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Abstract

In a time of concerns over global pollinator declines, researching factors that
influence the abundance and diversity of native bees has never been more pressing.
Urbanisation and introduced species are both factors frequently cited as threatening
processes, yet the ability of cities to host native bees, and the impact of the
introduced European honeybee on native bees remain contested topics. In Chapter 1
| introduce these major issues surrounding native bee conservation, and the aims of

my thesis.

In Chapter 2 | review research on bees in urban areas. | emphasise how urban areas
are distinct landscapes compared with agricultural ones, and results on studies on the
response of bees to anthropogenic landscapes that have been largely conducted in
agricultural regions cannot be extrapolated to urban landscapes, which represent a
major, increasing form of land-use where the majority of people live, work and play.
I highlight that cities are not homogenous, and that the response of bees will vary
according the historical land-use, habitat type within a city, and the ecological traits

of the bee assemblage.

Any conclusions about bee assemblages are entirely dependent on the efficacy of the
methods used to survey them. In Chapter 3 | empirically compare a number of
standard entomological methods in sampling bees, as well as compare my findings
with a review of the literature. | reveal that using passive methods alone is
inadequate for sampling bee assemblages, and to accurately sample bees and draw
valid conclusions, a variety of techniques should be deployed with sweep netting

being indispensable.

As cities expand, native vegetation is cleared, whilst managed greenspaces in the
form of residential gardens are created. In Chapter 4 | compare bushland remnants
within urban areas with residential gardens in terms of the abundance, diversity and
rarity of native bees, the abundance of honeybees, and whether the floral
characteristics associated with these two habitat types explain the difference in their
ability to host native bees. Bushland remnants were superior habitat for native bees



compared with residential gardens. In contrast, honeybees were unaffected by habitat
type. A greater number of native flower species was, contrary to prediction,
associated with fewer native bees, which may be explained by the specialised flower
preferences of Australian bee biota.

There is an increasing recognition that species interactions are fundamental to the
health and functioning of ecosystems. In Chapter 5 | construct plant-bee interaction
networks, and reveal how bushland networks are healthier, but more vulnerable to

species’ losses, than are residential networks.

The European honeybee is an abundant, introduced species, and therefore has the
potential to disrupt plant-pollinator networks and compete with indigenous bees. In
Chapter 6 | reveal that honeybees occupy distinct positions in plant-pollinator
networks, and abundance of honeybees is significantly associated with altering
pollination network structure. In Chapter 7 I test the hypothesis that honeybees are
outcompeting native bees. | found that the situation is nuanced, with the effect of
honeybees varying between years, habitat type, and native bee guild; however, there
was evidence that honeybees have negative impacts upon those bee taxa that had a

higher niche overlap with honeybees in terms of body size and overlap in flora use.

In Chapter 8 I conclude my thesis by synthesising the chapters to discuss the state of
the field of urban pollinator ecology and the issues facing pollinator conservation.
This thesis breaks new ground by addressing both the issues of native bee habitat
requirements as well as potential competition with introduced species, thereby
advancing the state of knowledge about how to preserve our precious pollinators.
Future directions are identified, and limitations are recognised. The first systematic
study to be conducted on native bees in the southwest Western Australia biodiversity
hotspot, my thesis underscores the incredible biodiversity of wild bees that exist in
this urbanised region, and the results from my comprehensive surveys and
investigation into the factors that influence native bee populations can offer
evidence-based ways to contribute to conservation of pollinators in urban areas and

ensure that native bees keep on buzzing in the ‘burbs of this biodiversity hotspot.
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1. General Introduction

1.1.  The stars of the show and the threats they face

Bees are a fascinating and diverse group of hymenopterans, and many species play
crucial roles in ecosystems as pollinators (Brown & Paxton, 2009; Winfree, 2010).
Recently, concerns that bees are declining across the globe have become prevalent
(Potts et al., 2010). The exact causes differ according to the ecological traits of bees,
but in general, common to biodiversity declines as a whole, loss of habitat is the
leading cause of species declines and extinctions (Brown & Paxton, 2009; Pimm &
Raven, 2000). For bees in particular, loss of flowering habitat, which bees require for
food, is particularly egregious (Potts et al., 2010).

1.1.1. The urban jungle

Today one of the most rapidly growing forms of habitat destruction is urbanisation
(Glneralp et al., 2013). Urbanisation produces major changes to the environment,
including loss of natural habitat, habitat fragmentation, increases in impervious
surfaces, and altered plant community composition, with a preponderance of exotic
flora (Faeth, Bang, & Saari, 2011). The impact of urbanisation on bees is, however,
inconsistent, and varies according the city being surveyed, the habitat type(s)
surveyed, and the ecological traits of bees (Hernandez, Frankie, & Thorp, 2009).
Perth, the capital city of Western Australia, is a region of ongoing urban expansion
(MacLachlan, Biggs, Roberts, & Boruff, 2017). Like many urban hubs however, it is
located in a region that originally harboured high amounts of biodiversity (lves et al.,
2016). Notably, the Perth metropolitan region is situated in an internationally
recognised biodiversity hotspot of the southwest Western Australian Floristic Region
(Hopper & Gioia, 2004). With ongoing land-clearing for industrial, and especially
residential, urban development, only a fraction of the original native vegetation
remains, with patches of native remnant vegetation left interspersed throughout the
metropolitan area (Gole, 2006; Hopper & Burbidge, 1989). Despite the high floristic

diversity in the region, the native bee assemblages and their habitat associations has



never been explicitly studied, and the response of native bees to urbanisation in this

biodiversity hotspot has never been investigated.

1.1.2. Anintroduced competitor

Another major factor that can pose a threat to native biodiversity is introduced
species. Ironically, much of the attention by the public and the media has focussed
on an introduced species, the European honeybee, Apis mellifera (Smith & Saunders,
2016). Although there have been colony losses in recent years, particularly in the
United States and Europe, honeybees globally have in fact been on the rise (Aizen &
Harder, 2009). In Australia, honeybees are by no means threatened with extinction,
and being free of diseases that have impacted honeybees elsewhere on the globe, the
honeybee population in Australia is thriving (Benecke & Rural Industries Research
and Development Corporation, 2007). The success of this introduced species,
however, may come at the expense of native bees. Both honeybees and native bees
need flowers for food, and if these are in short supply, honeybees may compete with
native bees (resource competition). Given the highly efficient search, communication
and foraging behaviours of this eusocial species, its catholic diet, and high
abundance, as well as aggressive tendencies, it can be expected that honeybees are
superior competitors (Geslin et al., 2017). Australia has a high diversity of native
bees (estimated at approximately 2,000 species, with many undescribed), the
majority of which are endemic (Batley & Hogendoorn, 2009). Honeybees are a
highly adaptable, successful, abundant species (Geslin et al., 2017), and there are
concerns that this introduced species is a threat to native bee populations both
overseas (Henry & Rodet, 2018), as well as in Australia (Sugden, Thorp, &
Buchmann, 1996). However, actual empirical studies to date have found mixed
evidence in support for the hypothesis that honeybees are outcompeting native bees
(Mallinger, Gaines-Day, & Gratton, 2017). Given that Australia’s native bees have
evolved in isolation from this large, eusocial generalist species, the European
honeybee, introduced just two centuries ago yet now a dominant component of insect
assemblages across most of the country, may pose a major risk to the preservation of
native bee biodiversity. It is important to provide a firm foundation on how

honeybees affect native bee communities in the southwest Australian biodiversity



hotspot, given the economic importance of the honeybee industry, but also the

potential for honeybees to cause declines or even extinctions of native pollinators.

1.2.  Aims of this thesis

It is known that threatening processes do not act in isolation, and that when
combined, can act synergistically to amplify negative impacts (Vanbergen, 2013);
yet how honeybees interact with native bees in urban areas has been seldom studied,
and has never been investigated explicitly in Australia. There is also an urgent need
to document and describe the biodiversity of native bees, identify threatening
processes, and identify what local and landscape factors influence the distribution,
abundance and diversity of native bees in urban areas to inform management that
preserves the integrity of native bee assemblages and the pollination networks in

which they participate.

Based on a recognition of the crucial importance of native bees, concerns over
pollinator declines, and key research gaps relating to how wild bees respond to
urbanisation, and the impact of the introduced European honeybee, my thesis
addressed the overarching question of what factors structure native bees and
pollination networks in an urbanised landscape? (Fig. 1.1). The following chapters
that comprise this thesis together produce a coherent narrative addressing these

pressing research gaps (Fig. 1.1).

Chapters 2-7 comprise papers published, in review for publication, or prepared for
publication in academic journals, and follow the formatting and referencing style of
these journals. Due to being independent, yet connected, articles, there is therefore
some redundancy when it comes to describing the study site, and sampling

methodologies.



Questions

- Bee conservation Bees in urban landscapes Knowledge gaps
c
=
= * Bees are keystone pollinators + Urbanisation = major form of habitat loss, set ? Relative value of remnant native
iﬂ + Evidence of global bee declines to increase vegetation vs. residential gardens
g = Habitat loss and introduced species = Effects of anthropogenic land-use mainly within the same urban milieu in
o leading causes of declines centered on agriculture -> unlikely findings supporting native bees
* Honeybees are an introduced, can be extrapolated to cities ? How European honeybees impact
dominant species -> may outcompete * Synergism between threats: habitat loss + native bee assemblages and pollination
native bees competition with introduced honeybees networks in urban habitat

Review effect of
urbanisation on bees

Evaluation of bee
survey methods

Bushland remnants vs.

residential gardens

Bee-plant networks

Honeybee competition

ms

Response of bees to
urbanisation lit review
Compare bees in urban vs.
rural vs. natural landscapes
Compare responses: N, R,
trait composition

Identify & evaluate support
for factors influencing urban
bees

Identify biases, limitations, &
knowledge gaps
Recommend areas requiring
increased research

Use a range of hee sampling
methads to survey bees
Compare effectiveness of
these methods and whether
they vary by habitat type and
hee taxon

Conduct a review of bee
studies that have included
2+ methods for comparison

Bee surveys in bushland
remnants & residential
gardens

Compare habitat types:
honeybee N, native bee N, R
& evenness, and ability to
support rare species
Identify environmental
variables influencing bee
response parameters

How habitat type influences

pollination networks

+ Create bipartite bee-plant
networks for bushland
remnants & residential
gardens

¢ Compare network & species-
level properties between
habitat types

How honeybees influence

pollination networks

+ Identify role of honeyhees

= Analyse how honeybees
impacts network structure

Does honeyhee abundance
affect native bee abundance
and species richness?; does
habitat type influence these
relationships?

Does native bee body-size
influences the effect of
honeybees?

How does resource overlap
with honeybees influence
native bee abundance?;
does this vary by habitat and
taxen?

Chapter 2

Chapter 3

Chapter 4

Fig. 1. 1. Conceptual framework relating the background, key research questions, and aims of my thesis.

Chapter5 & 6

Chapter 7




1.3. References

Every reasonable effort has been made to acknowledge the owners of the copyright material. | would
be pleased to hear from any copyright owner who has been omitted or incorrectly acknowledged.

Aizen, M. A., & Harder, L. D. (2009). Geographic variation in the growth of domesticated honey bee
stocks: disease or economics? Communicative & Integrative Biology, 2(6), 464-466.
doi:10.4161/cib.2.6.9258

Batley, M., & Hogendoorn, K. (2009). Diversity and conservation status of native Australian bees.
Apidologie, 40(3), 347-354. doi:https://doi.org/10.1111/een.12676

Benecke, Frederick S. & Rural Industries Research and Development Corporation (Australia). (2007).
Commercial beekeeping in Australia. Barton, A.C.T: Rural Industries Research and Development

Corporation. Available: http://www.rirdc.gov.au/reports/HBE/Q7-059.pdf

Brown, M. J., & Paxton, R. J. (2009). The conservation of bees: a global perspective. Apidologie,
40(3), 410-416.

Faeth, S. H., Bang, C., & Saari, S. (2011). Urban biodiversity: patterns and mechanisms. Annals of the
New York Academy of Sciences, 1223(1), 69-81. doi:https://doi.org/10.1111/j.1749-
6632.2010.05925.x

Geslin, B., Gauzens, B., Baude, M., Dajoz, I., Fontaine, C., Henry, M., . .. Vereecken, N. J. (2017).
Massively Introduced Managed Species and Their Consequences for Plant—Pollinator Interactions.
In Advances in ecological research (pp. 147-199): Academic Press.

Gole, C. (2006). The Southwest Australia Ecoregion: Jewel of the Australian Continent. Wembley,
Western Australia: Southwest Australian Ecoregion Initiative.

Giineralp, B., McDonald, R. I., Fragkias, M., Goodness, J., Marcotullio, P. J., & Seto, K. C. (2013).
Urbanization forecasts, effects on land use, biodiversity, and ecosystem services. In T. EImqyvist,
M. Fragkias, J. Goodness, B. Guneralp, P. J. Marcotullio, R. I. McDonald, S. Parnell, M.
Schewenius, M. Sendstad, K. C. Seto, & C. Wilkinson (Eds.), Urbanization, biodiversity and
ecosystem services: Challenges and opportunities (pp. 437-452): Springer.

Henry, M., & Rodet, G. (2018). Controlling the impact of the managed honeybee on wild bees in
protected areas. Scientific Reports, 8(1), 9308.

Hernandez, J. L., Frankie, G. W., & Thorp, R. W. (2009). Ecology of urban bees: a review of current
knowledge and directions for future study. Cities and the Environment (CATE), 2(1), 3.

Hopper, S. D., & Burbidge, A. (1989). Conservation status of Banksia woodlands on the Swan
Coastal Plain. Journal of the Royal Society of Western Australia, 71, 115-116.

Hopper, S. D., & Gioia, P. (2004). The southwest Australian floristic region: evolution and
conservation of a global hot spot of biodiversity. Annual Review of Ecology, Evolution, and
Systematics, 35, 623-650. doi:https://doi.org/10.1146/annurev.ecolsys.35.112202.130201


http://www.rirdc.gov.au/reports/HBE/07-059.pdf

Ives, C. D., Lentini, P. E., Threlfall, C. G., Ikin, K., Shanahan, D. F., Garrard, G. E., . . . Kendal, D.
(2016). Cities are hotspots for threatened species. Global Ecology and Biogeography, 25(1), 117-
126. doi:doi:10.1111/geb.12404

MacLachlan, A., Biggs, E., Roberts, G., & Boruff, B. (2017). Urban Growth Dynamics in Perth,
Western Australia: Using Applied Remote Sensing for Sustainable Future Planning. Land, 6(1), 9.
Retrieved from https://www.mdpi.com/2073-445X/6/1/9

Mallinger, R. E., Gaines-Day, H. R., & Gratton, C. (2017). Do managed bees have negative effects on
wild bees?: A systematic review of the literature. PloS One, 12(12), e0189268.
doi:10.1371/journal.pone.0189268

Pimm, S., & Raven, P. (2000) Extinction by numbers. Nature, 403, 843-845.

Potts, S. G., Biesmeijer, J. C., Kremen, C., Neumann, P., Schweiger, O., & Kunin, W. E. (2010).
Global pollinator declines: trends, impacts and drivers. Trends in Ecology & Evolution, 25(6),
345-353.

Smith, T. J., & Saunders, M. E. (2016). Honey bees: the queens of mass media, despite minority rule
among insect pollinators. Insect Conservation and Diversity, 9(5), 384-390.

Sugden, E. A, Thorp, R. W., & Buchmann, S. L. (1996). Honey bee-native bee competition: focal
point for environmental change and apicultural response in Australia. Bee World, 77(1), 26-44.

Vanbergen, A. J. (2013). Threats to an ecosystem service: pressures on pollinators. Frontiers in
Ecology and the Environment, 11(5), 251-259.

Winfree, R. (2010). The conservation and restoration of wild bees. Annals of the New York Academy
of Sciences, 1195(1), 169-197.



Chapter 2

A global review of determinants of native bee assemblages

in urbanised landscapes

This study presented in Chapter 2 has been submitted to the peer-reviewed journal
‘Insect Conservation & Diversity,” on May 4™, 2021:

Prendergast, K. S., Dixon, K. W., & Bateman, P. W. (2021). A global review of
determinants of native bee assemblages in urbanised landscapes. Insect

Conservation & Diversity, under review.

Amegilla sp.
© Kit Prendergast



A global review of determinants of native bee assemblages

in urbanised landscapes

2.1.

ABSTRACT

Loss of natural habitat through land-use change threatens bees. Urbanisation
is a major, increasing form, of habitat loss, and a novel, pervasive form of

disturbance.

. Our comprehensive review, involving 215 studies, quantifies response of

bees to urban landscapes, and local and landscape variables proposed to
influence bee abundance and diversity.

Urban areas tend to be favourable habitat for bees compared with agricultural
ones, whereas compared with natural areas, urban areas often host more
abundant populations yet fewer species.

Factors associated with urban landscapes, such as increases in non-native
bees and plants, and changes in nesting substrate types and availability,
contributes to changes in abundance, species richness, and composition of
native bee assemblages. However, there is high variability in responses;
arising from sampling methodology, ecological traits of bees, habitats
surveyed, geographic region, and the very definition of what constitutes
“urban” and “natural”.

Identifying what biotic and abiotic features of cityscapes promote or threaten
the persistence of diverse urban bee guilds is critical. This review provides a
comprehensive evaluation of how bees (both in aggregate and according to
their ecological guild) have responded to urbanisation, identifies gaps in
knowledge in urban bee ecology, and proposes priorities for conserving and

promoting diverse bee communities in urban habitats.



2.2. INTRODUCTION

Bees are the most important pollinating group globally (Willmer et al. 2017) and the
pollination services they perform are essential for stable, functioning ecosystems,
both natural and anthropogenic (Potts et al. 2016). Although the domesticated
European honeybee Apis mellifera is the most familiar and widely managed
pollinator, wild bees, with an estimated global diversity of over 20,000 species, are
critical to healthy ecosystems, and are an essential component of biodiversity
(Garibaldi et al. 2013; Michener 2007).

There have been documented declines of bees across Europe and America,
particularly over the last 50 years (Biesmeijer et al. 2006). Although monitored
declines mainly focus on honeybees and bumblebees (Bombus spp.), there are
concerns that bee declines are a global phenomenon (Potts et al. 2010). The
conservation status of most bees, however, is unknown (Potts et al. 2016). The
majority of investment directed towards addressing perceived declines in bees has
been mainly confined to northern hemisphere agricultural contexts (Winfree 2010),
and has predominantly involved agri-environmental schemes (AES), with varying
outcomes (Kleijn et al. 2001; Wood et al. 2015). AES provide financial support for
implementing measures such as setting aside grassy-field margins and sowing
wildflower strips (Science for Environment Policy 2017); however, it is unclear
whether such agricultural management strategies targeted at pollinator conservation
is applicable to bees in urban settings.

Urbanisation is considered a leading form of ecologically-destructive global change
(Elmqvist et al. 2016). Urbanised environments — landscapes of human settlement
that are created specifically for human occupation (Mclintyre et al. 2008) — are the
most heavily-modified, and rapidly expanding forms of anthropogenic land-use
modification (Seto et al. 2011). From 2000 to 2030 global urban expansion has been
predicted to increase by 285% (Seto et al. 2012), and is occurring in regions known
to harbour rare, endemic fauna (Ives et al. 2016; Phillips et al. 2010). Urbanisation is
now a major driver of fragmentation and loss of natural habitat (Winfree et al. 2007),

and a key cause of biodiversity loss worldwide (Brown and Paxton 2009), with bees

10



predicted to be especially susceptible (Winfree et al. 2011). However, depending on
patch quality and connectivity, urban areas have the potential to support a high
diversity and abundance of native bees (Hinners et al. 2012) (see Prendergast (2020):
Dataset 1).

Compared with land-use change driven by agriculture, studies of bee communities in
urban areas are underrepresented (De Palma et al. 2016). Evidence-based
recommendations for bee-friendly management in cities are rare, yet there are
promising opportunities to harmonise bee conservation with activities that promote

ecosystem services and human welfare in cities.

Bee pollination maintains urban native and horticultural vegetation in reserves,
parks, gardens, roadside verges and other green spaces (Cane et al. 2005; Lin et al.
2015). When urban bee communities are depleted, bee-pollinated plants may suffer
poor fruit and seed set, inbreeding and loss of genetic diversity (Hobbs and Yates
2003). Because diversity of bee species with different functional traits underpins
ecologically-resilient, thriving pollination services (Fontaine et al. 2005; Lowenstein
et al. 2015), conserving a diverse assemblage of bees in urban areas is important for
maintaining plant populations in urban greenspaces (Matteson and Langellotto
2009).

Here we review bee responses to urbanisation across the globe. Although there have
been reviews on, or that include, bees in urban areas (Cane et al. 2005; De Palma et
al. 2015; Hall et al. 2017; Hernandez et al. 2009; Wenzel et al. 2019; Winfree et al.
2009; Winfree et al. 2011; Wojcik 2009; Wojcik and Buchmann 2012), this review,
considering 215 studies in total, is the most comprehensive to date. Moreover,
previous reviews have not conducted semi-quantitative analyses for how either
abundance or species richness vary according to landscape type, habitat type, and
local and landscape variables, nor how responses vary by taxon and functional traits.
We also provide a theoretical basis for developing hypotheses, and identify key

knowledge gaps.
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2.3. METHODS

From August 2016 to Dec 2019 searches were performed in Google Scholar using
terms: “bees, pollinators, insects, arthropods, urbanisation, cities, urban, land-use
change, native bees, wild bees, suburban, metropolis” or combinations thereof.
Google Scholar was most suitable for this review, give the greater coverage (Martin-
Martin 2018, 2021). It is a search engine with less barriers than many other search
engines, being not restricted to someone who is affiliated with a research institution,
democratising the process; and does not suffer from constrained coverage, so as to
ensure that publications that were still relevant - theses, books, reports, and
conference proceedings, or which may not be in mainstream English science journals
(e.g. especially those published in developing countries) - could be included. Cited
literature was accessed and incorporated where appropriate. Papers were those
conducted in urban landscapes, or considered the influence of surrounding urban
land-use, on bees. This resulted in a total of 215 studies, comprising 198 texts
(disparities in these numbers are because some studies were unpublished studies
cited published studies, thesis chapters, or involved multiple studies published in one
text). Texts were primarily peer-reviewed studies, but also reviews, books,

theses, and field guides, were included (Prendergast 2020: Dataset 1). Landscape and
habitat types were assigned according to categories provided by text authors. For
single-species publications we excluded those on honeybees, as honeybee numbers
are largely impacted by husbandry factors (Champetier et al. 2015). We could not
attempt a meta-analysis due to the extreme variability in survey duration and
frequency, sites surveyed, area surveyed, survey methods, sampling intensity, range
of flora surveyed (single plant species, experimental plants, whole floral
communities), and taxonomic resolution (Prendergast 2020: Dataset 1, Fig. 2.1).
From these studies we conducted a semi-quantitative review, which nevertheless
enables quantifying suggestive trends and patterns. To achieve this, for each study,
we extracted the following information: the main findings; the type of study
(whether it was a community study, on a subset of the bee community, or focused on
just one or a few species); details about the study design, namely - the geographic
region, city, and climatic zone in which the study was conducted; the number of sites
surveyed, duration of the study (number of months per year, and number of years),

the sampling area, the sampling intensity (effort), and the sampling method used; the
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landscape type it was conducted in (natural/rural/urban), and for urban studies, the
habitat type(s) surveyed; and finally, whether it was a gradient study, looking at bee
communities along a gradient of urbanization (Prendergast 2020: Dataset 1). This
enabled us to summarise the biogeographic representation of urban bee studies and
study design elements by tabulating the relative representation of studies by country,
method and habitat. For studies providing data on bees in urban landscapes as well
as those in agricultural and natural landscapes, we determined whether bees were
more, less, or non-significantly different between these landscapes for both
abundance and species richness. We also extracted information on environmental
variables that can be considered to likely be influential in impacting bee
communities that each study measured and how these related to bee abundance
and/or diversity — these related to both food and nesting resources, and landscape
composition, and we coded each study in terms of these variables having a positive,
negative, or non-significant impact on bees (Prendergast 2020: Dataset 1). In
addition, we investigated how ecological traits of bees influenced their response to
these environmental variables, coding each study similarly when information was
provided on bee responses according to ecological guilds based on nesting substrate,
kleptoparasite/host guild, sociality, body-size, lecty (i.e. specialization), origin
(native/exotic status), or bee taxonomic categories. We then tabulated for abundance
and species richness the number of responses (positive, negative, non-significant) for
each category (Prendergast 2020: Dataset 2; Prendergast 2020: Dataset 3). Finally,
we also investigated the community composition of bees in urban areas, extracting
information from each study in terms of the number of individuals recorded, the
number of species, number of genera, dominant taxa, representation of rare species,
and community composition. We also extracted information about the representation
of exotic species, including the European honeybee, and the guild structure of bees
in urban areas, in terms of the relative abundance and species richness of bees
according to the aforementioned ecological guilds (Prendergast 2020: Dataset 1, Fig.
2.1).
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24. RESULTS AND DISCUSSION

2.4.1. Overview of urban bee studies

Of the 215 studies reviewed (Prendergast 2021: Dataset 1) (Fig. 1a), 166 involved
bee communities (Prendergast 2021: Dataset 1). Of studies looking at a subset of
bees, 18 involved Bombus, two Meliponini, three Euglossini, and six involved
cavity-nesting bees (Fig. 1b). Thirty-two studies focused on one (or a few species),
covering a range of topics (Fig. 1d); despite this diversity of topics, there was a clear
taxonomic bias: 76.3% were apids, and of these, 65.6% were Bombus (Fig. 1c).
Therefore, both guild-based and species-level studies were over-represented by
apids. Given that these are social, generalist bees, any conclusions on bees in general
are restricted. More studies on specialist taxa are required, and on halictids and
cavity-nesting megachilids, which are large components of bee fauna in urban areas

(see Prendergast 2021: Dataset 1, and guild-based discussion below).

Methods to survey bees varied (Fig. 2.2a); most used only one method. This is
concerning give that multiple methods are recommended to obtain a comprehensive
and representative sample of bee communities (Prendergast et al. 2020). There was
also a large variation in study duration and sampling intensity. Most studies were
restricted to a single season or year (Fig. 1a), raising concerns over the reliability of

conclusions given high variability in bee populations (Roubik 2001).
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Fig. 2. 1. Summary of studies involved in this review, including a) the mean and range for the number of bee individuals, species and genera recorded; number of sites
surveyed; and survey duration; b) break-down of taxonomic focus (communities, subset of bee communities, or species-focus); c) the single species taxonomic focus and d)
single-species focus topics. Bombus, Meliponini and cavity-nesting bee images (b) by Kit Prendergast, Euglossini bee (b) by Alejandro Santillana, “Orchid bee (Apidae,
Euglossa championi (Cheesman))CR, Heredia, 5 KM S.E. Pt. ViejoFinca La Selva, 350 ft.10°25'N 84°01'WVI1.1975 L.E. Gilbert”, created as part of the Insects Unlocked project
at the University of Texas at Austin, based in the UT insect collection at Brackenridge Field Laboratory, part of the Department of Integrative Biology. Made available under

the Creative Commons CCO 1.0 Universal Public Domain Dedication, available: https://flickr.com/photos/131104726@N02/36112353184
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Fig. 2. 2. Breakdown of urban bee studies in terms of a) survey methods; b) urban habitat types
surveyed. Note that some studies included more than one topic/habitat type, or didn’t include the
habitat type and just classified it as “urban”, hence total numbers may be greater or less than the

total number of studies.
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Categories of habitat types in which native bee surveys and studies have been conducted (f):
residential garden: residential / home gardens; Industrial: industrial, commercial or business district;
park: public green area, often recreational; urban ag: veggie garden, urban orchard; native remnant:
native vegetation fragment or remnant vegetation within the urban matrix; green linear element:
linear vegetation element including roadsides, rights-of-way, railways; Uni: university campus;
cemetery: cemetery, churchyard or temple; wasteland: derelict site, landfill, vacant lot; greenspace:

public lawn, sometimes ill-defined in papers.

There was an extreme geographic, and therefore associated climatic and
phylogenetic bias in urban bee studies (Fig. 2.3): Approximately 40% were
conducted each in Northern America and Europe; particularly under-represented was
Africa and Asia, despite having a large proportion of the global population living in
urban areas (Ritchie and Roser 2020). The fewest studies were conducted in the
Middle East. There was a further bias considering countries — of the 26 countries
were bee studies have been conducted, approximately 35% of studies were
undertaken in the USA, 15% in the UK, 9% in Germany, and 7% in Brazil,
indicating over two-thirds of studies occurred in just four countries. Across all types
of studies there was a diversity of habitat types in which bee surveys were

conducted; residential gardens were over-represented (Fig. 2.2b).
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Fig. 2. 3. Geographic and thus climate locality of urban bee studies.
Map sourced from Beck et al. (2018) "Present and future Koppen-Geiger climate classification maps at 1-km resolution". Nature Scientific Data.

DOI:10.1038/sdata.2018.214, licensed under the Creative Commons Attribution 4.0 International license.
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2.4.2. Bees in urban vs. natural and agricultural landscapes

Natural, urban and agricultural landscapes present different biotic and abiotic
conditions which determine the assemblage of bees present (Table 2.1). Although
urban and agricultural lands tend to be more similar to each other than to natural
habitats in terms of both being anthropogenic habitats (Ellis et al. 2010), there are
also distinct differences between them in abiotic and biotic conditions (Table 2.1),
reflected in distinctive bee assemblages (De Palma et al. 2016; De Palma et al. 2015;
Sattler et al. 2011). Generalisations from bee responses to agricultural landscape

modification should not, therefore, be extrapolated to urban landscapes.

Urbanisation is associated with increased densities of humans and non-native
species, urban heat island effects, environmental contaminants, and altered
ecosystem dynamics, which may contribute to insect declines (Jones and Leather
2012) (Table 2.1, references therein). In many taxa, radical alterations of the
environment through urbanisation leads to shifts in phenology, and changes in
species richness, abundance and evenness (the relative abundance of all species in a
community), translating into altered community composition and structure (Faeth et
al. 2011).
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Table 2. 1. Aspects of urban, agricultural/rural, and “natural” landscape types, and their predicated effects for bees.

Aspect Urban

Agricultural

Natural

Potential effects on bees

Examples

Habitat High

heterogeneity

Habitat High

fragmentation

Patch size Small

Low

Intermediate

Large

Low-Intermediate

Low

Large

+: /M diversity of habitats = resources for 1 species of
bees
—: 1 fragmentation & reduced patch size = {, patch

colonisation & < area suitable for foraging/nesting

+: /M range of habitat-types

— : prevents (re)colonisation of suitable habitat
patches;

J demographic & genetic connectivity ; |, habitat size
+: concentrate resources = I bee density (but |
abundance at landscape scales)

— : smaller patches = |, bees & species

Alter competitive dynamics: refuge from competition?

or intensify competition?

(Jha and Kremen 2013;

Kaluza et al. 2016)

(Cane 2001; Didham et al.

1996)

(Howell et al. 2017;
Steffan-Dewenter et al.

2006)
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Impervious

surfaces

Roads

Climate

High

Numerous

Hotter, more
stable

Less water-stress

Low/absent

Few

Natural

Absent

Few/none

Natural

+: fences & buildings can provide nesting substrates for
cavity-nesting bees

— @ unsuitable for nesting, foraging

+: linear landmarks = navigation and foraging efficiency;
vegetated roadsides = nesting and foraging resources
—: “Misolation;

vehicle collision mortality; impediments to movement
({, foraging, nesting, population connectivity,
geneflow); pollutant exposure; adverse roadside
management practices; poor vegetation (weedy
grasses).

+: smaller, warm-adapted species in temperate areas
— : large-bodied, cool-adapted species in desert areas
?: M /4 aspecies realised niche; alters species

composition

(Eremeeva and Sushchev

2005; Makinson et al.

2016)

(Baxter-Gilbert et al.

2015; Hopwood et al.

2015)

(Hamblin et al. 2017)
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Plant abundance

Plant species

richness

Native flora

Floral spatial

distribution

Alteration of bee
& plant
phenology

High depending

on site type

High

Low

High (discrete

clumped patches)

High during crop
bloom, low
otherwise

Low

Low

Low (large

monocultures)

Depends on
natural habitat
type

Depends on
natural habitat

type

High

Low (dispersed)

+: P food = M bee N & R

?: alter species composition & competitive conditions

+: M resource diversity = +: I nutrition (polyleges), T

chance of host (oligoleges) = 1 bee species richness.

+: /| exotic pollinators
— : maladapted to local bees; |, oligoleges

Alters assemblage composition

+: clumped, concentrated patches = | time & energy
costs; single-species of flora in clumps more attractive

than dispersed

(Smith et al. 2006a; Smith

et al. 2006c¢)

(Ebeling et al. 2012;
Hennig and Ghazoul 2012;
Steffan-Dewenter et al.
2006)

(Garbuzov and Ratnieks
2014b; Pardee and

Philpott 2014)

(Cresswell and Osborne

2004)
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Environmental

contaminants

Weeds

Herbicides

Pesticides

High (city centres Low
&industrial areas)

Intermediate

(suburbs)

High Low

High High

Low — High (conventional)
Intermediate Low (Integrated Pest

Management or

Organic)

Low

Low

Low

Low

— :direct and indirect mortality; exhaust fume

chemicals interfere with bee foraging

+: abundance of flowers

— : weeds = | preferred forage plants;
herbicides/pesticides applied to weeds = |, bees

+: eliminate competitively dominant unsuitable plants
— : remove valuable foraging resources; can cause
harm/mortality

— :direct & indirect mortality, reduced fitness

(Lusebrink et al. 2015;

Moron et al. 2012)

(Bretagnolle and Gaba

2015)

(Hopwood et al. 2016; Le

Féon et al. 2010)

(Arena and Sgolastra

2014)
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Ground cover

Canopy cover

Tillage

Mowing/grazing

Low to high
depending on

habitat type

Low

Low

High (mowing)

Low (grazing)

Low to high
depending on crop

and management

Low

High

High (mowing and

grazing)

Low to high
depending on

ecosystem

Low to high

depending on

ecosystem type

Low

Low (mowing and

grazing)

+: open sandy areas in vacant lots, landfills, construction
sites & roadsides = * ground-nesting bees

— :lawns = {, ground-nesting bees

+: /| solar radiation = bee activity, & can 1> herbaceous
flowers

—:{ trees = | foraging & nesting resources

—: { food resources; destroys eggs, larvae, pupae &

overwintering adults nesting in soil

+: M floral resources (at appropriate scales &
frequencies)
—: |\ flowering resources; altered vegetation

structure; grazing animals compete with bees

(Wesserling and

Tscharntke 1995)

(Jha and Vandermeer
2009; Lowenstein et al.

2014)

(Hopwood 2008; Julier
and T’ai 2009; Roulston
and Goodell 2011; Shuler
et al. 2005)

(Hatfield and LeBuhn
2007; Hopwood et al.
2016; Noordijk et al.

2009)
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Exotic bees
(especially

honeybees)

Low — High

High

Low —

Intermediate

+: P pollination

— : outcompete native bees

(Prendergast 2018b;

Russo 2016)
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However, here we found mixed results (Fig. 2.4, Prendergast 2020: Dataset 1). There
were 51 comparisons involving bee communities between urban with rural and/or
“natural” landscapes, with remainder were conducted within the urban landscape in
one or more landscapes. In five comparisons for both abundance, and six for species-
richness, the results varied according to the type of urban, agricultural or natural
habitat surveyed, guild or bee taxon involved. Comparing urban and agricultural
landscapes, urban bee abundance was higher 38.1% of cases, lower in 19.0% of
cases, but generally did not differ (42.9% of cases) (total n=21). Similarly, for
comparisons with natural landscapes, 31.7% of cases showed abundance was higher,
22.0% abundance was lower, but in general abundance was similar (46.3%) (total
n=41). With respect to species richness, urban areas tended to have higher numbers
of species than agricultural landscapes (44.4%) or did not differ (33.3%), with 22.2%
of cases having fewer species (total n=18). In contrast, for species richness
comparisons with natural areas, for almost half of the comparisons (47.6%), urban
landscapes hosted fewer species; in 26.2% they hosted more species compared with
natural landscapes, and in 26.2% the difference was non-significant (total n=42). We
also demonstrate the importance of assessing abundance and species richness
separately: whilst abundance was often higher in urban than natural landscapes,
urban landscapes had fewer species, suggesting that a subset of species are
benefitting in urban areas (Fig. 2.4).

Urban areas tend to be more supportive for bees than agricultural landscapes. This
may be attributed to higher pesticide and herbicide use, homogenisation of the
landscape, cereal-dominated crops (wind pollinated), lack of suitable resources and
floral monocultures in most agricultural contexts (Goulson et al. 2015; Roulston and
Goodell 2011), which contrasts with the highly heterogeneous landscape and
diversity of flora that can be found in some urban areas (Table 2.1).
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Fig. 2. 4 Studies involving comparisons between urban and natural habitat types that report no
differences, a positive effect, or a negative effect on bee abundance and bee species richness for
bees in urban compared with natural and agricultural/rural habitats (no. of studies assessed for
abundance comparison: urban-agricultural = 21, urban-natural = 41; species richness comparison:

urban-agricultural = 18, urban-natural = 42)

2.4.3. Determinants of native bee assemblages in urban areas

Urbanisation can be predicted to influence native bee populations by altering the
amount, quality, diversity, native/exotic status, and distribution in space and time of
flowering resources that native bees require for food, and the amount and
distribution in space and time of nesting substrates — including bare ground for
ground nesting bees, and premade cavities for above-ground nesting bees (Roulston
and Goodell 2011). Both local and landscape factors are important determinants of
wild bee abundance and diversity (Fig. 2.5). Proximity of nesting and foraging sites
within a landscape influences bee assemblages, and as resources must be within
flight range - typically <700m, but <150m for smaller-bodied species (Gathmann
and Tscharntke 2002), surrounding land-use tends to be significant at distances up to
500m (Hennig and Ghazoul 2012; Steffan-Dewenter 2003).
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Fig. 2. 5 Response of bees (positive, negative or non-significant) to various local and landscape level

factors measured in urban bee studies in terms of a) abundance, and b) species richness.

Numbers above each column indicate the total number of studies involving that factor.

Key: SITE SCALE: Flower N = flower abundance or density; Flower R = the species richness or diversity

of flowering plant species; Native flora = the amount or proportion of native flowering plant species;

Ground cover: the amo

unt of ground cover, such as mulch, or grass at a site, or the reciprocal of

open or bare ground; Openness: how open a site is, or the amount of solar radiation received, the

reciprocal of canopy cover; Woody plants: the number of trees or woody plants, or tall plant forms;

Habitat complexity: the diversity or complexity of habitats at the site scale; Area: the area or size of

a habitat/patch; Mowing: the intensity of mowing or grazing at a site; Wildlife-friendly: whether a

site has been intentionally managed for wildlife; Activity: the amount of human or management

activity at a site; Pesticides: the amount or presence of pesticides; Temperature: temperature at a
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site; Rainfall: amount of precipitation; LANDSCAPE SCALE: Built-space: a proxy of urbanisation, the
proportion of built-space (impervious surfaces such as buildings, roads, pavement etc.) around a
site, measured at varying degrees of resolution and radii; Greenspace: proportion of vegetated area
of any description, measured at varying degrees of resolution and radii; Isolation: how fragmented a
site is or isolated from natural areas; Distance to city centre: how far away a site is from the city of a
centre, often in terms of a gradient approach; Landscape diversity: the diversity or heterogeneity of
landscapes; Housing density: the density of houses measured at a landscape scale; Low housing
density and High housing density: some studies differentiated levels of housing density; Human
density: human population density around a site at the landscape scale; Socio-economics: socio-
economic status of a neighbourhood; Traffic: traffic levels, distance to major roads. Note there is

much variation in the number of studies that have investigated different explanatory variables

Reviewing studies that have investigated a range of local and landscape features in
urban habitats, it is evident that no single factor emerges as being consistently
associated with determining native bee abundance or species richness, however some

general patterns are evident (Fig. 2.5).

Diversity, and especially abundance, of floral resources more often has a positive
than negative effect on bee populations in terms of both bee abundance (Fig. 2.5a,
Prendergast 2021). However, in an equal amount of cases, floral attributes had no
effect. Floral abundance and richness likewise more often have positive than
negative impacts on bee species richness (Fig. 2.5b); the relationship however
between floral species richness and native bee species richness is dominated by non-
significant associations, and in just under 15% of cases, even significant negative
associations. Native flora also are generally beneficial, but may not necessarily boost
bee abundance or species richness. With evidence in other landscape types that bees
are more strongly correlated with the abundance of a few particularly attractive plant
species than with plant diversity (Haaland et al. 2011; Lazaro and Totland 2010;
Rundlof et al. 2014), it is important that strategies in increasing flower abundance be
targeted to plant species that are proven to be preferred by bees, and that maximise
offspring production. Oligolectic bees (those that are specialised to forage for pollen
on a restricted taxonomic range of plants) are inevitably tied to the limited plant taxa

they forage on; even for generalists, fitness can be greatest on single-species pollen
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diets if these are high protein, sterol and essential amino acid content (Di Pasquale et
al. 2016; Moerman et al. 2017).

Although floral resources appear to be of greater importance than nesting resources,
availability of nesting resources can be significant in limiting bee populations (Fortel
et al. 2016). Our review indicates that across urban bee studies less ground-cover
(i.e. greater amounts of open, natural substrate) tends to increase bee abundance, and
is especially important in promoting greater bee species richness (Fig. 2.5). This
relates to how ground-nesting bees, which comprise the majority of species globally
(Plant and Paulus 2016), require patches of bare or semi-bare ground to excavate
nests. More trees, which represent nesting resources, but potentially foraging
resources if they are angiosperms, is also more often beneficial than detrimental for
bee abundance, and promotes bee species richness (Fig. 2.5). Greater openness also
tends to promote bee abundance (Fig. 2.5a). Increasing site age also was found to
support more bee individuals (Fig. 2.5a). Area tended to be associated with more bee
species (Fig. 2.5b), as expected from the species-area relationship (Connor et al.
2000). In contrast, there were inconsistent effects on bee abundance (Fig. 2.5a). This
may be due to the area-abundance relationship being in play in some cases (Taki et
al. 2018), whereas in other cases a density effect was occurring whereby bees
obtained higher densities in smaller areas (Andersson and Hambéck 2012). In the
majority of cases mowing or grazing negatively impacted bee abundance, whereas
there was no consistent association with species richness (Fig. 2.5). Despite evidence
of pesticides harming bees (Goulson et al. 2015), no effect was found for abundance

in two of three studies, and three of four studies for species richness (Fig. 2.5).

At landscape scales, although built-space was more often negatively than positively
correlated with bee abundance and richness, in almost 50% of cases there was no
impact (Fig. 2.5). Proportion of greenspace most frequently had no effect on bee
abundance, and had variable associations with species richness (Fig. 2.5). Isolation
from natural areas tended to negatively impact bee abundance and especially species
richness (although non-significant results dominated for abundance), whereas
distance from city centres tended to have a positive association with bees (Fig. 2.5).
Landscape diversity was not associated with more bees or species (Fig. 2.5).
Housing density had no effect on bee abundance, but for studies that categories

housing density into low vs. high, low housing density tended to be positively
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associated with bees, whereas high density negatively associated (Fig. 2.5).
Interestingly, for human density, although limited to three studies, all found positive
associations with bee abundance, whereas two found positive and one negative
association with species richness (Fig. 2.5). Socio-economics had both positive and
negative effects for abundance (two studies each), but high socio-economic
parameters were more often negatively associated with richness (two out of three
cases) (Fig. 5). Although roads are pervasive in urban areas, only three studies have
investigated traffic flow or distances to major roads as a factor influencing

abundance, and two for species richness, all finding no effect (Fig. 2.5).

Part of the variation in total abundance and diversity to these explanatory variables
may arise from differences in the life-history strategies of different bee taxa. Whilst
comparisons are limited by low sample size, some associations emerged
(Prendergast 2021: Dataset 2, 3). Considering nesting guild, non-significant
associations dominated for both ground and above-ground cavity nesters and
responses were similar. Differences occurred for built-space where only ground-
nesting bee species richness was negatively affected; cavity-nester abundance was
more negatively associated with area; ground-nesters were negatively associated
with site age whereas the association with cavity-nesters was positive or neutral for
both abundance and species richness; and for openness, counter-intuitively, positive
associations were only found for abundance of above-ground cavity-nesters. There
was some divergence in response to explanatory variables based on sociality: only
social species abundances benefited from more abundant and diverse flora, which
may relate to how social bees require more food and also are polylectic; only solitary
bees were negatively associated with floral parameters and area. For body size, small
bees exhibited more variation in their association with floral diversity, and only
large-bodied bee species richness was negatively associated with built-space whereas
only small bees were positively associated. Lecty had little influence, except for how
only specialist abundances were positively associated with area, and negatively with
built-space. The main difference regarding bee species’ origin was that exotic
species abundance was often negatively associated with native flora, and native bee
abundance responded more favourably to built-space. Honeybees were strongly
associated with flower abundance, more so than bees overall, which also raises the

question of whether positive associations are largely driven by honeybees when
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analyses are performed with honeybees included as the total bee response.
Honeybees also were often positively associated with built-space. Bombus
abundance was also predominantly positively associated with flower abundance.
Low sample sizes of other phylogenetic groupings limit comparisons.

2.4.4. Urbanisation and non-native species

Urbanisation tends to favour non-native, often invasive, species (Gaertner et al.
2017). However, the impact of non-native plants and pollinators on their native
counterparts regarding pollination, pollinator behaviour, and fitness consequences
range from facilitative to competitive, and are dependent upon the bee and floral
species, their traits, and environmental context (Fig. 2.6). Categorising species as
“native/non-native” may hold little predictive power in their impact on native bees
(Stout and Tiedeken 2017). There is a need to quantify the impact of exotic plants in
order to make informed decisions rather than prescriptive assumptions that designate
all natives as “good” and all introduced species as “bad” (Sagoff 2005). The extent
to which invasive plants are incorporated into the diets of pollinators, and their effect
on pollinator fitness, is likely to depend on their phylogenetic similarity to native
flora used by resident pollinators, pollination syndrome, nectar/pollen chemistry and
nutritional value, and the phenological and morphological match between exotic
flora and resident pollinators (Memmott and Waser 2002; Stout and Tiedeken 2017).
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Fig. 2. 6. Impacts that the proliferation of non-native/exotic flora such as ornamentals and weeds in urban areas have on native bee assemblages. The left-hand side details
aspects associated with an increase in non-native taxa in urban areas and how these benefit bees, ultimately leading to a greater abundance and/or diversity of bees,
whereas the right-hand side details aspects that are detrimental to bees and how this can lead to lower abundance or diversity of bees. Some facets interact with others,

altering the valence of the impact on bees. *K = carrying capacity. Refer to Online Resource 1 for references.
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It has been hypothesised that invasive species promote the growth and spread of
other invasive species (Simberloff 2000). The high abundance of alien flora in urban
habitats may therefore favour the proliferation of non-native bees over native bees
(Aizen et al. 2008). However, in contrast with patterns observed in non-bee taxa
where non-native species dominate urban assemblages (McKinney 2002), there is
little evidence that non-native bees are a major component of urban bee
communities, comprising 18.4 + 4.05% of overall abundance (n=27), and 10.5 +
1.66% of species (n studies = 36) (Prendergast 2020: Dataset 1).

European honeybees occur in hives managed by urban beekeepers (Lorenz and Stark
2015; Moore and Kosut 2013), as well as in feral colonies (Morse et al. 1990). As a
hyper-abundant, eusocial, opportunistic floral generalist, concerns have been raised
that honeybees compete with native bees (Moller 1996; Moritz et al. 2005; Pyke
1999). A non-native species across most of its range, honeybees might be expected
to be favoured by urban habitats (Carre et al. 2009); however, honeybees were
within the three most numerically-dominant species in less than half of urban bee
studies (44 out of 102 surveys where data was presented) (Prendergast 2020: Dataset
1). Across 90 studies where data was presented on the percentage of all bees
represented by honeybees, honeybees comprised 25.2% + 2.64% (Prendergast 2020:
Dataset 1). This contrasts markedly with studies in agricultural systems where
honeybees often represent 80-92% of bees (Carre et al. 2009). However, this may be
an artefact of sampling methods (Prendergast & Hogendoorn 2021) in over three-
quarters of studies using only passive methods honeybees were not dominant,
whereas in approximately 60% of studies that used observations or sweepnetting,

honeybees were dominant (Prendergast 2020: Dataset 1).

Few studies have considered how the introduced honeybee impacts native bee
assemblages. In many studies, because honeybees are “managed”, data on honeybees
is excluded, thereby removing a potentially important explanatory variable (refer to
Prendergast 2020: Dataset 1). Of the few studies where associations between
honeybees and native bees could be assessed, three found a negative (Martins et al.
2017; Rollings and Goulson 2019; Ropars et al. 2019), six found positive
correlations (Archer 2013; Blindbak 2017; Fukase and Simons 2016; Gunnarsson

and Federsel 2014; Kratschmer et al. 2018; Lomov et al. 2010), one found a negative
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association with species richness but not abundance (Plascencia and Philpott 2017),
and four found no association (Fitch et al. 2019; Frankie et al. 2013; Maclvor and
Packer 2016; Wilson and Jamieson 2019). Divergences in foraging preferences
reported (Garbuzov et al. 2015a; Hennig and Ghazoul 2011; Plascencia and Philpott
2017) could be considered to indicate no competition due to resource partitioning, or
alternatively that honeybees are excluding native bees. Negative associations based
on habitat type (Hausmann et al. 2015; Threlfall et al. 2015) may indicate either
competition, or different habitat preferences. Negative correlations may be due to
divergent responses, rather than competition, given that honeybees are often
favoured in more disturbed habitats, with more non-native plants, typical of
cityscapes, whereas native bees suffer under these conditions (Aizen and Feinsinger
1994).

Observations of honeybee and native bee interactions from agricultural or natural
habitats may not apply in urban contexts due to differences in native bee and plant
community composition, honeybee densities and durations of hive presence.
Although at densities lower than in cropping landscapes, the constant densities of
urban hives (e.g. ~10 colonies/lkm? in London) (Alton and Ratnieks 2016; Barnes
2015), can exceed those estimated to be beyond which honeybees exert negative
impacts on wild bees in “pristine” natural habitat (Torné-Noguera et al. 2016).
However, the high abundance of honeybees, their ease of management, relative
insensitivity to disturbed landscapes, generalized foraging behaviour, large flight
distances promoting gene-flow in fragmented landscapes, and long season of
activity, may make honeybees important pollinators of urban flora (Dick 2001;
Lowenstein et al. 2014). With a rising interest in urban agricultural and urban
beekeeping (Moore and Kosut 2013), it is important to identify opportunities for
supporting both wild native bees and managed honeybees in urban environments.

A failure to consider honeybee competition may, however, give rise to
counterintuitive findings. For example, although oligolectic bees are predicted to be
vulnerable to urbanisation, honeybees have a greater floral niche overlap with
polyleges; thus in areas of high honeybee densities, generalists may in fact be more
vulnerable to declines or extirpation (Goodell 2000; Thorp et al. 2000). Studies

aiming to identify optimal flora for attracting native bees in urban habitats should
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remove the potential for competition from honeybees, given that honeybees may
exclude native bees from foraging on resources they otherwise prefer (Dupont et al.
2004; Gross 2001).

2.4.5. Ecological traits of urban bee assemblages

Species do not respond uniformly to land-use change; a species’ response to
urbanised landscapes will depend on life history characters and ecological traits such
as resource specialisation, flight season duration, sociality, nesting habits, and body
size—which is highly correlated with both mobility/foraging range, energetic
requirements and thermoregulatory abilities (Bates et al. 2011; Cariveau et al. 2013;
De Palma et al. 2015) (Table 2. 2). Species with narrower niches, in terms of floral
specialisation, flight season duration, volitism, thermal tolerances, and flight ranges,
are more sensitive to environmental pressures than species with broad niches (De
Palma et al. 2015).

Urbanisation acts as a selective force filtering out species that are maladapted to
urban conditions, and selecting for “urbanophilic” species which may reach high
abundances, at the expense of other species (McKinney 2006). Even if species
richness and/or abundance is similar between habitat types, community composition
and evenness is often altered (Faeth et al. 2011; Harrison et al. 2017). Specialised
bees and those with a limited ability to move between dispersed resources are often
depauperate in urbanised landscapes (Banaszak-Cibicka and Zmihorski 2012;
Vanbergen 2013; Vanbergen 2014). In contrast species that can exploit
anthropogenic structures for nesting, or the abundance of ornamental plants may
increase in these “novel” environments (e.g. Banaszak-Cibicka and Zmihorski
(2012); Bates et al. (2011); Deguines et al. (2012)). Shifts in community
composition, functional diversity and taxonomic composition of bee assemblages
can have implications for pollination, as functional trait diversity has been shown to
maximise pollination (Burkle et al. 2013; Friind et al. 2013). Elucidating what traits
cause species to vary in their response to environmental and ecological variables in
urban environments requires further research. Traits such as resource specialization,
body size, sociality, nesting substrate, and kleptoparasitism can be expected to

determine the success of bee taxa in urban landscapes (Table 2. 2).
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In urban areas, polylectic foragers predominate, and even thrive, whereas some
oligoleges are reduced or lost altogether (Jedrzejewska-Szmek and Zych 2013).
Oligolectic bees appear to be underrepresented in urban bee assemblages, averaging
17.4+3.23% of species (n=27) and 16.3+£8.07% of individuals (n=12) (refer to
Prendergast 2020: Dataset 1), which compares with estimates of 26-33% species
being oligolectic globally (Waser and Ollerton 2006). Disruptions of co-evolved
symbioses through anthropogenic land-use modification places oligolectic species at
greatest risk of extirpation (Didham et al. 1996). Specialist species may fail to
develop when fed non-host pollen, and will not use other pollen available even when
their host plants fail to flower (Praz et al. 2008; Strickler 1979). Lower effective
population sizes of oligoleges also renders them at higher risk of extinction from
stochastic and genetic events, reduce adaptability, and increase metapopulation
extinction (Frankham et al. 2002; Zayed 2009). Nevertheless, there is evidence that
some oligolectic species can persist in urban areas provided their specific floral hosts
are available, and may even benefit if urbanisation increases the supply of their host
plants (Cane et al. 2006). For example, a survey in Brazil assessing urbanisation
impacts at a single site over forty years recorded a small increase in the proportion of
oligolectic species, even as overall decline in bee richness and abundance overall
declined (Martins et al. 2013).

Body size has also been predicted to influence the ability of a species to persist in
urban habitats, but predictions vary regarding directionality of the response (Table 2.
2). Our review shows large-bodied bees tend to dominate (19 out of 35 cases). It
should be noted that there is no standard for categorizing bees into body-size classes,

making conclusions tentative.

Predictions about how sociality influences bees in relation to urbanisation also vary
(Table 2. 2). Social bees numerically dominate urban bee communities, whereas for
species richness there is no clear dominant social category. Solitary bees comprise
29.4 £ 4.54% of individuals (n=30) and 47.5 £ 4.55% of species (n=29) in urban
environments, which however is much lower than the 75% of all species globally
that are solitary (Plant and Paulus 2016). However, it should be noted that for

halictids, which exhibit variation in sociality, even within a species (Yanega 1997),
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author’s varied regarding which sociality category they assigned this taxonomic

group to.

Kleptoparasites are predicted to be vulnerable to urbanisation, with complex
consequences on hosts (Table 2. 2), however urban environments can still represent
supportive habitats for this guild (Tscharntke et al. 1998). Our review found that in
urban areas kleptoparasites average 9.71% = 1.14 of species (n=54), less than the
approximately 15% of bee species worldwide that are kleptoparasites (Wcislo and
Cane 1996). Only one study provided data on parasitism rates (32.35% (Archer
2013)), similar to the global average of 30% (Wcislo 1987). Kleptoparasites
represent only 1.80% + 0.54 of individuals (n=28) in cities, similar to relative
kleptoparasite abundances in natural habitats (e.g. Minckley (2008)). Kleptoparasitic
abundance and diversity are rarely associated with any explanatory variable
(Prendergast 2020: Dataset 2, Prendergast 2020: Dataset 3), which may be due to

their dynamics being more influenced by host populations.

Bees of different nesting guilds might be expected to show different responses to
urbanisation, due to how urbanisation impacts substrates for ground-nesting vs.
cavity-nesting taxa (Table 2. 1, 2) (Krombein 1967). Although it has been proposed
that species nesting in small cavities predominate in urban areas (Cane et al. 2005),
ground-nesting bees often represent the majority of urban bees in both abundance
and species richness (Prendergast 2020: Dataset 1). On average, ground-nesting bees
represent 63.2% = 5.59 (no. studies = 28) of individuals, and 62.0% + 4.17 (no.
studies = 34) of species, somewhat lower than the global-level of 70% (Cornell
University College: Department of Entomology 2017). However, in studies
comparing nesting bee community composition across gradients of urbanisation,
above-ground/cavity-nesting bees do tend to respond favourably (Fortel et al. 2014;
Hernandez et al. 2009; Kennedy et al. 2013; Mazzeo and Torretta 2015). This
contrasts with a review that found cavity-nesting bees were most vulnerable to
“environmental disturbances” (Williams et al. 2010). This may relate to how cavity-
nesting bees can capitalise on the novel substrates present in urban areas (Gess and
Roosenschoon 2017; Maclvor and Moore 2013; Prendergast 2019) (Fig. 2.7).
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Urbanisation is often associated with a reduction in community evenness in various
taxa, with assemblages being overwhelmingly dominated by just a few highly
abundant species whilst the majority of species occur at relatively low abundances
(Shochat et al. 2010). However how urbanisation affects bee community evenness is
equivocal. Some studies find that urban bee communities exhibit high community
evenness, maintained even when diverse species are abundant (Normandin et al.
2017), and that evenness is robust across land-use types (Leong 2016). In contrast,
Cane et al. (2005) found bee genera that are numerous, abundant and widespread
were those most commonly represented in cities, where 90% of native bee

individuals belong to just a dozen genera.
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Table 2. 2. Predictions on how bee functional traits will influence how bees respond (at a relative advantage or disadvantage) to urbanisation.

Functional trait Categories Predictions References
Advantaged Disadvantaged
Body-size Larger Greater mobility in fragmented Higher energy demands (Cane et al. 2006; Harrison and Winfree
2015; Martins et al. 2013; Miiller et al. 2006;
landscapes _
Wright et al. 2015)
Smaller Lower energy requirements Limited mobility (Banaszak-Cibicka and Zmihorski 2012;
Harrison et al. 2017; Torné-Noguera et al.
2014; Tscharntke et al. 1998; Wray et al.
2014)
Sociality Social Numerically dominant, Found to be negative affected by (Banaszak-Cibicka and Zmihorski 2012;
i . . . L Chapman and Bourke 2001; Roubik 2001;
Highly efficient foraging, Polylectic anthropogenic disturbance - _
Williams et al. 2010; Winfree et al. 2009;
Store food More susceptible to pesticide exposure  zanette et al. 2005)
Solitary Found to be more resilient to Smaller population sizes (Roubik 2001; Williams et al. 2010; Winfree
L i et al. 2009)
anthropogenic disturbances Lower reproductive rates
Do not store food
Host/ Host If kleptoparasites are disadvantaged, Depending on body size, search (Archer 2013; Egerer et al. 2017; Holzschuh
. . . . — et al. 2010; Roland and Taylor 1997;
kleptoparasites lowered rates of parasitism-induced capacities & host-specificity,

mortality

kleptoparastic species may be less

sensitive than a host, exacerbating

pressures on host populations

Tylianakis et al. 2007)
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Nesting

substrate

Kleptoparasite

Below-ground

Above-ground

Parasitoids increase with increasing

landscape diversity

More open habitat
Sand-pits, roadsides, vacant lots,
building sites provide nesting habitat

Soils are not tilled

Installation of bee hotels
Cavities in brick mortar, adobe walls,
cavities & nail holes in wooden

telephone poles, fences & other

wooden man-made structures, bamboo

stakes in gardens

Specialisation & species occupying
higher-trophic levels associated with
greater sensitivity to disturbance
Fate dependent upon hosts

Low population sizes

Turf, pavement, fake grass unsuitable
Regular mowing, weeding, irrigation,
mulching, & weed-barrier fabrics
prevent establishment & disturb
ground-nesting bees

High surface run-off & erosion from
storm drains & ditching

Removal of dead trees & wood

Few large, old trees

Removal of lantana & blueberry weeds

(Albrecht et al. 2007; Cane et al. 2005; Fortel
et al. 2014; Holzschuh et al. 2010; Loyola and
Martins 2006; Steffan-Dewenter and Schiele
2008; Tscharntke et al. 1998; Tscharntke et
al. 2002)

(Benjamin et al. 2014; Cane 2015; Cane et al.
2005; Linsley 1958; Matteson et al. 2008)

(Alves-dos-Santos 2003; Boyle and Pitts-
Singer 2017; Roldén and Cilla 2012; Roulston
and Goodell 2011)
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2.4.6. Are urbanised areas bee-friendly habitat?

Despite global bee declines (Tylianakis 2013), cities across the globe have been
found to harbour remarkably intact, diverse and abundant bee assemblages (Fig. 2.
2a, Fig. 2. 5, Prendergast 2020: Dataset 1). Bumblebees, the most well-studied wild
bee group (Fig. 2. 2b, c), and one of the most-globally threatened (Goulson et al.
2008; Williams and Osborne 2009), are frequently more diverse and abundant in
urban habitats than in rural habitats and native forested habitats (Baldock et al. 2015;
Gunnarsson and Federsel 2014; Osborne et al. 2008; Theodorou et al. 2016, 2020;
Winfree et al. 2007).

Although some cities are deficient in rare bees (Harrison et al. 2017), other cities
harbour rare endemic bees: a survey of four tree species in the urban region of
Berlin, Germany, found that 17% of bee species were listed as endangered on the
Red List of Threatened Species (Hausmann et al. 2015). In Northampton, UK, the
urban core hosted a greater abundance and diversity of solitary and primitively
eusocial native bees than did nearby meadows and even high-quality nature reserves
(Sirohi et al. 2015).

Even though wild bees are adversely affected by some facets of urbanisation (Table
2. 1), some features of cities can be beneficial to bees (Fig. 2. 5). For example, in
ecoregions where natural habitats comprised dominant natural vegetation types that
are less favourable to bees, such as temperate forests (Grundel et al. 2010; Michener
2007), removal of native habitat of dense, floristically-poor wind-pollinated
deciduous forest and replacement with flower-rich urban habitats (e.g. roadsides,
waste-lands, and urban gardens) can be favourable for bees (Hall et al. 2017; Sirohi
et al. 2015). By comparison, in regions with natural habitats that have a high,
continuous supply of diverse bee-friendly flora, native bees may respond less
favourably to replacement of natural vegetation by urbanised landscapes (e.g. South
America) (Martins et al. 2013).
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Factors associated with urbanisation
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Fig. 2. 7. Aspects of the urban environment that can be beneficial for bees. Refer to Online Resource 2 for references.
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Cities may boast a high abundance of bees if developed on originally highly
biodiverse areas (e.g. southwest Australian biodiversity hotspot) (Kihn et al. 2004;
Yates et al. 2005). That species richness is naturally high in areas undergoing rapid
urban expansion underscores the importance of identifying how best to manage

urban growth to preserve that local bee biodiversity (Luck 2007).

2.5. KNOWLEDGE GAPS AND FUTURE RESEARCH DIRECTIONS
FOR BEES AND URBANISATION

A critical evaluation of these studies on urban bees has allowed identification of gaps
in knowledge and shortcomings of studies, and factors to consider when evaluating
urban bee studies. This includes: geographic biases, historical land-use, sampling

methodologies, habitat classification, sampling methodology, and scale of analysis

Documenting patterns of urban bee biodiversity has been geographically biased (Fig.
2. 3). Caution is therefore needed when extrapolating findings globally, as bee taxa
responses to land-use change are likely to differ greatly according to climate, biome,
phylogeny, and types of human impacts (Faeth et al. 2011). Further studies under-
represented biomes and continents (Fig. 2. 3) are required to determine whether
trends reported in this review are valid across other biogeographic regions. Divergent
responses of bees to the same broad pressures are likely given variation in species
composition, as well as the different nature of threats across different regions based
on differences in land-use history, climate and phenology. Whilst part of the
variation in responses of bees to environmental factors appeared to be due to
differences in life-history traits of bees, there may also be interactions between
geographic region and environmental factors on their effect on bee communities.
Once more research is conducted in under-represented regions, this would be a

fruitful topic to explore.

Historical land-use and the age of a city is likely to have a major influence on the
composition of contemporary urban bee communities (Cusser et al. 2015), although
there is also evidence that bees respond considerably rapidly to landscape alterations
(Bommarco et al. 2014). Cities established for long periods may have bee fauna

representing only those taxa that have tolerated or adapted to the city environment,
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whereas in recently urbanized areas, bees have not had adequate time to adapt or
develop adaptive behaviours, and sensitive species may not yet have been eliminated
due to lag effects (Ramalho and Hobbs 2012; Ramalho et al. 2014). However such
historical or legacy effects have not been specifically investigated when evaluating
how bees respond to urbanisation. Only four studies (Archer, 2013; Frankie,
Rizzardi, Vinson et al., 2009; Martins et al., 2013) have addressed long-term (> 5
years) bee community changes under urbanisation, with no clear consistent findings
(Online Resource 3). Moreover, these suffer from being comparisons in two points
in time; ongoing systematic monitoring over time is required (Cane 2001). Historical
land-use and eco-evolutionary history of the plant-pollinator community should
influence responses to urbanisation: species that evolved in landscapes with
spatially-contiguous flora may be most vulnerable to urbanisation, whereas species
that evolved in landscapes characterised by naturally-fragmented plant populations
may be more tolerant (Hopper and Gioia 2004; Menz et al. 2011). However, in areas
that have only recently been subject to anthropocentric modification, the pool of
species may be more likely to show losses and declines. In Western Europe, much of
the land has been under intensive farming for most of recent human history, and little
truly “natural” habitat remains; it can be predicted that species assemblages may
show little response to land-use modification owing to “extinction filters” already
eradicating disturbance-sensitive species (Balmford 1996). Future work requires
addressing these predictions.

Inconsistencies between urban bee studies may arise due to methodological
differences (Fig. 2. 2a); pan trapping is one of the most popular methods of bee
sampling but is inferior to sweep-netting, creating differences in species capture rates
between studies conducted in different regions (Prendergast et al. 2020). Moreover,
pan traps cannot discriminate floral visitors vs. itinerant species, and captures fewer
bees when resources are more abundant, resulting in misleading information about
habitat quality (Popic et al. 2013; Prendergast et al. 2020). Taxonomic biases in
captures between different methods means entire guilds of bees can be largely
unrepresented, which may be particularly problematic in urban bee studies:
Megachilidae are poorly represented in pan traps, yet as cavity-nesting bees, they are
successful in urban habitats based on observations, trap-nest occupancy, and sweep-
netting (Mazzeo and Torretta 2015; Prendergast et al. 2020). Trap-nesting studies

have the power to determine the fitness of bees and whether bees are merely
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transient visitors or are residing and/or colonising and reproducing in urban habitats,

however they are limited to cavity-nesters.

Urban landscapes can differ markedly in impervious and “greenspace” cover, design
and configuration (Fuller and Gaston 2009). A mechanistic understanding of factors
determining urban bee assemblages is needed where studies measure variables (e.g.
floral diversity and abundance, proportion of native flora, nesting substrate
availability, patch size, connectivity), rather than provide merely categorical
descriptions (e.g. “garden”, “brownfield site”). Part of the variation reported here on
the effect of urbanisation on bees likely stems from how there is no clear definition
of what defines an urban landscape (Mclntyre et al. 2008). Rural-to-urban
approaches, which constituted 24 studies in our review, are oversimplified and
cannot identify the mechanisms underlying patterns in bee assemblages: most
regions do not exhibit clear gradients in the underlying drivers of bee diversity along
the rural-urban gradient (Ramalho and Hobbs 2012). Very few studies defined
explicitly what constituted an “urban area”, and for those that did, definitions varied

(1113

widely e.g. compare ““urban” areas, defined as those sites that are located within the
bounds of private or public property dedicated to uses other than conservation. All
the sites in this latter category were areas dominated by human urban or suburban
development, such as railroad margins, ornamental gardens and the like” (Molumby
and Przybylowicz 2018) with “>50% impervious cover” (Glaum et al. 2017). Under
the latter definition, “village” habitats considered urban in Samuelson et al. (2018)
based on clustering analysis would be considered to fall outside this category, having
on average 13.8 (+3.7)% impervious cover, and the “urban” sites from the study by
Nakamura and Kudo (2019) would fail to be considered urban, comprising 66.9%
forest, 4.1% open grassland, 5.5% green-rich residential district, 9.7% pasture, 4.8%
abandoned crop field, and 8.3% developed land, yet these urban sites were clearly
distinct from their “natural” sites which had negligible (<0.2%) developed land, no
agricultural/cropland, only 2.8% managed grassland, and was predominantly forest
(95.2%).

For studies assessing the intensity of urbanization, some compared habitat types
considered by the author’s to be more urban than others; for other studies it was

distance from the city centre; in other studies it was proportion of impervious
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surfaces or “development” or pre-defined land-use categories by management

agencies, at varying distances, at various grain sizes in the surrounding landscape.

Variation also occurred in what constituted “natural” habitat: is some studies grazed
grasslands were considered “natural”, whereas in others natural landscapes referred
to legally conserved areas with minimal anthropogenic influence. “Greenspace” also
was vaguely defined (if defined at all) (Taylor and Hochuli 2017) (e.g. “any location
where vegetation comprises at least 50% of the ground area” (Stewart et al. 2018).
Our review emphasizes that not all greenspaces — be they natural greenspaces outside
of urban areas, or various vegetated areas within urban areas — are equally suitable
habitat for bees. Whereas in some regions ‘greenspace’ may comprise native
vegetation (forest, heath, grassland), in others it may comprise lawns or managed
gardens. This can also explain why there was such variation in bee responses to the

proportion of “greenspace” in a landscape.

Many studies in urban landscapes categorise land-cover at coarse scales (>30m),
which fail to capture the fine-scale mosaics of greenspace in and around urban sites
which provide important foraging and/or nesting habitats for urban bees (Koh et al.
2016; Zhao et al. 2019). Therefore, a grid-cell categorized as “intensive” urban
habitat (highly developed) may actually host valuable plant species as road verge
vegetation, which collectively may ameliorate negative effects of landscape
intensification. It is likely that bees - small, yet mobile animals - perceive their
environment at scales that satellite imagery cannot detect. Future studies should
focus on mapping at finer resolutions (e.g. Zhao et al. 2019) or use alternative
methods to capture the nuances of cityscapes such as emerging drone-based high

resolution images.

Although there is a global push to “green” cities, few city planners consider creating
landscapes that are pollinator friendly. Research is required to determine the optimal
floral selection for native bees in urban habitats. Rather than floral abundance or
diversity, floral composition may be of overriding importance (Picango et al. 2017).
Of urban bee studies that examined whether floral community composition explained
variation in urban bee communities (n=27), 25 reported significant effects

(Supplnfol). There is no shortage of lists of “pollinator-friendly” plants, but few are
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supported by empirical data (Garbuzov and Ratnieks 2014a). Many anecdotal lists of
“bee-friendly” flowers focus on generalists (honeybees and bumblebees), and are of
little value to solitary bees (Garbuzov and Ratnieks 2014a). Preference tests need to
be conducted in urban environments because plant species can vary in attractiveness
to pollinators depending on the landscape type (Frankie et al. 2013; O'Neill et al.
2004). Importantly, weeds may act as potential resources for urban bees, but this

topic is understudied.

Because standard practices of weed removal, pesticide application, and mowing in
most managed gardens reduce bees (Rundl6f et al. 2015; Wastian et al. 2016), it can
be predicted that wild bees within urban regions may depend on retention of
“unmanaged” natural areas in the urban matrix (Batista Matos et al. 2013;
McFrederick and LeBuhn 2006). Native vegetation in urban landscapes is the
overriding factor in determining the persistence of unique and rare urban bee species
(Geslin et al. 2016).

Native vegetation remnants may also represent important refugia, being the only
sites where specialist bees that are dependent upon particular native plant species can
persist in an otherwise hostile urban matrix (Letourneau et al. 2012; Venturini et al.
2016). As source habitats with spill-over effects, they are a source of pollinators in
more modified greenspace sinks (Hunter 2002; Ockinger and Smith 2007).
Establishing or maintaining ecological connectivity between native remnant source
populations will be important for enabling native bees to move throughout urbanised
landscapes (Banaszak-Cibicka et al. 2016). “Hotspots” where native bees are
particularly abundant can be used to guide restoration of other sites, or even seed
sites with pollinators; such sites must be prioritised for protection against urban
development. However, identifying practices that maximise the value of
anthropogenic greenspaces is also important because native vegetation remnants may
be of insufficient size and connectivity (Allen-Wardell et al. 1998; Rosenzweig
2003). Greater investigation into the importance of large, old trees as nesting
resources for bees in urban areas is required to prevent potentially important nesting
habitats from being removed. Research into how well artificial “bee hotels” can
compensate for losses of natural nesting resources for cavity-nesting bees and

identifying of optimal bee hotel design holds promise for increasing reproductive
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output of cavity-nesting bees (agricultural examples: Bosch et al. (2000); Boyle and
Pitts-Singer (2017)).

Our ability to restore fully functional natural habitats and reintroduce bees in urban
landscapes is a major knowledge gap. Fischer et al. (2016) evaluated bee responses
to restoration, and found limited positive outcomes: bee community composition did
not differ between wastelands restored by planting native grassland flora compared
with unrestored wastelands and other greenspaces, and of nine bee species
contributing the most to assemblage patterns, only three responded significantly
(positively) to restoration. Restoration projects in other landscapes suggest removing
exotic shrubs can increase pollinator species richness, floral visitation, and
interaction richness and diversity (Kaiser-Bunbury et al. 2017), but this may not be
true in urban contexts. Modelling based on empirical data may guide restoration to
increase chances of success; for example, using a systems approach surveying 360
sites comprising nine major land-uses across four UK cities, Baldock et al. (2019)
found improved management of public greenspaces represented the greatest potential
for increasing pollinator habitat quality. Modelling the effect of increasing three
abundant, frequently visited plant species, this was found to increase pollinator

network robustness.

It is unknown if bees can recolonise patches unaided from which they have been
extirpated. Given the limited flight ranges of many bees (Zurbuchen et al. 2010), it
cannot be assumed that “plant it and they will come” (Tasker et al. 2019); proximity
to healthy source populations may be the only practical means to reinstate native
bees in restored/designer landscapes. Because many bees are philopatric (Cane et al.
2006; Michener 2007; Morato and Martins 2006), in some cases it may be necessary
to translocate native bees (Seddon 2010), for the benefit of both bees and plants.
Mark-recapture studies and population genetic analyses are needed to understand
how bees use the landscape for foraging and nesting, both at individual and
metapopulation levels, and whether green corridors provide connectivity between

patches in urban landscapes.

As cities expand, how to best develop cities in harmony with biodiversity is a

challenge. In the context of urban design, land sharing involves extensive urban
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sprawl with an interspersion of built land and greenspaces, whereas land sparing
involves intensive, compact built spaces leaving aside larger contiguous greenspaces
(Lin and Fuller 2013). There is some evidence that to optimise ecosystem services,
land sparing is superior to land sharing in urban ecosystems (Stott et al. 2015), and
recent research indicates urban native vegetation remnants are crucial for conserving

native bees (Prendergast 2018a).

2.6. CONCLUSIONS

Here we show that responses of bees to urbanisation differ considerably compared to
what occurs in response to agriculture, despite both causing fragmentation and
destruction of natural habitat. Moreover, in some cases urbanisation can represent a
bee-beneficial landscape compared with natural landscapes. Strategies to conserve
urban areas therefore cannot be extrapolated from agricultural schemes. We
furthermore found that responses of bees to urbanisation differ widely according to
life-history strategy of the bee taxa involved. Our identification of short-comings
from the literature so far provide meaningful recommendations for where to focus
future research efforts on how to progress the field of urban ecology and
conservation of bees in cities. If we are to mitigate the global decline in bees, a
greater understanding of how bees respond to urbanisation is required so that
effective management strategies and restoration/landscaping strategies are designed
and implemented. Most importantly, it is evident that urban areas have the potential
to successfully harbour native bees, with their attendant pollination services,

provided the ecological needs of species are understood.
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