollinators logo [www.rhs.org]. Numerous other lists and recommendations
are available through leaflets, pamphlets, information stands, books, Web sites, and even
television programs (Fig. 3.1). But how good are these recommendations? A list is only as
good as the data that went into it. However, to our surprise, such lists almost never refer
to the empirical sources on which they are based and may have other shortcomings. For
example, Thompson (2006) described one list compiled by Natural England, a

government-funded agency responsible for the protection and improvement of the
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Figure 3.1. Promotion of pollinator friendly plants. (a) The selection of Bee Friendly plants on sale in a UK
garden centre. The photograph of a “bee” on the yellow sign in the centre is actually a hover fly. (b) Sedum
‘Rose Carpet,” which is attractive to bees, sold in pots bearing the (c) Bee Friendly logo. (d) Plant labels
bearing the Royal Horticulture Society Perfect for Pollinators logo. (e) Information leaflets with advice on
helping bees and butterflies in British gardens featuring a photograph of a monarch butterfly that does not
occur in Britain. (f) Information stand on helping to save bees, including a quote attributed to Albert Einstein,
stating that the “human race would have no more than four years to live if bees disappeared,” which it seems
he never said (Calaprice, 2010). Photo credits: Francis Ratnieks.
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natural environment, as looking “very much as if it was put together late one Friday
afternoon” (p. 54). Here, we evaluate a selection of 15 lists of plants recommended to

attract flower-visiting insects to gardens and discuss their strengths and weaknesses.

A sample of lists

In making our sample of lists of recommended garden plants, we simulated an
enthusiastic gardener searching the Internet on Google and the Amazon online bookstore
using the following English keywords and combinations: bee, butterfly, pollinator, garden,
plant, flower. The lists that we found were written by both lay or amateur authors and
professional or semi-professional organizations (Fig. 3.2). We included all of the latter
category and most of the former. In particular, we omitted unpublished lists that were
available only on web sites, which were often without a clear author. Most of the lists that
we found were aimed at Britain and the others at the United States or Canada.

When we compared and overviewed the lists, we found that it was most practical
to do so at the plant genus level. In part, this is because many of the recommendations
were given at this level, perhaps implying that all or most species in the genus are equally

or almost equally good (e.g. Aster, Lavandula) In addition, some of the recommended

B R Attracting
Plants for wildlife-friendly NATIVE
gardens POLLINATORS

wwwnaturalengland.org.uk ENGLAND

e Y WI]C”Ife

Garden

Figure 3.2. Some of the lists of bee-, butterﬂy- and insect- frlendly plants analysed in this chapter The top
row shows lists produced by organizations with standing in plants or pollinators: from left to right, UK’s Royal
Horticultural Society (RHS 2011), Natural England (2007), the Xerces Society (2011). The bottom row shows
lists produced by individuals and published as books: from left to right, Lavelle and Lavelle (2007), Hooper
and Taylor (2006), Baines (2000).
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plants are hybrid varieties of horticultural origin, for which the distinction between
species is unclear. Many such varieties, once bred, are propagated vegetatively, and it is
not uncommon for the information on their parentage to have become lost and unknown
even to experts. Indeed, parentage can be a well-guarded commercial secret in newly
developed varieties.

The 15 lists included in our sample are shown in Table 3.1. The number of
recommended genera per list ranged from 29 to 257, with 455 in total across all of the
lists. Eight lists were compiled by lay authors and seven by organizations with standing or

authority in plants or pollinators. Ten were for Britain and five for North America.

Table 3.1. Sample of 15 lists selected for overview

Number of

Reference Type of insect Geographic region Author credentials
genera

Thurman (1994) 69 Pollinating insects* Britain Lay
Gibbons and Gibbons (1996) 69 Pollinating insects* Britain Lay
Baines (2000) 127 Pollinating insects* Britain Lay
Hooper and Taylor (2006) 140 Bees Britain Lay
Ellis (1997) 116 Butterfly adults North America Lay
Merilees (2000) 29 Pollinating insects* North America Lay
Creeser (2004) 92 Pollinating insects* North America Lay
Lawelle and Lawelle (2007) 162 Pollinating insects* North America Lay
Vickery (1998) 87 Butterfly adults Britain Professional
Xerces Society (2001) 88 Pollinating insects North America Professional
Natural England (2007) 130 Pollinating insects* Britain Government
Countryside Council for Wales (CCW 2008) 116 Pollinating insects* Britain Government
International Bee Research Association (IBRA 2008) 257 Bees Britain & Western Europe Professional
Royal Horticultural Society (RHS 2011) 198 Pollinating insects Britain Professional
Bumblebee Conservation Trust (n.d.) 68 Bumble bees Britain Professional

*In cases where the scope of the list included other wildlife (e.g. birds), only plant genera explicitly recommended for pollinators were included

The weaknesses of the lists

Overlap among the lists was not high

The overlap in the recommended genera among the lists was not very high. Over half of
the total genera recommended across all of the lists (233 of 455, 51%) were present in only
one or two lists, and over a third (165 of 455, 36%) were in just one list (Fig 3.3). No single
genus was present on all 15 lists, whereas only a few were present on 10 or more lists (38

of 455, 8%).
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Figure 3.3. Overlap in plant genera recommended as attractive to pollinating insects in the 15 garden plant
lists from Britain and North America combined (the black bars) and the 10 British lists alone (the white bars).
The bars show the number of genera included in exactly that number of lists.

This pattern is unlikely to be because of combining lists from two distinct
geographic areas, because a similar pattern was also seen in the 10 British lists. Only 3 of
395 genera—less than 1%—were present in all of the lists, whereas over half (211 of 395,
53%) were present in one or two lists, and over a third (143 of 395, 36%) was in just one
list (Fig. 3.3).

One obvious reason why the overlap among the lists was not higher is that the
authors did not agree on which plants are attractive. There were also other possible
explanatory factors. For example, some of the lack of overlap may have been due to the
geographic region. North America is much larger and more climatically diverse than
Britain. It is probably not easy to recommend plants that would do well across the whole
range of climates, and this may be the reason for which we found fewer North American
lists. For example, milkweed (Asclepias spp.) was often found in the North American lists,
but not in any of the British lists, because it is poorly suited to the local conditions; does
not survive the winter; has a high chance of not flowering at all in a season; and, as a

consequence, is rarely grown. Nevertheless, there was considerable overlap between the
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regions: almost half (202 of 455, 44%) of all of the listed genera were found in at least one
list from each region.

In addition, some of the lack of overlap among the lists may have been due to their
scope, as some were focused on adult butterflies or bees, whereas others were for insect
pollinators in general. However, even the lists with different scopes were in some
agreement, probably because different types of insects, such as butterflies and bees, often
visit the same plants for nectar.

Furthermore, some of the non-overlap may have been due to the changes in plant
taxonomy, such that the same plant species were reclassified into other genera and were
recommended under different binomial names by lists before and after the reclassification
event. For example, many species that were formerly in the genus Aster have been
reclassified into the genus Symphyotrichum (Harms, 2002). However, to our knowledge,
such events were infrequent relative to the large number of recommendations in the lists
and were unbiased with respect to the plant’s attractiveness to pollinators. Therefore, it is

probably a very minor factor in the overall picture.

The lists lacked detail on how they were compiled

With one exception, the lists that we overviewed did not include any information, by way
of reference or otherwise, on how the authors determined the plants’ attractiveness to
pollinators. The exception was the list of 100 best plants for butterflies by Vickery (1998),
which referred to a research survey carried out by Butterfly Conservation. However, to
our knowledge, the analyses of the results of this survey have not been published in peer-
reviewed literature, although the results were briefly summarized in a chapter of an edited
volume (Vickery, 1995), whereas the exact same list remains current on the Butterfly
Conservation web site more than 15 years later. In all other lists, the authors have left the

reader to assume or conclude that the plant recommendations were based on their
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personal opinion, derived presumably from a number of sources, including personal
experience, reading, and quite likely through the influence of other lists.

Furthermore, the lists seldom provided any information on the relative
attractiveness of the plants that they recommended. A reader might, therefore, assume
that all plants recommended are equally or almost equally attractive to pollinators,
although this is almost certainly not the case. Again, the only exception was Vickery
(1998), which ranked the plants in descending order of attractiveness. Our own research
has shown that garden plants, even those that are often recommended in lists, can vary
greatly in the number of flower-visiting insects that they attract (Chapter 5: Garbuzov &

Ratnieks, 2014a).

Poor plants were sometimes recommended

Some plants included in the lists were not particularly good for other reasons. For
example, teasels (genus Dipsacus), although they attract some flower-visiting insects, are
biennials that do not produce flowers in the first year of their life cycle and that have a
relatively short flowering period in the second year (Fig. 3.4a). Petunias (Petunia x
hybrida), included in the list of Lavelle and Lavelle (2007), have particular cultivars that
have been empirically shown to attract relatively few pollinators, despite having large
standing crops of nectar (Corbet et al., 2001).

Thompson (2006) noted that some lists rely heavily on nativeness as a criterion
of friendliness for wildlife. As a result, this includes plants that are unattractive from the
human perspective and that are therefore unsuitable as ornamental garden plants. Indeed,
some of the recommended plants, such as clovers (Trifolium ssp.; Fig. 3.4b) and
dandelions (Taraxacum ssp.), are regarded as weeds by many gardeners. In addition,
many of these native plants are rare and difficult to obtain, even from specialist suppliers,

and so are effectively unavailable to the typical gardener (Thompson 2006).
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Figure 3.4. Recommended ornamental garden plants illustrating specific points. (a) Teasel, Dipsacus
fullonum, a native British insect-attractive plant, which is biennial and so flowers only in the second year of
its life cycle and dies. (b) White clover, Trifolium repens, a native British plant attractive to bees, which is not
suitable for planting in flowerbeds, but can be allowed to grow in lawns. (c) Dahlia ‘Bishop of Llandaff,’ a
plant from Mexico that is considerably modified by breeding and was seldom recommended in the surveyed
lists but that is very attractive to bumble bees and other pollinators. (d) Yellow loosestrife, Lysimachia
vulgaris, which was rarely recommended, visited by Macropis europaea, a solitary bee that specializes on
this plant. (e) Marjoram, Origanum vulgare, a species native to Britain that is very attractive to insects and
was recommended in almost all (14 of 15) of the lists. (f) Lavender (Lavandula), a Mediterranean plant that
is very attractive to British bees and that was recommended in most (13 of 15) of the lists in our sample.
Photo credits: (d) Albert Krebs, (a-c, e,f) Francis Ratnieks.

There has been a long-standing belief that only native plants are useful to native
wildlife (Comba et al., 1999a). Although this may be true in certain parts of the world,
such as Australia, Madagascar, or Hawaii, where the majority of plant and animal species
are endemic, it is generally not the case in the temperate regions, including Britain
(Thompson 2006). For example, the survey carried out as part of the BUGS (Biodiversity
in Urban Gardens in Sheffield) project in the United Kingdom showed that a substantial
proportion—on average 55%—of the plant species found in domestic gardens are non-
native (Smith et al., 2006a). However, neither the species richness nor the abundance of
invertebrates generally correlates with either native or alien plant richness (Smith et al,
2006¢; Smith et al., 2006b). Because the main reward component of nectar is sugar
(Nicolson & Thornburg, 2007), many nectarivores will visit non-native flowers as readily
as the native ones. For example, the bumble bee Bombus terrestris, introduced to
Australia, is thriving in local ecosystems and is known to visit flowers of at least 66 native

plant species from 21 families (Kingston & McQuillan, 1998). Similarly, the European
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honey bee, Apis mellifera, may forage on over 100 plant species, both native and exotic, in
any one geographic region (Goulson, 2003 and references therein), whereas Crane (1990)
estimated the total number of flowering plant species used by the honey bee at around
40,000 worldwide. In the urban gardens of the New York City, Matteson and Langellotto
(2011) showed that small-scale experimental additions of native plants failed to increase
bee and butterfly species richness, while pollinators heavily used introduced ornamental
and crop plants for floral resources. In addition, our own recent research showed that
exotic ornamental garden flowers can be as attractive as—or even more attractive than—
native flowers to native flower-visiting insects (Fig. 3.4c,f; Chapter 5: Garbuzov &
Ratnieks, 2014a).

Although the breeding of ornamental varieties can reduce their value to insect
flower visitors, such as by the doubling of petals, which reduces the amount and
accessibility of floral rewards (Comba et al., 1999b; Corbet et al., 2001; Garbuzov &
Ratnieks, 2014a), it is not always the case. For example, the hybrid varieties of lavender
(Lavandula x intermedia) attract more insects than their non-hybrid counterparts
(Lavandula angustifolia) (Chapter 5: Garbuzov & Ratnieks, 2014a). In other cases, hybrid
sterility may cause the inability to set seed and may therefore result in a longer flowering
period—in some cases, resulting in almost continual flowering (e.g. Erysimum linifolium

‘Bowles’ Mauve’) (Chapter 5: Garbuzov & Ratnieks, 2014a).

Many good plants were omitted

Many plants attractive to pollinators were often not included in the lists. For example,
open-flowered varieties of Dahlia, as well as Agastache and Borago were among the most
attractive plants to insects in a recent quantitative study (Chapter 5: Garbuzov & Ratnieks,
2014a), but were not included in over half of the lists in our sample. However, with many
thousands of plant varieties available to gardeners (Cubey & Merrick, 2011), many of

which are attractive to pollinators, it is likely that no list can ever be complete. We
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therefore agree with an important point previously made by both Thompson (2006) and
Gaston et al. (2007) that lists can implicitly convey the wrong impression—namely, that
the plants not included are of little value to pollinators. This is certainly not the case.
Although many pollinators are generalists with respect to the type of plant that
they will visit, some are specialists dependent on one or a few plant species or related
genera (Johnson & Steiner, 2000). These plants may not necessarily attract a wide range
of insects and, as a result, will not usually be included in a typical list, but they can have a
place in gardens, especially if the plants are attractive in their own right and offer an
opportunity to observe and aid insects that are of special interest or are rare. For example,
Baldock (2008) reported that mignonette (Reseda lutea or Reseda luteola) in a garden
attracted oligolectic Hylaeus signatus (Miiller et al., 2006), although this bee species was
not previously recorded in the area. Plants in the genus Lysimachia, such as the yellow
loosestrife (Lysimachia vulgaris), are reputed to be a magnet for highly specialized
Macropis bees (Fig. 3.4d), of which the females provision their offspring with loads of
pollen and floral oils, collected from special structures (trichome elaiophores) instead of

with nectar (Simpson & Neff, 1983; Celary, 2004).

The strengths of the lists

Many recommendations were good

Many of the recommendations included in the lists were good. This is particularly true
for the plant genera that were present in several of the lists—that is, the genera included
in a large proportion—two-thirds or more of the lists in our sample—such as Origanum
(Fig. 3.4e), Sedum, and Solidago (Table 3.2). This shows that even recommendations
based on personal opinion can be valuable, because they will likely be based on years of
general observation and experience. The top 38 most frequently recommended genera

constituted only 8% of the total 455 genera recorded in the list sample. However, half of
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these featured in at least one research study that empirically showed their attractiveness
to pollinators (Table 3.2). Although most recommendations in the lists were not based on
hard data, they can provide a useful starting point for future research. Future lists could
be improved by greater reliance on empirical studies (e.g. such as those cited in Table 3.2).
Future studies might also use citizen science data collection, because the necessary
protocols are quite simple.

Table 3.2. Thirty-eight most frequently recommended genera, included in 10 or more lists, out of the total 455 genera in a
sample of 15 lists. Four rightmost columns indicate availability of empirical data showing high attractiveness to pollinators of at
least one member of the plant genus.

M. Garbuzov &

Number of lists S.A. Corbet group G.W. Frankie D. Tommasi FLW. Ratnicks

Plant genus

recommended papers?® group papers® paper® papers®
Origanum 14 X X X X
Sedum 14
Solidago 14 X
Aster 13 X
Ceanothus 13 X
Centaurea 13 X X X
Dianthus 13
Erysimum 13
Lavandula 13 X X
Mentha 13
Amelanchier 12
Lonicera 12
Malus 12 X
Prunus 12 X X
Scabiosa 12 X X
Thymus 12
Buddleja 11
Echinops 11
Salix 11
Viburnum 11
Achillea 10 X X
Allium 10
Aubrieta 10
Cotoneaster 10 X
Crataegus 10
Dipsacus 10 X
Eschscholtzia 10 X
Eupatorium 10 X
Geranium 10
Hedera 10 X X
Helianthus 10 X
Heliotropium 10
Iberis 10
Limnanthes 10
Lobularia 10 X
Primula 10
Rubus 10 X X
Syringa 10

@Comba et al. (1999a,b); Corbet et al. (2001)
PFrankie et al. (2005, 2009); Pawelek et al. (2009)
“Tommasi et al. (2004)

dGarbuzov & Ratnieks (2014a,b)
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Lists can raise public awareness.

For whatever reason, lists per se appear to be very attractive to the public. Lists of the
fastest cars, the best rock songs, the scariest horror movies, top universities, or just about
anything abound in the popular media, including the press, books, magazines, television,
and, of course, the Internet. Therefore, lists of plants recommended to help pollinators
via gardens are in a good position to raise awareness, educate, and enthuse a very large
audience. Aslong as future lists state their limitations and encourage their readers to think
for themselves and outside the confines of the list, they can be useful tools in

communication from scientists to gardeners and conservationists.

Can garden plants really help mitigate pollinator declines?

When sympathetic gardeners select pollinator-friendly plants for their gardens, their
main motivation is to help bees, butterflies, and other insect flower visitors by providing
nectar and pollen for forage. But are garden plants really beneficial? The putative benefits
of garden plants rest on the assumption that pollinating insect populations are limited by
the available forage. Indeed, floral resource limitation is thought to be a major driver of
the population abundance and diversity of wild bees, which are often positively correlated
(reviewed in Roulston & Goodell, 2011). In a landmark study, Biesmeijer et al. (2006)
showed that both bees and hover flies have declined in parallel with insect pollinated
plants in both Britain and the Netherlands since 1980. Similarly, declines in floral
abundance and diversity are blamed for the long-term decline of bumble bees (genus

Bombus) in Europe (Goulson et al., 2008b). Goulson et al. (2010) found that gardens are
the land-use class that is most consistently positively correlated with bumble bee nest
density and survival at a landscape-scale. Bumble bees have also declined dramatically in
North America, but the causes in this region remain uncertain (Cameron et al., 2011). In

Germany, the abundance and richness of solitary bees and wasps are enhanced by mass-
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flowering crops, which implies that floral resources are, indeed, a limiting factor
(Holzschuh et al., 2013; Diekotter et al., 2014).

However, butterflies are, perhaps, not as easily helped by garden flowers. In a
recent meta-analysis, Thomas et al. (2011) concluded that there was no evidence that
populations of European butterflies are limited by any kind of adult resource, except for
shelter. The most important factors influencing population size or trends were the quality
of the larval habitat and the ability of adults to colonize new habitat patches. In Britain, a
quarter of the resident butterfly species are limited by climate (Warren et al., 2001). This
may not be good news for butterfly lovers, but there is probably no harm in attracting
butterflies to gardens. Butterflies are some of the most beautiful insects and, with the
possible exception of the cabbage whiles, Pieris rapae and Pieris brassicae, are generally
welcomed by gardeners and bring beauty, nicely complementing the buzz brought by the

bees.



43

Chapter 4

No effect of patch size on insect visitation rate per

unit area in garden-scale flower patches

Mihail Garbuzov, Andy Madsen, Francis L. W. Ratnieks

Abstract

Previous studies investigating the effect of flower patch size on insect flower visitation
rate have compared relatively large patches (10-1000s m*) and have generally found a
negative relationship per unit area or per flower. Here, we investigate the effects of patch
size on insect visitation in patches of smaller area (range c. 0.1-3.1 m?), which are of
particular relevance to ornamental flower beds in parks and gardens. We studied two
common garden plant species in full bloom with 6 patch sizes each: borage (Borago
officinalis) and lavender (Lavandula x intermedia ‘Grosso’). We quantified flower
visitation by insects by making repeated counts of the insects foraging at each patch. On
borage, all insects were honey bees, Apis mellifera (n = 5506 counts). On lavender, insects
(n = 737 counts) were bumble bees, Bombus sp., (76.9%), flies (22.4%), and butterflies
(0.7%). On both plant species we found positive linear effects of patch size on insect
numbers. However, there was no effect of patch size on the number of insects per unit
area or per flower and, on lavender, for all insects combined or only bumble bees. The
results show that it is possible to make unbiased comparisons of the attractiveness of plant
species or varieties to flower-visiting insects using patches of different sizes within the
garden scale range studied and make possible projects aimed at comparing garden plant

varieties using existing garden patches of flowers of variable area.
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Introduction

The effect of flower patch size on flower-visiting insects has been studied in fragmented
natural (e.g. Dauber et al., 2010) and agricultural settings (e.g. Cresswell & Osborne, 2004)
in relation to gene flow and plant fitness (i.e. seed set and crop yield). These studies
typically involved relatively large patches, ranging from tens to thousands of square
metres, and generally found that insect visitation rate per unit area or per flower declined
with patch size (Goulson, 2000 and references therein; Carvell et al., 2011) or was weakly
affected or unaffected (Walters & Stiles, 1996; Heard et al., 2007; Dauber et al., 2010).
Here, we examine the effects of patch size on insect flower visitation rate on a
much smaller scale, using a range of patch sizes, c. 0.1-3.1 m?* that are of particular
relevance to ornamental flower beds in parks and gardens. Our null hypotheses (H,) were
that there is no relationships between (i) the number of flower-visiting insects foraging in
a patch of flowers and (ii) the number per unit area with the total patch area. Many
cultivated garden plants are attractive to flower-visiting insects and these are often
recommended to gardeners to help bees and butterflies (e.g. Frankie et al., 2009; RHS,
2011). But there is a need to determine the best plants in a more rigorous manner (Comba
et al., 1999ab; Pawelek et al, 2009; Chapter 5: Garbuzov & Ratnieks, 2014a).
Understanding nature of the relationship between flower patch size and insect visitation
is an important step in doing this, as it will allow the attractiveness of different varieties
to be compared when grown in gardens and parks, and also in the wild, where patch size

is not standardized.

Methods

Experimental setup and procedure

We studied two common garden plants attractive to flower-visiting insects: borage,

Borago officinalis and lavender, Lavandula x intermedia ‘Grosso’
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To study borage, plants were grown from seed and potted on to 10 L pots each
containing one large plant in full flower growing in standard potting compost (Nursery
Stock, Sinclair). The following patch sizes and replicates were used: n = 5 patches x 1 pot
(0.11 m?), 3 x 2 pots (0.18 m?), 2 x 4 pots (0.33 m?), 2 x 8 pots (0.72 m?), 1 x 16 pots (1.40
m?) and 1 x 32 pots (3.13 m?) (Fig. 4.1a). More patches of smaller than of larger sizes were
set up in an attempt to counteract the greater variance in the smaller patches, as they are
more strongly affected by stochasticity in insect arrivals and departures from a patch. Pots
were arranged in such a way that plants in the same patch just touched to make a
continuous patch. The patches were set up on the University of Sussex campus and
monitored for 3 days (28-30 September 2011) in one location and for 3 days (2-4 October
2011) in another location 430 m away to ensure that our results are more general and not
strongly location or time specific. Patches were all in the same area but with gaps of 2 m
between patches, thereby mimicking the way plants are grown in garden flower beds. On
each day, the pots were reallocated among patches after first counting the number of
flowers per pot. This was to make the number of flowers per patch reflect, as much as
possible, the number of plants, and to avoid the possibility that particular plants with
above-average numbers of flowers caused a systematic bias to certain plots by being more

attractive. Counts were made only on warm sunny days with no strong wind and no rain,
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Figure 4.1. Diagram showing the numbers of patches and the arrangement of pots within patches used
in the experiments with (a) borage and (b) lavender. Each circle represents one pot with one plant. The
arrangement of patches is conceptual, not to scale and does not represent the actual arrangement used
in the experiments.

i.e. when all flower-visiting insect categories could be active. Flower visitation was
quantified by making repeated counts. At each count, the number of foraging insects in a
patch was recorded near instantaneously (<10 s) by eye. In the largest patches, c. 2.6-3.1
m?, the highest numbers of foraging insects in one count were 11 insects in the borage
experiment and 7 in the lavender experiment. This was near the limit of what can be
quantified accurately using the methodology of near-instantaneous snapshot counts. In
future research, if plots are too large or have too many insects to count at one time, a patch

could be subdivided and counted in sections.
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On each day, 70 counts were taken from each patch. Counts were made in groups
of 10, in which patches were observed sequentially, making one count from one patch at
a time. Each group of 10 counts per patch was made within a period of c. 15-20 minutes.
These groups of counts were separated by 30-minute breaks. Since some
pseudoreplication may occur due to counting the same insect on the same patch visit,
each group of 10 consecutive counts was averaged to give 7 count-group means per patch
per day for use in the statistical analyses. Although the same insects may have been
recorded in different count-groups, the data still represent independent patch choices
given the 30-minute gaps between groups of counts.

To study lavender, plants were purchased from Downderry Nursery (Hadlow,
Kent, UK), a lavender specialist and potted on to 3 L pots, each containing one large plant
in full flower growing in standard potting compost (Nursery Stock, Sinclair). Lavender
was studied in only one location on the University campus, which was the same location
as the second borage location. A second trial was not carried out as the borage data have
shown no significant difference between the two locations (see below in Results). The
following patch sizes were used: n = 5 patches x 2 pots (0.08 m?), 4 x 4 pots (0.16 m?), 2 x
8 pots (0.32 m?), 1 x 16 pots (0.64 m?), 1 x 32 pots (1.28 m?) and 1 x 64 pots (2.56 m?)
(Fig. 4.1b). In total, 100 counts were taken from each patch over 2 days (30-31 August
2012) when the plants were near full bloom. As in the experiment using borage, groups
of 10 counts were averaged to a single mean, yielding 10 count-group means in total from
each patch. The number of open flowers (in lavender sometimes termed ‘florets’) was also

counted in each patch.

Statistical analyses

We used Generalized Linear Mixed Models (GLMMs) (Zuur et al., 2009) to test the
relationships between the response variables, which included (i) mean number of insects
per count-group, (ii) mean number of insects per count-group per unit area and (iii)

mean number of insects per count-group per flower, and the fixed variables, which
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included (i) patch area and (ii) number of open flowers in a patch. Experiment location
(borage) and patch (both borage and lavender) were included as random factors to
account for possible non-independence of data within locations and different patches of
the same size. As the number of flowers per patch was highly colinear with patch area,
only one of these fixed variables was included in a model at a time. In models where there
was an empirical reason to predict a relationship going through the origin (e.g. the
number of insects on patches of zero area cannot be positive), we tested the significance
of intercept # 0 at a=0.05. In cases where it was not significant, we fitted final models
assuming intercept = 0. GLMMs were fitted by maximum likelihood using function lme
(package nlme v.3.1-109, Pinheiro et al., 2013) in R v.3.0.0 (R Development Core Team,
2012). The significance of terms was determined using full-model t-tests, as suggested by

(Whittingham et al., 2006).

Results

On borage all flower-visitors were honey bees (Apis mellifera L., n=5506 counts). On
lavender the flower-visitors were 76.9% bumble bees (Bombus spp., n=567), 22.4% flies
(Diptera, n=165) and 0.7% butterflies (Maniola jurtina L., Lepidoptera, n=>5). In most
cases, it is not possible to identify bumble bees and flies to the species on the wing.
However, it is possible to identify British bumble bees to narrow groups of species based
on the colour banding pattern, where each group is typically represented by one or two
common species (Fussell & Corbet, 1992). On this basis, 13.2% of the bumble bees were
‘two-banded white tails’ (main species B. terrestris/lucorum), 4.1% ‘three-banded white
tails’ (main species B. hortorum), 77.6% ‘browns’ (main species B. pascuorum), 4.8%
‘banded red tails’ (main species B. pratorum) and 0.4% ‘black-bodied red tails’ (main
species B. lapidarius). Due to low numbers recorded in some groups, the response of
bumble bees to patch size was analysed collectively for the genus, rather than separately

for each species group.
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The mean number of insects per count-group was significantly related to patch
area in both borage (t=25.30, df=82, P<0.001) and lavender (bumble bees: t=25.36, df=13,
P<0.001; all insects: t=26.71, df=13, P<0.001) (Fig. 4.2a-c). Furthermore, the constant
linear slopes in Fig. 4.2a-c show that the mean numbers of insects per count-group per
unit area were not affected by patch area in borage (t=-1.30, df=81, P=0.198) and lavender
(bumble bees: t=1.42, df=12, P=0.180; all insects: t=1.53, df=12, P=0.153) (Fig. 4.2d-f).
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Figure 4.2. Effect of patch area on the mean number of foraging insects per count-group (a-c) or the mean
number per m? (d-f). On borage, Borago officinalis all insects were honey bees (n=588 count-groups). On
lavender, Lavandula % intermedia ‘Grosso’ 76.9% were bumble bees, 22.4 % flies, 0.7 % butterflies (=140
count-groups). A count-group is a group of 10 counts taken in quick succession. Regressions lines in a-c
were fitted through the origin.

As the number of flowers per patch was highly colinear with patch area (borage:
Pearson’s r = 0.985, P<0.001; lavender: r=0.983, P<0.001), the relationship between the
mean number of insects per count-group with patch area was presumably driven
primarily by the number of flowers per patch. In all cases, the mean number of insects per
count-group was positively related to the number of open flowers in a patch (borage:
t=29.74, df=82, P<0.001; bumble bees on lavender: t=39.03, df=12, P<0.001, all insects on
lavender: t=37.43, df=12, P<0.001) (Fig. 4.3a-c). However, the mean number of insects

per count-group per flower was not affected by patch area (borage: t=-0.78, df=81,
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P=0.436, bumble bees on lavender: t=1.77, df=12, P=0.102, all insects on lavender: t=2.06,

df=12, P=0.061) (Fig. 4.3d-f).
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Figure 4.3. Effect of the number of open flowers per patch on number of foraging insects (a-c) and the
effect of patch area on the number of insects per flower (d-f). On borage, Borago officinalis all insects
were honey bees (n=588 count-groups). On lavender, Lavandula x intermedia ‘Grosso’ 76.9% were
bumble bees, 22.4 % flies, 0.7 % butterflies (n=140 count-groups). A count-group is a group of 10 counts
taken in quick succession. In (a), the intercept was not significantly different from zero, hence the
regression line was fitted through the origin. In (b-c), the intercept was retained.

Inclusion of location as a random factor did not significantly improve the fit of
the borage model (Likelihood-ratio test, L=2.29, df=1, P=0.130). However, inclusion of
patch improved the fit of both borage (L=261.64, df=1, P<0.001) and lavender (bumble

bees: L=12.32, df=1, P<0.001; all insects: L=9.83, df=1, P=0.002) models.

Discussion

In both borage and lavender, the number of foraging insects per patch was positively
linearly related to patch area, which was itself highly correlated with number of flowers.
This suggests that insects foraging on patches of both plant types were distributed in an
“ideal free” way, i.e proportional to the amount of resources available in each patch
(Dreisig, 1995). In contrast to some previous studies that investigated patches of greater

size (Walters & Stiles, 1996; Goulson, 2000 and references therein; Heard et al., 2007;
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Dauber et al., 2010; Carvell ef al., 2011), there was no tendency for the larger patches to
have fewer insects per unit area or per flower. This was, presumably, because the patch
sizes we studied were all small in relation to insect movement so that unvisited flowers
and inflorescences were almost equally easy to locate in both large and small patches
(Goulson, 2000). In addition, the patterns we observed are consistent with the absence of
edge effects, as the differentiation of a patch into edge and interior from an insect
perspective may only occur above a certain patch size (Burgess et al., 2006).

Our results are very encouraging in terms of quantifying the relative attractiveness
of garden plants to flower-visiting insects, with the aim of helping to determine which
varieties are most insect-friendly. Thus, in our data, the slope estimates of the relationship
between the number of insects counted and patch area (Fig. 4.2a,c; m = 1.509 for borage
and 1.272 for lavender) show that borage was c. 18% more attractive to insects than
lavender, although the species composition of flower-visitors was markedly different.
However, these data pertain only to the peak bloom and take no account of the length of
the flowering period. In another study comparing the attractiveness of plant varieties
grown in patches of the same size, 1 m? which followed the plants for most of their
flowering period in two seasons, borage attracted, on average, 2.48 insects per count per
m?* versus 1.94 for L. x intermedia ‘Grosso’, or greater by c. 28% (Chapter 5: Garbuzov &
Ratnieks, 2014a). Our results open up a way for ‘citizen science’ in which members of the
public can count insects in existing patches of garden plants that are grown in parks or
gardens in patches of different area, as it is possible to determine the attractiveness of
plants to flower-visiting insects in terms of the number of insects counted per unit of

flower patch area.
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Chapter 5

Quantifying variation among garden plants in

attractiveness to bees and other flower-visiting insects

Mihail Garbuzov, Francis L. W. Ratnieks

Abstract

Pollinating insects are globally declining, with one of the main causes being the loss of
flowers. With the value of countryside reducing, urban areas, particularly gardens, are
increasingly recognized as of benefit to wildlife, including flower-visiting insects. Many
gardeners specifically select plant varieties attractive to wildlife. Given the wide public
interest, many lists of recommended varieties have been produced by both amateurs and
professional organizations, but appear not to be well grounded in empirical data. These
lists, however, are not without merit and are an obvious starting point. There is clearly a
need to put the process onto a firmer footing based more on data and less on opinion and
general experience. We collected data over two summers by counting flower-visiting
insects as they foraged on 32 popular summer-flowering garden plant varieties in a
specially planted experimental garden, with two smaller additional gardens set up in year
two to check the generality of the results. With many thousands of plant varieties available
to gardeners in the UK, and other countries or regions, it would have been an impossible
task to make a comprehensive survey resulting in a complete and authoritative list. Our
results, however, are valuable and encouraging. Garden flowers attractive to the human
eye vary enormously, approximately 100-fold, in their attractiveness to insects. Insects,
especially bees and hover flies, can be attracted in large numbers with clear differences in
the distribution of types attracted by different varieties. Our results clearly show that there
is a great scope for making gardens and parks more bee- and insect-friendly by plant
selection. Horticulturally modified plant varieties created by plant breeding, including

hybrids, are not necessarily less attractive to insects and in some cases are more attractive
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than their wild-type counterparts. Importantly, all the plants we compared were
considered highly attractive to humans, given that they are widely sold as ornamental
garden plants. Helping insect pollinators in gardens does not involve extra cost or
gardening effort, or loss of aesthetic attractiveness. Furthermore, the methods of
quantifying insect-friendliness of plant varieties trialled in this study are relatively simple

and can form the basis of further research, including ‘citizen science’.

Introduction

Global biodiversity is in decline (Barnosky et al., 2011). Pollinating insects are no
exception, with the main factor being loss of flowers, driven primarily by human
activities, such as development and agricultural intensification, which lead to habitat loss
and degradation (Goulson et al., 2005; Biesmeijer et al., 2006; Potts et al., 2010a). With
the wildlife value of the countryside reducing, the value of urban areas is increasingly
being recognized (Frankie & Ehler, 1978; Cane, 2005; Dearborn & Kark, 2010; Sanderson
& Huron, 2011). High species diversity has been recorded in urban green spaces, such as
parks and gardens (Helden & Leather, 2004; Matteson et al., 2008; Owen, 2010), with
private gardens often being the largest and probably the most important component
(Goddard et al., 2010). In the United Kingdom, 87% of households are associated with a
garden (Davies et al., 2009) and gardening is a popular hobby (Taylor, 2002). In addition,
many gardeners are supportive of wildlife, with most UK gardeners (74-78%) engaging
in some form of ‘wildlife gardening’. That is, doing something to attract or encourage
wildlife (Good, 2000), including the 31% who select plants attractive to wildlife or the 66%
who feed birds in their garden (Mew et al., 2003; DEFRA, 2007).

Garden plants are often non-native, and this may reduce their usefulness to some
wildlife. For example, many herbivorous insects have a narrow range of suitable food
plants (Novotny & Basset, 2005; Dyer et al., 2007). However, this does not prevent them

from being useful to flower-visiting insects seeking nectar and pollen, as these are general
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resources. Nectar, for example, is mainly sugar and water (Nicolson & Thornburg, 2007),
and so it is edible whether from a native or a non-native plant. Many garden plants have
also been bred to alter their appearance, such as by the ‘doubling’ of petals, which may
reduce floral rewards or their accessibility (Comba et al., 1999b; Corbet et al., 2001).

Given the public interest in helping wildlife, a large number of recommended
plant lists have been produced, by both amateurs (e.g. Baines, 2000; Lavelle & Lavelle,
2007) and professional organizations (RHS, 2011; Xerces Society, 2011). However, these
appear not to be well grounded in empirical data. For example, Thompson (2006) referred
to one list of wildlife friendly plants produced by Natural England, a government-funded
agency responsible for protection and improvement of the natural environment, as looks
very much as if it was put together late one Friday afternoon’. In addition, lists of bee- and
butterfly-friendly plants vary greatly even when they are for the same country, suggesting
that the underlying information is based mainly on personal observations, experience,
opinion and, perhaps, uncritical recycling of earlier lists (Chapter 3).

Lists of bee- and butterfly-friendly plants are not without merit and are an obvious
starting point for determining which plants are good for flower-visiting insects. However,
there is a need to put the process onto a firmer footing based more on data and less on
opinion and general experience. This study is an attempt to do this. We collected data
over two summers in which flower-visiting insects were counted as they foraged on 32
popular garden plant varieties in a specially planted experimental garden. In addition, two
smaller gardens were set up in year two to check the generality of the results. With many
thousands of plant varieties available to gardeners in the UK, it would have been an
impossible task to make a comprehensive survey resulting in a complete and authoritative
list. What our data do show, however, is valuable and encouraging. Garden flowers
attractive to the human eye vary enormously, approximately 100-fold, in their
attractiveness to insects. This shows that plant selection can make a great difference in the
value of gardens and parks to flower-visiting insects, and at no additional cost. Insects,
and especially bees, can be attracted in large numbers with clear differences in the

distribution of types attracted by different garden plant varieties.
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Methods

Experimental plant varieties and flower beds

We studied 32 garden plant varieties that include 19 species and hybrids, both native and
exotic to Britain, with particular focus on varieties of lavender (Lavandula spp.), as it is
known to be attractive to bees (Pawelek et al., 2009); for full list see Appendix 5.1.
Varieties were selected based on the following three criteria: they were (i) popular as
garden plants in their own right due to their attractive flowers or foliage (e.g. Lamb’s ear,
Stachys byzantina), (ii) widely and easily available for purchase and (iii) flowered mainly
or exclusively in late summer, July and August, as these are the months when honey bee
foraging distances in the same area are greatest (Couvillon et al., 2014a), indicating
challenging foraging conditions and, therefore, the period when garden flowers can be
particularly beneficial to flower-visiting insects.

The main experimental flower bed was on the University of Sussex campus (lat:
50.865646, long: -0.090771943) on chalky soil of the South Downs. All 32 varieties were
planted in 1 x 1 m patches, two patches per variety, in two concentric circles (inner
diameter 12.2 m, outer 19.2 m), with one variety per circle in a random position (Fig. 5.1).
There were gaps of c. 0.5 m (inner) and 1.0 m (outer) between adjacent patches within the
same circle and 1.5 m between the circles. This arrangement was chosen to eliminate
any edge effects, which might have affected insect visitation. Data were collected in both
2011 and 2012.

Additionally, to ensure our results were not location specific, for example, due to
local soil conditions or insect abundance, 13 of the 32 varieties (Appendix 5.1) were
planted at two additional locations in 2012. This subset was chosen to confirm certain
notable trends seen in the data at the end of the first season (2011). For example, Borago
was mostly visited by honey bees, while Lavandula mostly by bumble bees. L. x intermedia

received more insect visits than L. angustifolia, while sharp colour contrast (traditional
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Figure 5.1. (a) Schematic layout of the experimental flower garden on the University of Sussex campus,
showing the two concentric circles, each consisting of 32 1 x 1 m flower patches. Numbers correspond to
the varieties, as listed in Appendix 5.1. (b) Photograph showing a section of the inner circle, taken in
August 2011 when most varieties were in full bloom.

blue/purple vs. white or pink) had no effect on the number of visits. Open-flowered
Dahlia varieties were more attractive than those with more modified flower forms.
Origanum and Stachys seemed to have disproportionately large numbers of visits by
‘other’ wild bees, while Erysimum was most attractive for butterflies and moths. One

location was 4.5 km away at Plumpton College (lat: 50.905665, long: -0.074753791) where



57

the soil is also chalky, and the other 26.3 km away in FR’s private garden in Magham
Down (lat: 50.880426, long: 0.28488247), where the soil is sandy. Only one 1 x 1 m patch
per variety was planted, and the patches were arranged in a line with 30 cm gaps.
Perennials were bought in pots from nurseries and garden centres and planted in
June 2011 (University of Sussex) and May-June 2012 (Plumpton College & Magham
Down). Borage (Borago officinalis), which is an annual, was sown in May each year to give
peak flowering in July-August. Viper’s bugloss (Echium vulgare) is a biennial, flowering
in the second year of its life cycle. However, we were able to induce flowering in the first
year by keeping young seedlings in a greenhouse at 24:0 light/dark photoperiod for 8
weeks before transplanting them to patches in the flower bed. The non-hardy anise hyssop
(Agastache foeniculum) and geranium (Pelargonium x hortorum) were dug out at the end
of 2011 season, overwintered in a heated greenhouse and replanted in May 2012. The four
Dahlia varieties, which are also non-hardy, were grown from tubers in a greenhouse
starting in March each year and planted out 8 weeks later. Prior to planting, all patches
were fertilized with multipurpose organic fertilizer (Fish, Blood & Bone, Sinclair) and
controlled release fertilizer (Sincrocell 9, Sinclair). Appendix 5.1 gives the suppliers of

each plant variety.

Plant and patch characteristics

In each patch, an appropriate number of plants were planted according to their size
(Appendix 5.1) such that the patch was nearly fully covered, but allowing for some further
growth. Plants were trimmed as necessary to ensure that they did not overgrow the patch
perimeter. In some cases, slow growth or plant death (only in E. vulgare at the University
of Sussex) resulted in patches that were not covered completely. To allow for <100% plant
cover, on each day of data collection, patches were photographed from above to
determine plant cover using Image] 1.45s software (National Institute of Health, USA).
On each day of data collection, the bloom intensity of patches was quantified by

assigning a score 0 (absence of bloom), 1 (<% of maximum), 2 (¥4-% of maximum) or 3
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(full bloom, >%; of maximum; after Anderson & Hubricht 1940) and included as a
covariate in the analyses. In addition, as corolla length is known to influence the type of
flower-visitors and their ability to gather nectar (Balfour et al., 2013), it was estimated in
each variety by measuring 20 non-systematically selected flowers (10 from each patch at

bloom intensity 2 or 3) to the nearest 0.1 mm using digital callipers.

Recording insect flower-visitors

In the main flower bed at the University of Sussex, insects visiting the flowers were
counted on 13 days from 14 July to 7 October 2011 and 12 days from 29 June to 18
September 2012. Counts were made only on days with favourable weather. That is, based
on our experience, the combination of sunlight, temperature and wind was such as to
allow all insect categories to be active. Counts were made at approximately weekly
intervals throughout the main flowering period of most plant varieties (Appendix 5.2). In
addition, insects were recorded on 6 days from 18 August to 18 September 2012 at
Plumpton College and on 8 days from 9 August to 10 September 2012 at Magham Down.

The number of insect flower-visitors on each patch was quantified using
‘snapshot’ counts, in which the number of foraging insects was determined near
instantaneously (<10 s) by eye. This ‘snapshot’ count method was chosen over other
possible methods, such as counting the number of insects arriving at a patch in a defined
time interval, as it is quick to implement and therefore practical for assessing many
patches. In the main flower bed at the University of Sussex, one count was taken from
each patch at hourly intervals between 9:30 and 16:30 BST, yielding eight counts per patch
per day. In the two additional flower beds, 10 counts per patch were taken per day,
typically during a c. 2-h period. As insects generally remained on the same patch for only
a few minutes during a foraging trip, the 60-min intervals between counts meant that the
same insect was unlikely to have been counted twice on the same patch visit. Thus, the
data represent independent foraging choice decisions even though individual insects may

make multiple visits to the same patch. Even when multiple visits by the same insect to
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the same patch do occur, this shows a real preference rather than the mere persistence of
the same insect at the same patch during a single patch visit.

The insects counted in the snapshots were identified and grouped to taxa as
follows: (1) honey bees (A. mellifera), (2) two-banded white-tailed bumble bees (Bombus
terrestris/lucorum group, after Fussell & Corbet (1992)), (3) three-banded white-tailed
bumble bees (Bombus hortorum group), (4) brown bumble bees (Bombus pascuorum
group), (5) other bumble bees, (6) other bees (non-Apis and non-Bombus), (7) hover flies
(Diptera: Syrphidae), (8) butterflies and moths (Lepidoptera) and (9) all other insects.
Additionally, Lepidoptera (group 8) were identified to species, other bees (groups 5, 6)
and other insects (group 9) to species or other taxonomic ranks, as appropriate. However,
they were grouped in analyses due to the low numbers of individual species or subgroups
in the datasets (Table 5.1, Fig. 5.2). The levels of identification used were appropriate
given the counting method, in which insects were identified as they foraged and were not
collected. In practice, this meant that most insects (87-92% per dataset) other than flies,
Diptera, were identified to species or to groups of species that could easily be separated in

the field (e.g. the different bumble bee subgroups).

Statistical analyses

The number of insects per snapshot was divided by plant area cover to form the response
variable in the analyses. This is justifiable, because the number of insects per snapshot is
linearly related to the area (Chapter 4). All statistical analyses were performed in R v.3.0.0
(R Development Core Team, 2013). Prior to analyses, the data were explored as advised
by (Zuur et al., 2010). General linear models (GLMs; function gls, package nlme, Pinheiro
et al., 2012) were used to examine the relationships between the response variable, plant
variety, bloom intensity and mean corolla length as main fixed effects. No interactions
were modelled, as they were not part of the a priori hypotheses to be investigated. The
dataset was ‘collapsed’ by averaging out across the two patches of each plant variety, and

also within each day, by taking daily means. Further, to account for temporal
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autocorrelation within the data recorded at approximately weekly intervals across the
season, the AR-1 correlation structure was added to the models (Zuur et al., 2009). One
model was fitted for each insect group in both the 2011 and 2012 University of Sussex
datasets. The significance of P-values was judged against the Bonferroni-corrected a-level
(0.05 divided by the number of models per dataset). As plant variety and mean corolla
tube length were highly correlated (i.e. each variety had a different mean length), only one
of these variables was included in a model at a time. The significance of terms was
determined using F-tests on a full model, which is appropriate, because the main aim was
to analyse the significance of terms, rather than to use the models predictively
(Whittingham et al., 2006). Post-hoc pairwise comparisons of plant varieties were
performed using Tukey’s HSD test (function glht, package multcomp, Hothorn et al.,
2008).

Consistency among datasets was tested using Spearman’s rank correlation test.
This is more appropriate than a parametric correlation test, because consistency in rank
is both more conservative and more relevant to the underlying aim of the test than
consistency in the absolute numbers of insects attracted, which may vary among years
and locations. All other relationships (in the attractiveness of plant varieties among
different insect flower-visitor groups) were tested using Pearson’s correlation test

(function cor.test for all correlation tests).

Results

Attractiveness of plant varieties to insect flower-visitors

The relative abundance of insect groups at the University of Sussex is shown in Fig. 5.2.
Across the 2 years, over 84% of insects recorded were bees, comprising 47-62% Bombus
Spp-» 26-32% A. mellifera and 3-5% other bee species. Hover flies were 7-10%, butterflies

and moths 1-3% and other insects 1-3%. Further taxonomic breakdowns of these groups



61

are given in Table 5.1. The mean number of insects per count per m* was significantly
affected by plant variety in most main insect groups (Appendix 5.3). Bloom intensity
(covariate) was also significant in most models (Appendix 5.3). The length of flower
corolla tube was a significant predictor in only a few models (Appendix 5.3). However,
the slope estimates of relationships were close to zero (0.01-0.04), making these
relationships of little importance. The results of post-hoc Tukey’s HSD tests comparing
plant varieties are shown in Fig. 5.3. Due to the very large numbers of pairwise
comparisons, the test had low power to differentiate between varieties. Nevertheless, it

was sufficient to reveal the broad picture.

Honey bees m 2-banded bumble bees
= 3-banded bumble bees Brown bumble bees
Other bumble bees m Other bees

= Hover flies m Butterflies & moths
m Other insects
(a) 2011 (b) 2012
7% 1% 1% 3% 3%

3%

3% \
18% 4%
/ 14%
4%

40% 25%

26%
32%
5%

1%

Figure 5.2. Relative abundance of insects in nine main groups recorded in the 2 years at the University of
Sussex in 2011 (a) and 2012 (b). More detailed taxonomic breakdowns of other bumble bees, other bees,
butterflies & moths, and other insects are given in Table 5.1.
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Table 5.1. Breakdown of main insect groups that were grouped together in the analyses.

University  University  Plumpton

Common name of Sussex of Sussex  College Dl\cilva\‘/ghsor:Z
2011 2012 2012
Other Bombus groups
Black-bodied red tails 12% 20% - 45%
Banded red tails 84% 78% 100% 7%
Unidentified 4% 2% - 48%
Other bees
Anthidium manicatum Wool-carder bee . N(?t 95% 100% 100%
identified
. . Not
Unidentified identified 5% - -
Lepidoptera
Butterflies
Aglais urticae Small tortoiseshell 3% 10% - 38%
Aphantopus hyperantus Ringlet - 1% - -
Gonepteryx rhamni Brimstone - 1% - -
Inachis io Peacock - 1% - -
Lycaena phlaeas Small copper - 1% - -
Maniola jurtina Meadow brown 22% 62% 71% 52%
Ochlodes sylvanus Large skipper 2% - -
Pieris brassicae Large white 3% 1% - 5%
Pieris rapae Small white 34% 4% 29% -
Polygonia c-album Comma 3% - - -
Polyommatus coridon Chalkhill blue 2% - - -
Polyommatus icarus Common blue - 9% - -
Pyronia tithonus Gatekeeper - 1% - -
Thymelicus sylvestris Small skipper 2% 4% - -
Vanessa atalanta Red admiral 3% 1% - -
Vanessa cardui Painted lady 2% - - -
Moths
Autographa gamma Silver Y - 1% - 5%
Macroglossum stellatarum Hummingbird hawk-moth 22% - - -
Pyrausta aurata Mint moth - 2% - -
Zygaena trifolii Five-spot burnet - 1% - -
Other insects
Coleoptera Beetles 20% 9.5% 11% 4%
Diptera True flies 63% 90% 89% 92%
Vespula spp. Yellowjacket wasps 17% 0.5% - 4%

Bombus sub-groups follow Fussell & Corbet (1992). For absolute and relative abundance of groups see Fig. 5.2.
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Figure 5.3. Daily mean numbers of insects per snapshot per 1 x 1 m patch recorded on 32 garden plant
varieties at the University of Sussex in 2011 (a) and 2012 (b), Letters above bars represent significant
differences based on Tukey’s HSD test, where varieties sharing a common letter are not significantly
different from each other at a = 0.05. Full plant names are given in Appendix 5.1.

Consistency among years and locations

The relative abundance of insect groups and plant variety attractiveness at Plumpton
College and Magham Down in 2012 (Appendix 5.4) were similar to those recorded at the
University of Sussex in both years. In addition, the mean number of insects per count per
m’ recorded on different varieties at the University of Sussex correlated highly between

2011 and 2012 (Spearman’s correlation: r; = 0.754, S = 1343.62, P < 0.001, Fig. 5.4a). The
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numbers of insects per variety recorded at the University of Sussex in 2012 were also

significantly related to those recorded at both Plumpton College (r; = 0.650, S = 127.35,

P =0.016, Fig. 5.4b) and Magham Down (r, = 0.791, S = 76.00, P = 0.002, Fig. 5.4b) flower

beds. This suggests that the results are general, rather than being year or location specific.

Mean number of insects per count per m? at
the University of Sussex flower bed in 2011
D

81 (a) P <0.001
[ = 0.754

e Plumpton College
P =0.016

r, =0.650

o Magham Down

S

P =0.002
o r. =0.791

Mean number of insects per count per m? at two
extra gardens in 2012
®

1r T T T

0 2 4 6

Mean number of insects per count per m2at
the University of Sussex flower bed in 2012

Comparison of lavender varieties

Figure 5.4. Correlations between the number of
insects per count recorded on different plant
varieties at the University of Sussex flower bed in
2012 with that in (a) 2011, and (b) the additional
flower beds at Plumpton College (o) and Magham
Down (o) in 2012.

Closer examination of lavender varieties showed that (i) not all varieties were equally

attractive (GLM: F12,13 =9.75, P < 0.001) and (ii) L. x intermedia as a group (mean * SE

=2.91 + 0.31 insects count’ m) were more attractive than both the L. angustifolia group

(mean + SE = 0.88 + 0.09 insects count m2) and L. stoechas (mean + SE = 0.66 + 0.54

insects count® m? Fy5 = 34.86, P < 0.001; Fig. 5.5a). However, the number of insects
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attracted was not affected by either total bloom duration (Fi = 3.52, P = 0.075; Fig. 5.5b)
or corolla tube length (F, = 0.0004, P = 0.985). Honey bees and bumble bees together
comprised the majority (mean 90%, range 73-97%) of flower-visitors on Lavandula
varieties. The number of honey bees, as a proportion of honey bees and bumble bees
together, varied considerably among varieties (range 11-55%). However, this was not
consistent between 2011 and 2012 (r = 0.290, P = 0.337) and did not correlate with corolla
tube length in 2011 (r =-0.199, P = 0.515), 2012 (r = 0.202, P = 0.508) or the mean of 2011

and 2012 (r = 0.094, P = 0.759).
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Figure 5.5. (a) Numbers of insects per count per m? on 13 Lavandula varieties. Bar heights are grand means
of two datasets (University of Sussex 2011 & 2012) + SE. Letters above bars denote results of post-hoc
Tukey’s HSD pairwise comparison tests. (b) Total bloom duration of each variety in 2012, c. 15 months after
planting out when plants were well established, thus showing natural phenology. *L. stoechas ‘Anouk’ was

in poor condition and did not reach full bloom in 2012. Photo credits: Simon Charlesworth.
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Correlations of plant variety preference among insect groups

There was no significant correlation between the number of honey bees and bumble bees

per count per m* among the 32 varieties (r = 0.257, P = 0.155; Fig. 5.6a), suggesting that

their preferences do not, generally, coincide. However, visitation by short-tongued

bumble bees (B. terrestris/lucorum group) correlated significantly with visitation by long-

tongued bumble bees (B. hortorum and B. pascuorum groups; r = 0.565, P < 0.001;

Fig. 5.6b). We then looked at correlations in preference between both honey bees and

bumble bees vs. other bee species, hover flies and butterflies and moths and found only
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Figure 5.6. (a) The absence of correlation between
the attractiveness of plant varieties to honey bees
and bumble bees. Open symbols refer to three
experimental treatments: honey bee exclusion (-HB,
square), bumble bee exclusion (-BB, triangle) and
control (circle) on Lavandula % intermedia ‘Grosso’
(N.J. Balfour, S. Gandy & F.LW. Ratnieks,
unpublished data). ‘Grosso’ control (open circle)
attracted a higher number of bumble bees than
‘Grosso’ in our data (closed circle) due to the data
being gathered on 4 days during the flowering peak
in the former case, and over c. 3 months in the latter
case. (b) Significant correlation between the
attractiveness of plant varieties to short-tongued
bumble bees (Bombus terrestris/lucorum group) and
long-tongued bumble bees (B. hortorum and
B. pascuorum groups). Black dots are means of two
datasets (University of Sussex 2011 & 2012).
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one of these correlations to be significant (bumble bees vs. butterflies & moths (r = 0.665s,
P < 0.001); Fig. 5.7c). All other correlations were non-significant [honey bees vs. other
bees (r = 0.169, P = 0.354), honey bees vs. hover flies (r = 0.251, P = 0.165), honey bees vs.
butterflies & moths (r = 0.157, P = 0.390), bumble bees vs. other bees (r = -0.077, P =
0.675), bumble bees vs. hover flies (r = 0.266, P = 0.141)] (Fig. 5.7a-c). The significant

correlations (Figs 5.6b and 5.7c) remained significant after Bonferroni correction (a =

0.05/8).
Origanum Agastache
12 1 (a) 9 1.6 1 (b) Origanum w0257 (c) g
<
- ‘ L 14 5 ® )
O Q. 0.2
Q€ =E 1.2 A p q
3 g 0.8 g5 Agastache @ = Erysimum
82 B R E2 o015
€ 1 € Q 0 @ =

5 % 06 | Stachys Echium S E 0.8 gt we o o .
b o O (E 393
25 2 NEchi 28 o1
E 8 04@® 0O EZ 0.6 Echium g 5 .
z Achillea Z o040 © o £ sle ® oo

. £ A o

0.2 ° o 021e o . o 3 o OO.
0 eE5BRAE 0% o o L%‘i,m_?_\ 0 %’ eC ¢ .
0 1 2 3 4 0 1 2 3 4 0 1 2 3 4
Number of honey bees (e) or bumble Number of honey bees () or bumble Number of honey bees () or bumble
bees (o) per count per m? bees (o) per count per m? bees (o) per count per m?2

Figure 5.7. Correlations between the attractiveness of plant varieties to honey bees () & bumble bees (o) vs.
other bees (a), hover flies (b), and butterflies & moths (c). The only significant correlation found was between
bumble bees and butterflies & moths (r = 0.665, P < 0.001).

Discussion

The results showed very large, approximately 100-fold (c. 300-fold in 2011, c. 80-fold in
2012), variation among the 32 plant varieties at the University of Sussex in the total
number of insects attracted. This clearly shows that there is great scope for making
gardens and parks more bee- and insect-friendly by judicious plant selection.
Importantly, this need not involve extra cost or gardening effort, or, indeed, a loss of
aesthetic attractiveness, given that all the plants we compared were considered to be
highly attractive, and were easily available at comparable and low prices. Our results can
be considered as a contribution to the lists of reccommended garden plants. However, this
should be done with caution, as we only compared 32 varieties, which is a very small
proportion of the thousands of varieties available (Cubey & Merrick, 2011) with similar

habit (small shrubs and herbaceous plants suitable for a mixed border).
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Attractiveness of plant varieties correlated strongly between 2011 and 2012 at the
University of Sussex (Fig. 5.4a). It also correlated between the University of Sussex and
the two additional flower beds at Plumpton College and Magham Down (Fig. 5.4b). This
shows that our results apply generally to a wider area and are not unduly year- or location-
specific. Some variation among locations may be due to local conditions (e.g.
microclimate or soil type) or differences in the flower-visiting insect communities
present. However, most insect species or groups we recorded are common in the UK and
elsewhere, so would be present in many areas, but not necessarily in the same proportions.
Similarly, some variation between the 2 years could be driven by annual fluctuations in
insect populations. Additionally, in our study, the variation observed between years could
be due to the different stages of establishment of perennial plant varieties. In 2011, the
plants had been put into the patches soon after being delivered from suppliers, who grew
them in pots, while in 2012, most varieties had had an extra year in the ground to establish.

Although variation in relative abundance of insects may explain a small
proportion of variation in plant attractiveness, it cannot be a major factor, because the
relative abundances of different taxa were broadly very similar among years and locations
(Fig. 5.2). The majority of insects, at least 84% in each dataset, were bees, of which
approximately one-third were honey bees, two-thirds were bumble bees plus a small
percentage of other bee species. Hover flies were always the next most abundant taxon
(7-10%). Butterflies and moths (1-3%) and all other insects (1-3%) were always a small
percentage. Overall, our results suggest that garden plants can easily help bees, which
showed up in large numbers, by providing forage. This agrees with Goulson et al. (2010),
who found evidence of positive influence of urban gardens on bumble bee nest density
and survival on a landscape scale. Bumble bees [maximum foraging range c. 1.5 km,
(Osborne et al., 2008b)] and especially honey bees [maximum foraging range c. 10-12 km,
(Beekman & Ratnieks, 2000)] can forage at long distances from their nest and thus are
able to exploit garden resources. By contrast, butterflies and moths, being relatively scarce
garden flower-visitors, can perhaps not be as easily helped by garden flowers, despite not

being central place foragers. There is also little evidence that the abundance of adult
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resources, apart from shelter, has any impact on population size or trends in European
butterflies (Thomas et al., 2011).

The absence of a positive correlation between the attractiveness of plant varieties
to honey bees and bumble bees (Fig. 5.6a) suggests that their foraging preferences do not,
generally, coincide. Furthermore, the absence of a negative correlation seems to suggest
that these bees do not appear to be in competition with each other. However, N.]. Balfour,
S. Gandy & F.L.W. Ratnieks (unpublished data) showed competition on L. x intermedia
‘Grosso’ experimentally. In particular, honey bee numbers increased c. 30-fold on patches
from which bumble bees were excluded (Fig. 5.6a). It is likely, therefore, that the lack of
correlation between honey bees and bumble bees reflects both the effects of preferences
and competition. As these two types of bees were the most abundant flower-visitors, each
probably has the capacity to affect the other via consumptive competition (N.]. Balfour,
S. Gandy & F.L.W. Ratnieks, unpublished data). In the case of L. x intermedia ‘Grosso’,
the mean corolla tube length of 7.2 mm was experimentally shown to disadvantage honey
bees (mean tongue length 6.6 mm) vs. bumble bees (mean tongue length 7.8 mm) by
causing longer flower-handling times (Balfour et al., 2013).

Plant variety attractiveness was similar between the short-tongued (B.
terrestris/lucorum group) and the long-tongued (B. hortorum and B. pascuorum groups)
bumble bees, perhaps, reflecting preferences common to Bombus in general (Fig. 5.6b) or
the fact that tongue length variation among bumble bees had little effect in our gardens,
despite reported effects being noted in the literature (Goulson et al., 2005; Goulson et al.,
2008a). Nepeta x faassenii ‘Six Hills Giant’ stood out from this correlation, being very
attractive to long-tongued bumble bees [length 8.5-12.5 mm (Goulson et al., 2005)], but
relatively unattractive to short-tongued species (length 7.5-7.6 mm), possibly due to its
relatively long corolla tube (11.9 + 0.2 mm). However, other plant species with similarly
long corolla tubes were attractive to short-tongued species due to large corolla width (e.g.
E. vulgare), which allowed short-tongued insects to place their whole head or body far
into the flower, reducing or eliminating the need for a long tongue. In general,

attractiveness did not correlate between honey bees and bumble bees on the one hand,
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and other bees, hover flies and butterflies + moths on the other, with the exception of the
positive correlation between bumble bees vs. butterflies + moths (Fig. 5.7). However,
certain plants stood out as particularly good for other, non-Apis and non-Bombus, bees
(Origanum vulgare, E. vulgare, S. byzantina, Achillea millefolium), hover flies (O. vulgare,
A. foeniculum, E. vulgare) and butterflies & moths (A. foeniculum, Erysimum linifolium).
Interestingly, three of the four species particularly attractive to other bees are also native
to Britain, suggesting that native plants may be more important for non-Apis and non-
Bombus bees.

The factors potentially responsible for variation in attractiveness among plant
varieties are diverse (e.g. size, shape, colour or scent, reviewed by Pellmyr (2002)).
However, as the insects counted were flower-visiting foragers, this variation is presumably
largely a result of foraging choices based on nectar and pollen rewards in bees (Seeley,
1995; Goulson & Osborne, 2010) and hover flies (Haslett, 1989) and nectar rewards in
other insects (Kim et al., 2011). Our data showed no effect of corolla tube length
(Appendix 5.3). However, in specific cases, corolla tube length may be important. In the
case of lamb’s ear (Stachys byzantina), its attractiveness to wool-carder bees (Anthidium
manicatum) is probably due to the abundant leaf trichomes (pubescence) and possibly
trichome secretions, which are collected by females as nest lining material (Miiller et al.,
1996; Payne et al., 2011). In addition, lamb’s ear flowers are also visited by wool carders.
Some plants may be more attractive than others by virtue of their longer flowering period.
For example, N. x faassenii ‘Six Hills Giant’ and Erysimum linifolium ‘Bowles Mauve’,
which are sterile hybrids unable to set seed, had flowering periods extending far beyond
our c. 3-month observation periods. Indeed, E. linifolium flowers for approximately 9
months per year in Sussex. The attractiveness of such varieties is, therefore,
underestimated in our data.

Closer examination of lavenders showed that hybrid L. x intermedia varieties were
more attractive than both L. angustifolia varieties and L. stoechas (Fig. 5.5). This difference
was not explained by either bloom duration or corolla tube length. In addition, flower

colour, which ranged from light (e.g. white ‘Arctic Snow’, ‘Edelweiss’, rose ‘Rosea’) to
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more typical shades of blue, did not appear to be an important factor (Fig. 5.5). We note
that L. x intermedia varieties tended to be larger plants with taller inflorescences than L.
angustifolia or L. stoechas. However, the definitive explanation causing the difference in
attractiveness remains unknown and would be a valuable subject for further research.

Within the Dahlia genus, the two open-flowered varieties (‘Bishop of Llandaff
and ‘Bishop of Oxford’) were consistently more attractive compared with the two varieties
with highly modified flower forms (pompon ‘Franz Kafka’, semi-cactus “Tahiti Sunrise’).
This was likely due to the limited accessibility of disc florets, which provide nectar and
pollen, due to the unusual shapes of the ray florets resulting from plant breeding.
Additionally, the increased size and number of ray florets may be accompanied by a
reduction in the number of disc florets, as compared to the open-flowered varieties. These
results are supported by data from a survey of garden plants in a public garden in the
nearby town of Lewes, where ‘open’ flowered varieties attracted significantly more insects
than ‘closed” flowered varieties (Chapter 6).

Among other notable results is the pattern seen on B. officinalis, wh