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Abstract

Several species of wild bees are in decline globally and the presence of managed honey bees is
one of many proposed stressors on wild bee populations. However, there is limited knowledge of
the impacts of honey bee hives on wild bees, especially in urban landscapes. There are also large
knowledge gaps for the amount of floral resources honey bees require, which is needed for
addressing whether landscapes have enough resources for all bees. | developed a model to
calculate the number of flowers and area a honey bee hive requires in temperate regions using
information compiled from published literature (Chapter 1), and I performed a field study to
assess the impacts of urban beehives on wild bees (Chapter 2). My model’s output is highly
variable due to the limited amount of available peer-reviewed literature on needed parameters,
but it serves as a starting point to assess how much floral resources honey bee hives require. My
field study’s main findings were that increasing honey bee abundance was associated with
decreases in the abundance and body size of certain bee species, as well as reduced species
richness and functional diversity. This research helps identify knowledge gaps in honey bee
foraging and floral resource availability research (Ch. 1). It also adds to the growing body of
literature aiming to assess whether honey bees are a stressor on wild bees in urban landscapes,
which will be valuable for informing conservation management practices and future research

(Ch. 2).
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Introduction

About one third of food crops rely on or benefit from animal pollination to some degree
(Klein et al. 2007), and bees are often the most effective pollinators of temperate flowering
species (Fontaine et al. 2006; Winfree et al. 2008). However, some wild bee species are in
decline (Potts et al. 2010a, 2016). There are several proposed reasons for pollinator loss,
including pathogen spillover from managed bees to wild bees (Colla et al. 2006; Cameron et al.
2011; Alger et al. 2019), and floral resource competition between managed and wild bees
(Mallinger et al. 2017). It is hypothesized that honey bees have the ability to compete with wild
bees for floral resources for many reasons, including their large number of workers causing high
pollen and nectar requirements (DeGrandi-Hoffman et al. 1989; Al-Ghamdi and Hoopingarner
2004). It is currently unclear if areas with introduced honey bees require additional floral
resources, and if so the quantity of floral resources, to ensure landscapes have enough resources

for all bees.

There is limited information about honey bee floral resource requirements, but it seems
likely honey bees could be taking huge amounts of pollen and nectar resources from their
surrounding environment, which may otherwise support wild bees (Cane and Tepedino 2017).
Honey bee floral resource requirements should be studied further to estimate whether landscapes
have enough resources for all bees. In addition, there is limited understanding of the conditions
where introducing honey bees has a negative impact on wild bees. There have been mixed results
from studies looking for associations between increasing honey bees and wild bee communities,
however about 50% of them show negative impacts on wild bees and the other half had either
mixed or non-significant impacts (Mallinger et al. 2017). Most studies on the impacts of honey

bees on wild bees have been done in natural or agricultural areas, with only a few studies



conducted in urban landscapes (Mallinger et al. 2017; Ropars et al. 2019; McCune et al. 2020).
Further research is needed on honey bee resource floral resource requirements and urban
beehives impacts on wild bees, so that we can have a better understanding of whether landscapes

have adequate floral resources available for wild bees and urban beekeeping.
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Introduction

Globally, many wild bee species are declining and there are regional declines in managed
honey bee colony numbers (Neumann and Carreck 2010; Potts et al. 2010b, a, 2016). The
European honey bee, Apis mellifera Linnaeus, is the most widely managed bee species in the
world. It is used for pollination and honey production, and has been transported to every
continent except Antarctica (Abrol 2012). Although, the global number of managed Apis
mellifera hives is increasing, it may not be rising fast enough to deal with the “pollination
deficit” caused by the increasing demand for animal pollinator-dependent crops (Aizen and
Harder 2009). Thus, determining how to support both wild and managed bees is of upmost

importance to ensure adequate pollination of our crops and wildflowers.

For honey bees, the most common reasons for hive losses are pesticide exposure (e.g.
neonicotinoids) (Tsvetkov et al. 2017), pests (e.g. Varroa destructor Anderson and Trueman),
pathogens (e.g. Nosema spp.) (Potts et al. 2010a; Goulson et al. 2015), and lack of proper
nutrition (Naug 2009; Branchiccela et al. 2019). Colony losses have been found to be associated
with areas that have a low ratio of open to developed land, which may indicate that lack of
forage may be a stressor on honey bees (Naug 2009). If forage is increased for honey bees,
beekeepers may save money and time by not having to supplement food (Honey Bee Health
Coalition 2017). Honey bees are also more likely to be negatively affected by pests and diseases
when they are lacking proper nutrition (Fries and Camazine 2001; Giacobino et al. 2014; Dolezal
et al. 2019). Reduction in diet diversity has been shown to decrease honey bee baseline
immunocompetence and social immunity (Fries and Camazine 2001). Correspondingly, high-
quality pollen diets have been linked to decreased mortality from Israeli Acute Paralysis virus

(Dolezal et al. 2019) and colonies that are fed pollen and nectar supplements were found to be



less likely to have Varroa destructor over 3% load (Giacobino et al. 2014). The synergistic effect
of pesticides and poor nutrition can greatly reduce honey bee survival and food consumption as

well (Tosi et al. 2017).

Properly managing honey bees is also important for wild bee species’ populations,
specifically in areas where honey bees have been introduced. Various studies have found that
increasing honey bee abundances had negative impacts on wild bees, such as decreases in body
sizes (Goulson and Sparrow 2009a), fecundity (Badano and Vergara 2011), and floral visitation
rates (Aizen and Feinsinger 1994). Floral resource competition is one of many proposed reasons
for wild bee declines, and other stressors including climate change, pesticides, disease, and
habitat loss, may pose greater risks (Potts et al. 2010a). Managed honey bee colonies can
transmit pathogens to native bee populations as well (Singh et al. 2010). Pathogen spillover from
managed bumble bees has been implicated in the declines of wild bumble bees (Colla et al. 2006;
Cameron et al. 2011), but there is growing concern about pathogen spillover from managed

honey bees as well (Colla and Maclvor 2017; Alger et al. 2019; Pritchard et al. 2021).

Floral resource competition also may have negative implications for honey bees as well
as wild bees. Henry and Rodet (2018) found that high hive densities (over 14 colonies/km?) had
a negative relationship with nectar (-44%) and pollen (-36%) harvesting by honey bees. Lower
hive density has also been associated with a reduced prevalence of diseases and parasites, and
higher honey production and overwintering colony survival (Brosi et al. 2017; Dynes et al.
2019). It is becoming increasingly important to ensure that there are enough floral resources
available for all bees in the landscape because many wild bee populations are declining, and

substantial management concerns for honey bees (Potts et al. 2010a).



Multiple studies have investigated honey bee nutritional needs and optimal hive density
of their colonies, which is an important aspect of understanding if landscapes have enough
resources for both honey bees and wild bees. Rodney and Purdy (2020) describe the current body
of literature on nectar and pollen requirements of honey bees, however most of the articles that
state the overall amount of nectar, honey, or pollen that is required by a hive do not cite
supporting data or sources. This shows the need for modelling these nutritional needs to provide
empirical evidence to these claims. Al-Ghamdi et al. (2016) conducted a field study to calculate
an optimum honey bee hive density in selected fields in the Kingdom of Saudi Arabia dominated
by flowering trees (fields dominated by Ziziphus spina-christi or Acacia tortilis). Another study,
also in Saudia Arabia, used a GIS approach to determine optimum honey bee hive density within
fields of Talh trees (Acacia gerrardii) using the number of colonies/tree as their metric (Algarni
2015). Esteves et al. (2010) developed a model to provide optimal distribution of bee colonies
with no specific locality, however this model did not incorporate the amount of resources plants
provide to bees in a certain area, instead they assume that the user knows the “carrying capacity”
of the plants, which is the number of bees that the plants can provide resources for. Given that
there is little empirical evidence for floral requirements of honey bee colonies and there has been
only one proposed model for optimizing honey bee colony density that could be used in
temperate areas, it is crucial to continue investigating methods that could estimate optimum

honey bee densities for land managers for multiple landscape types and contexts.

Hive density impacts all forms of honey bee management, including disease and diet
management (Brosi et al. 2017; Dynes et al. 2019). From a policy and monitoring perspective,
hive density is much easier to manage than disease and diet, as it is less labour intensive.

Optimal hive densities are recommended values for hives per unit area, but they do not



necessarily take into consideration the distribution across the area. Estimates of ideal hive
densities for honey bees have considerable uncertainty because of dynamic floral resource
phenology and honey bee management protocols. It would be difficult to create varying hive
density policies across regions because this would require many local-scale studies. Modeling
optimal hive density is a starting point for gaining empirical evidence to back up policy
discussions for improving honey bee and wild bee health. The objectives of this study were to: 1)
identify honey bee floral requirements and 2) model the number of flowers and forage area a
managed honey bee colony requires per year in agricultural and urban landscapes for adequate

honey harvesting in temperate climates, based on data from existing literature.

Methods
Literature Search

Before our literature search was conducted, we discussed the appropriate parameters
needed to model the number of flowers and foraging area for a honey bee colony per year with
multiple honey bee experts. A systematic literature search was then done using Web of Science
Core Collection for articles published up to, but not including, 2019 to extract information on
honey bee pollen and nectar requirements. Due to the nature of the question being asked in this
review, a systematic review was needed to collect information on multiple parameters. The
search was conducted with the following search terms: ((habitat OR “floral requirement™*” OR
“pollen collection” OR “nectar collection” OR “honey requirement™*” OR “‘sugar content*” OR
“area needed” OR “honey production”) AND (honey bee OR “honey bee” OR “Apis
mellifera”)). Nectar and honey sugar content data were searched for within the same search as

terms relating to honey bees because we were hoping to capture sugar content from flowers that



honey bees are associated with and are known to forage from. There were 1035 search results
with these terms, and each article had its abstract read (some required that the whole article be
skimmed to see if it had the data needed for the following model parameterization). From of the
original 1035 articles, 893 were excluded for further inspection due to their content not being
relevant to the research question or not having required information for the calculations. The
remaining 142 articles were read thoroughly, including supplementary material. The following
data were extracted from the articles: average amount of honey per colony per year, mass of
nectar in one foraging trip, sugar content of nectar (%), sugar content of honey (%), pollen
collection per colony per year, mass of pollen collected per foraging trip, and number of flowers
visited per foraging trip for pollen and nectar foraging, separately. Papers were kept if they had
at least one estimate for at least one of the essential parameters; this resulted in the exclusion of
121 papers. The remaining 21 papers were then used for calculations outlined below. Note, we

only extracted information on managed honey bee colonies, not feral colonies.

We also performed a separate literature search to determine estimates of pollen and
nectar collection not found during the systematic search; eight articles were used from this
separate search. This separate search was done by going through references of papers found
within the initial systematic search. The following parameters had data added from this separate
search: mass of nectar in one load, pollen collection per colony per year, mass of pollen collected
per foraging trip, and number of flowers visited per foraging trip for pollen and nectar,

separately.

Separate literature searches were performed for finding data for urban and agricultural
floral densities since these terms did not relate well to the original systematic search; the search

terms used were: (("number of inflorescence*" OR "number of flower*" OR "floral unit*" OR
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"floral densit*") AND ("urban" OR "agricultur*" OR “city”)). This search was also done in Web
of Science and yielded 583 results. After filtering (as above) twelve articles for urban floral
density and nine articles for agricultural floral density were retained. Articles were not used if
they did not have units that could be converted to the units selected for our calculations. This
resulted in one article for urban floral density (Scriven et al. 2013), and one for agricultural floral
density (Haenke et al. 2009). Floral density is defined as the number of flowers (counting a

capitulum as one flower) within a unit of area.

However, not all model input was from systematic literature searches as described above
(refer to Fig. 1). Data for modeling wax production, worker honey consumption, the number of
times a bee can visit a flower for pollen, and the number of times a bee can visit a flower for
nectar were compiled from the literature after the systematic searches; these parameters were
suggested by honey bee experts after we had conducted our literature searches. The studies used

for these equations are within the description below the respective equation.

Measures of centrality for each parameter were extracted from the articles, using the
mean or median depending on the variable’s distribution. Specifically, the mean of the parameter
was calculated across articles if the data had a normal distribution, or median if it had a skewed
distribution. The absolute maximum and minimum value of each parameter was also extracted
from either the study level average with the lowest/highest value when multiple study estimates
were available or from the lowest/highest value within one study when only one study was
available for the parameter. However, lowest/highest within a study were not noted if they were
not available or were not reasonable for calculations (e.g. values of 0). These maximum and
minimum values were then later used to model the maximum and minimum model outputs,

which are described within the model development methods. For studies that did not state

11



measures of centrality for the parameter being investigated, median or mean values were
extracted from the related figures using WebPlotDigitizer©, depending on the distribution, as
explained above. Ideally, study level variance estimates and study quality (e.g. methodological
and data quality) would be weighted in the model, however due to lack of data, the mean or

median were the most consistently available data to extract.

Model Development

Data collected from the studies identified from the literature review process were used to
build our model (illustrated in Fig. 1) for the number of flowers and forage area requirements for
a managed honey bee hive per year, for adequate honey harvesting. Adequate honey harvesting
(or honey collected from a colony) is defined as the median of the honey production per colony
per year values found from our literature search; this value represents the amount of honey that is
taken by the beekeeper and not consumed by the hive. The first step was to calculate the number
of flowers needed for nectar and pollen collection per hive per year, then the total number of
flowers needed was converted to area needed for a hive using floral density values obtained. The
number of flowers needed per colony per year was assumed as the same for both agricultural and
urban landscapes. For future models, the number of flowers needed per colony per year should
be separated for agricultural and urban landscapes if there is enough information on the required
parameters to conclude that this is appropriate. However, the amount of forage area needed per
colony per year was calculated for urban and agricultural landscapes separately due to the
potential differences in floral densities across these habitats. The number of flowers and amount
of forage area for a honey bee hive was calculated three different ways: average, minimum and
maximum. Minimum and maximum model outputs were calculated by testing every model input

to identify whether the absolute maximum or minimum value in their known range from
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literature would lead to the absolute minimum or maximum model output (i.e. number of flowers
and foraging area). As described previously, the absolute maximum or minimum value of each
parameter was either taken from study level averages when there was more than one study
available, or from the extreme values within one study when only one study was available. The
minimum and maximum calculations represent the variability within our data, not implying
biological implications of the maximum or minimum a colony needs for honey production. The

driving equations of our model are as follows:

The amount of nectar collected per colony per year is given by:

NC = s + (RS x o= x [(DMxW); + (DMxW), + - (DMxW)g]) +

(HSC )

(RS x - x [(DMxW) + (DMxW), + - (DMxW);]) x 0.60) + ([(ASH x 2) +

(RSH x22)] x o= x [(DMxW); + (DMxW), + - (DMxW)]) x 0.40) +

((AxDxNBxNFxNSF

o )x WH) Q)

where, NC is nectar collected per colony per year, HP is honey production per colony per year,
NSC is nectar sugar content, HSC is honey sugar content, RS is sugar required per day while
resting, RSH is sugar required per hour while resting, DM is days per month, W is number of
workers per month, ASH is sugar required per hour while active, A is area of a frame, D is
density of comb cells, NB is number of deep boxes per colony, NF is number of frames per box,
NSF is number of sides per frame, WH is the conversion factor of wax to honey, and WC is the

conversion factor of wax to comb cells.
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Figure 1. Schematic of the basic elements of our model of honey bee floral and forage area

requirements. Italicized text indicates that these values were taken from literature and all other
values were calculated using literature data. Bolded text indicates that these are the model
outputs that are focused on in this paper. The only values taken from literature that are not
included in this diagram are for wax production and worker honey consumption (refer to
equation 1 for all parameters used in the wax and honey calculations). Honey collected from
colony is equivalent to the “mass of honey collected from a colony per year” and “honey
production per colony per year”. *These values were found from literature after the systematic

literature searches were conducted.
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Our equation for nectar collected per colony per year accounts for honey harvested,
colony honey consumption, and wax production. Honey bee worker number within a colony
varies significantly throughout the year in temperate climates and varies largely depending on
climate and management, which makes calculating the amount of honey needed per year per
colony difficult. It is often cited that honey bee colony numbers can fluctuate between
approximately 15,000 to 60,000 workers (Farrar 1934; DeGrandi-Hoffman et al. 1989; Al-
Ghamdi and Hoopingarner 2004; Schmickl and Crailsheim 2004). Depending on the climate and
management honey bee colony sizes are known to reach their maximum (approximately 60,000
workers) sometime between June and August for about a month (DeGrandi-Hoffman et al. 1989;
Harris 2008) and hit their minimum from about November to March (approximately 15,000
workers) (as per Russell et al. 2013). To estimate the amount of additional nectar a honey bee
colony needs to produce for honey consumption, the amount of sugar needed to sustain a worker
was accounted for. It is known that honey bee workers need more sugar if they are active (7.5 mg
sugar/hr) relative to if they are resting and/or performing lower energy consuming tasks (0.075
mg sugar/hr) (Moffat 2000; Schmolz et al. 2002; Rodney and Purdy 2020). We assumed the
following: (1) bees within the hive are resting and bees outside the hive are flying/hovering, (2)
about 40% of workers are foragers during active months (leaving 60% as resting) (as per
Rueppell et al. 2007), (3) foragers spend about 2 hours outside of the hive in a day (based on
Rodney and Purdy 2020), (4) honey is approximately 75% sugar, (5) foragers are active from
April to September, and (6) the colony population dynamics is as in Appendix A. The amount of
honey needed per colony for wax production was calculated based on a hive having two ten-
frame, wooden Langstroth deep boxes (same as Meikle et al. 2016). The dimensions of these

boxes and density of comb cells measured in Meikle et al. (2016) was used as well. We assumed
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that: 1) it takes about 8.4 kg of honey to produce 1 kg of wax (based on Black 2006), 2) 1 kg of
wax produces about 77,000 comb cells (as per Dadant 1992), and 3) a hive has about 141,545

comb cells (as per Meikle et al. 2016).

The number of nectar foraging trips per colony per year was calculated using the following

equation:

FTN = —— )
NCFT

where, FTN is number of foraging trips per colony per year for nectar collection, NC is nectar

collected per colony per year, and NCFT is nectar collected per foraging trip.

The total number of flowers for nectar collection was calculated using the following equation:

1

where FN is the number of flowers for nectar collection, FTN is number of foraging trips per
colony per year for nectar collection, FVN is number of flowers visited per nectar foraging trip,
NRR is nectar replenishment rate, FL is flower longevity, HBA is honey bee activity period. The
number of flowers needed for colony nectar requirements is greatly reduced from the assumption
that bees can visit the same flower more than once for nectar. This assumption was made based
off: 1) honey bees are known to visit multiple flowers within a minute (Couvillon et al. 2015b),
2) honey bees are active for at least eight hours a day (Abou-Shaara 2014), 3) many flowers can

replenish very quickly (i.e. within a minute) (based from Luo et al. 2014) , and 4) flowers can
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have an average flower longevity of a few days (Hicks et al. 2016). The extensive study
performed by Hicks et al. (2016) was used for flower longevity values and was assumed to be a
representative for most insect visited flowers in temperate areas since they measured flower
longevity for 37 different species used within pollinator flower mixes and sampled over two

million flowers.

The total number of flowers needed for pollen collection was calculated as follows:

1
()

where, FP is number of flowers for pollen collection, PC is pollen collected per colony per year,

FP = (% x FTP) x (4)

PF is pollen collected per foraging trip (mg), FTP is number of flowers visited per pollen
foraging trip, and PPF is pollen production per flower (mg). The number of flowers needed for
pollen collection takes into consideration that bees are likely able to visit the same flower more
than once for pollen collection, based off our calculations that flowers produce more pollen in
their lifetime than what they collect in a single pollen trip to a flower. For pollen requirement
calculations we therefore took into consideration: 1) pollen produced per flower during their
whole flowering period (from Hicks et al. 2016) and 2) pollen collected by honey bees per
flower visit (pollen load weight divided by flowers visited per foraging trip). Pollen produced per
flower (mg) was calculated using the volume of pollen produced from the flowers in Hicks et al.

(2016), and the pollen densities from Sosnoskie et al. (2009) and Harrington and Metzger (1963).
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The fifth equation calculates the total number of flowers needed per colony per year and was
calculated with different values of “overlap use”. The following equation is the last equation for

all of three calculations, minimum, average, and maximum:
TF = (FN— (FNx OP)) + (FP — (FNx OP)) + (FNx OP) (5)

where, TF is number of flowers for total floral collection per colony per year, FN is number of
flowers needed for nectar collection, FP is number of flowers needed for pollen collection, and
OP is overlap percentage of nectar and pollen collection. Bees can collect pollen and nectar from
the same flower, but some flower species are only used for pollen or nectar collection (Gonzalez
et al. 1995). Measurements of overlap between nectar and pollen collections range from 17-50%
(Parker 1926; Free 1963; Renner et al. 2021). Therefore, for modelling the number of flowers
and forage area, the number of flowers for total floral collection (number of flowers for pollen
and nectar collection added) had three percentages (20% for maximum, 35% for average and
50% for minimum) of estimated collection overlap. The number of flowers needed for nectar
collection was smaller than the number needed for pollen collection for the minimum, average,
and maximum calculations. Therefore, when calculating the “overlap flowers”, the equation was
based on the number for nectar collection (FN) since these flowers would be the max number of

flowers available for simultaneous nectar and pollen collection.

The final equation calculated the total amount of forage area a honey bee colony needs per year

as follows:
TF
AC = —~ (6)
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where, AC is forage area per colony per year (km?), TF is number of flowers for total floral
collection per colony per year, and FD is flower density. Only articles that were representative of
the whole landscape (e.g. consider water features and non-flowering crop area) were used for

model input. The full model can be found in the Appendix B.

Parameter Sweeps

Parameter sweeps were conducted for the major sources of variation in results. Major
sources of variation were found by graphing differences between the minimum, average and
maximum results. Parameter sweeps were conducted by keeping every value at the average or
median value (based on distribution as described above), except one parameter at a time that was
changed to a value found from the literature search, that would result in the lowest or largest

possible model output.

Results

The parameter values from published literature used to calculate the number of flowers
and forage area needed for a honey bee colony per year can be found in Table 1. The calculated
honey and nectar needed per colony per year, both include the 80.1kg of honey needed for
consumption and the 15.4kg of honey needed for wax production for all results (minimum,
average, and maximum). The calculated minimum, average, and maximum mass of honey
needed per colony per year are: 118.3kg, 143.7kg, 195.1kg, respectively. The calculated
minimum, average, and maximum mass of nectar needed per colony per year are: 148.4kg,

271.5kg, 522.6kg, respectively. The increased variation in honey requirements compared to
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nectar requirements is due to nectar sugar contents being different for minimum, average and
maximum. The calculated minimum, average, and maximum number of flowers needed for a
honey bee colony to have adequate honey production in either landscape (i.e. agricultural and
urban landscapes were not calculated separately) are: 0.9 million, 72.7 million, and 54,842.4
million flowers, respectively (Fig. 2). The minimum, average, and maximum calculated forage
area needed for a honey bee colony in urban landscapes are: 0.76 km?, 59.77 km?, 45,085.27
km?, respectively. Lastly, the minimum, average, and maximum calculated forage area needed
for a honey bee colony in agricultural landscapes are: 0.34 km?, 26.99 km?, 20,360.06 km?,
respectively. The major source of variation between the minimum, average, and maximum
calculations was clearly from the number of flowers needed for pollen collection (refer to Fig. 2).
All parameters that were associated with modeling the number of flowers needed for pollen

collection were used for the parameter sweeps. Refer to Appendix A for parameter sweep results.
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Figure 2. Proportions and numbers of flowers needed for pollen, nectar, and overlapping
collection for minimum (A), average (B), and maximum (C) outputs for both agricultural and
urban landscapes.
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Table 1. Data from the literature reviews used to calculate the number of flowers and forage area

a honey bee colony needs per year. SD stands for standard deviation.

Parameter Mean? or Minimum Maximum References
MedianP calculation = calculation
+ SD value value
Mass of honey 49.0 + 23.7 22.9 97.2 (Seeley 1985; Nelson et al.
collected from a 1993; Gatien and Currie 2003;
colony per year (kg)° Underwood et al. 2004; Currie
and Gatien 2006; Mattila and
Otis 2006; Cutler et al. 2014;
Emsen et al. 2014; Smart et al.
2016; Langowska et al. 2017;
Ovinge and Hoover 2018)
Mass of nectar per 29.7 + 14.6 40 19.3 (Park 1922; Ovinge and
foraging trip (mg)? Hoover 2018)
Number of flowers 822.5 (Ribbands 1949)
visited per nectar
forage bout
Sugar content of 39.7 £ 149 59.8 28.0 (Kumar and Gupta 1993;
nectar (%)? Kreitlow and Tarpy 2006;
Nagy-Déri et al. 2013; Fowler
et al. 2016; Bandeira et al.
2018)
Sugar content of 75.8 (Bandeira et al. 2018)
honey (%)
Mass of pollen 182 +4.7 13.8 24.0 (Southwick and Pimentel
collected per colony 1981; O’Neal and Waller
per year (kg)? 1984; Seeley 1995; Mauriello
et al. 2017)
Mass of pollen per 122+ 43 20.0 7.0 (Park 1922; Parker 1926;
foraging trip (mg) 2 Vaissiéere and Vinson 1994;
Fewell and Winston 1996;
Kreitlow and Tarpy 2006;
Leonhardt and Bliithgen 2012;
Ovinge and Hoover 2018)
Number of flowers 202.7 + 205 32.3 494 (Vansell 1942; Ribbands 1949;
visited per pollen Percival 1950; Weaver et al.
forage bout? 1953)
Urban floral density 1.2 (Scriven et al. 2013)
(flowers per m?)
Agricultural floral 2.7 (Haenke et al. 2009)

density (flowers per
m?)
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Discussion

Understanding optimum hive densities that would ensure enough floral resources for
managed honey bees and wild bee communities is needed for best management practices. This is
the first model estimating the number of flowers and amount of forage area a honey bee hive
requires for adequate honey harvesting for a full year within a temperate region. Future models
of this nature may be a good starting point for policy decisions on hive densities, combined with
field studies on bee competition, and local studies of floral resource availability. However, these
estimates come with large amounts of uncertainty due to dynamic honey bee biology, floral

resource phenology, and lack of multiple published data sources for many useful parameters.

Output Variability and Input Accuracy

The high amount of variation in model output is shown from the difference between the
minimum and maximum estimates for both the number of flowers (a difference of 54,842 million
flowers) and forage area needed (a difference of 20,360-45,085 km?). The estimates for the
average and minimum requirements are relatively close to each other comparatively, with a
difference of 71.8 million flowers, and 26.6 km2-59.0 km?. This variation between average and
maximum calculations mainly comes from the number of flowers required for pollen collection
(Fig. 2). The number of flowers needed for pollen collection is about 800x larger for the
maximum calculations than the average calculations. The parameter that had the largest impact
on the number of flowers needed for pollen collection, and subsequentially the amount of forage
area, was volume of pollen per flower (refer to Appendix A). If volume of pollen per flower was

increased to the maximum value (while keeping all other values at the average) from Hicks et al.
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(2016), then the flowers needed for pollen collection decreased by 99% (-6.71 million flowers),
and the area needed for agricultural and urban areas both decreased by 92% (approximately -
55km? for urban and -25km? for agricultural). If pollen volume per flower was decreased to the
minimum value from Hicks et al. (2016) then the flowers needed for pollen collection increased
by 60,518% (+40,900 million flowers) and the area needed for agricultural and urban areas both
increased by 56,349% (approximately +33,619km? for urban and +15,182km? for agricultural).
The differences in volume of pollen per flower from Hicks et al. (2016) corresponds to
differences in the pollen volume across flower species, with the lowest volume from Myosotis
arvensis (less than 0.01 uL) and the highest from Leucanthemum vulgare (15.92 uL). The only
other parameter change that altered area output by 10% or more was pollen collected per colony
per year, with the lowest input value decreasing area output by 23.5%, and the highest input
value increasing area output by 30.8%. However, considering the relative agreement between the
minimum (0.67 hives km2in urban and 0.30 hives km in agricultural landscapes) and average
(59.2 hives kmin urban and 26.7 hives km in agricultural landscapes) calculations these
estimates are likely to be more reliable. As such, we will primarily focus on the minimum and

average calculations for the rest of the discussion.

We are unable to compare many of our parameters to other datasets that include
unpublished literature; however, honey production is easily comparable. For example, the USDA
and Statistics Canada provide values for honey production in terms that are either honey
production per colony, or easily can be converted to honey production per colony, respectively.
From 2016-2019, US colonies produced about 25.4 kg of honey on average (USDA 2019) and
Canadian hives produced about 53.7 kg per colony (Statistics Canada 2020). However, most

Canadian hives are within prairie provinces, which have higher honey yields than other
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provinces. Almost half of the studies used were also from the Canadian prairies (Nelson et al.
1993; Gatien and Currie 2003; Underwood et al. 2004; Currie and Gatien 2006; Ovinge and
Hoover 2018), therefore our results of 49 kg for average honey harvest per colony may be
representative of these specific provinces in Canada. However, this input could easily be

changed according to honey production per colony values within the region of interest.

Output Implications

Although our results may not be uniformly representative due to the high variability of
model output and lack of literature, some model output values are comparable to those from
studies that have calculated foraging ranges of honey bees in agricultural and urban
environments. Honey bees often stay within 1 km of their hive unless resources become very
scarce (i.e. summer), which equates to about a 3.14 km? foraging area (Couvillon et al. 2014,
2015a; Garbuzov et al. 2015a, b); both of our minimum calculations are within a 1 km radius
from the hive (0.34km? in urban landscapes and 0.76km? in agricultural landscapes). However, it
has also been shown that honey bees may travel up to 3 km, especially during periods of dearth,
which equates to about 28.3 km? (Couvillon et al. 2014, 2015a; Garbuzov et al. 2015b). Our
average calculation for agricultural landscapes (27 km?), might be more representative for honey

bee colonies during periods with scarce floral resources.

Our findings also highlight that honey bees may need a much larger number of flowers
for pollen collection relative to nectar, with about 53% to >99% of flowers being specifically for
pollen collection (for the minimum and average estimates), and the other <1% to 47% for nectar

collection and combined nectar and pollen collection. Although hives need more nectar than
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pollen per year, this large difference between the number of flowers needed comes from our
model calculating that nectar flowers can be visited more times during their bloom period
relative to pollen flowers, mainly due to high nectar replenishment rates (Luo et al. 2014).
Additionally, in temperate habitats, 10%-37% of total solitary bee species are oligolectic (i.e.
they specialize in pollen collection from certain genera or species) (Moldenke 1979; Frankie et
al. 2009b; Danforth et al. 2019); this may cause them to be particularly vulnerable to depleted
pollen resources, especially for plant species that are commonly used by honey bees. This
emphasizes potential importance of providing pollen producing plants to support more bees in a

given area.

Knowledge Gaps, Suggestions for Future Research, and Conclusions

There are many input values for this model that should be interpreted with caution, due to
limitations of the available published literature. Multiple parameters only had a single study
associated with them and require further replication (Table 1). For example, only one study
measured how many flowers a bee had to visit to gather one load of nectar (Ribbands 1949). This
study only measured this parameter for two genera of flowers, Limnanthes and Nemophila, and
for four out of the six measurements the bees gathered both pollen and nectar. While clearly
limited, we included the numbers from pollen and nectar foraging trips within our estimates
because they make for a more conservative estimate of the number of flowers needed for nectar
foraging (since on average the number of flowers for nectar foraging was about double the
number for nectar and pollen foraging; Ribbands 1949). Pollen volume per flower is another
parameter that should be investigated further considering the huge impact that it had on the

model output (as mentioned previously). More local studies are needed to understand pollen
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availability across different habitats. Hicks et al. (2016) include a variety of plant species, but
data for the most common species in areas of interest are needed to more accurately model honey

bee requirements.

Another important knowledge gap is floral density values for both urban and agricultural
landscapes. Our literature search only produced one study for both landscape types, and these
values are very likely not representative of all urban areas or agricultural landscapes on a larger
scale, and likely better represent the specific system they were measured in. Scriven et al. (2013)
conducted their study on land surrounding an aluminium smelter in the UK, which mainly
consisted of intensively managed grassland, that would likely have a very different floral density
compared to a dense, urban center. Haenke et al. (2009) conducted their study in North Germany
in an area that was dominated by agricultural use, with the main crop being wheat, and with sites
having a range of 30-100% arable land. Their measured floral density may not be representative
of areas that are more or less intensively dominated by agriculture, and the different crops in the
area would have a large impact on how many flowers are available and accessible for honey bee
foraging. Most current studies do not measure flower density at a large enough scale for these
estimates and only include areas that are likely to have flowers, for example gardens and sown
flower strips (Sutherland et al. 2001; Egerer et al. 2018). Honey bees have also been found to
mainly collect pollen from trees in temperate urban and agricultural landscapes (Richardson et al.
2015; Lau et al. 2019) and ensuring we include accurate estimates of flowering trees is very
important for increasing our understanding of honey bee forage area requirements. Further
studies should be done to capture floral density values to ensure we understand how many

resources bees have in landscapes for modelling honey bee area requirements.
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Other than parameter values, our current model also lacks an understanding of many
processes that should be taken into consideration. Flowers for nectar collection were not the
main driver of model output variability, but future models should include more information on
nectar replenishment and flower longevity. Luo et al. (2014) is currently the best study on nectar
replenishment rates since previous experiments measured replenishment every few hours instead
of minutes (e.g. Castellanos et al. (2002)), however more research is needed to confirm how
common rapid nectar replenishment is among bee-visited plants. Our model assumed that a
flower could refill with nectar every minute, which is potentially an overestimate of
replenishment rates. Williams (1998) found that 50% of honey bees will visit a flower that was
recently visited by a honey bee if the nectar is replenished and Stout and Goulson (2001) found
that honey bees rejected flowers (Melilotus officinalis) 50% of the time, even if they were never
visited by any bees previously. Despite these differences, calculations of the number of flowers
needed for nectar collection in this paper are still likely to be conservative based on the
assumptions of honey bee visitation and nectar replenishment rates. Other processes that should
be taken into consideration in future models are: honey bee management differences (i.e. initial
colony sizes, disease management, etc.), foraging effort of honey bees (which impacts resource
requirements of foragers), turn over of plants (since the current model assumes that plants take
up a certain area for the whole growing season), and variation in honey bee energy consumption
throughout the year (e.g. summer vs winter as well, not just forager vs worker in the nest). This
current model does not include these processes because of a lack of information in the published
literature. In addition, future models should take into consideration the nutritional quality of
pollen (e.g. protein content), as this may impact the quantity of resources needed by a hive and

the health of the hive (Di Pasquale et al. 2013; Ghosh et al. 2020). Therefore, the current output
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from this model should be taken as a starting point as more research is needed to better

understand honey bee forage requirements.

Honey bees and wild bees have both been shown to be negatively affected by high honey
bee hive density (Goulson and Sparrow 2009a; Badano and Vergara 2011; Henry and Rodet
2018). Our results provide a foundation for modelling optimal hive densities for honey bee
health, and may be informative for future wild bee population conservation research and
management. Local-scale studies on many parameters are needed to model forage area
requirements accurately for policy decisions, for example flower phenology and density, honey
bee overwintering energy requirements, and impacts of hive management. Both managed honey
bees and diverse wild bee communities are necessary to fulfill the pollination requirements for
several crops and natural ecosystems (Button and Elle 2014; Klein et al. 2018), and bee
competition is one of many anthropogenically-induced stressors on both managed honey bees
(Henry and Rodet 2018) and wild pollinators (Potts et al. 2010a), but we need to start developing
best management practices to prevent further losses of native pollinators and the ecosystem

services they provide.
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Introduction

Bees are among the most efficient pollinators for many crops and wildflowers (Fontaine
et al. 2006; Winfree et al. 2008) and pollination services are estimated to increase annual global
crop production by USD $235-577 billion (Lautenbach et al. 2012). Alarmingly, many bee
species abundances are in steep decline globally, including in Canada (Colla and Packer 2008;
Potts et al. 2010a). There are numerous proposed reasons as to why some native bee species are
declining, including climate change, pesticides, habitat loss and fragmentation, lack of suitable
forage, diseases and pests, and even the increase in non-native pollinators (Potts et al. 2010a;
Winfree 2010; Thomson 2016). Honey bees, which are non-native to North America, are often
the focus of conservation initiatives, including in urban areas (Colla and Maclvor 2017).
However, there is evidence that: the introduction of non-native honey bees may negatively
impact wild bee species (Thomson 2004; Lindstrom et al. 2016; Cane and Tepedino 2017),
honey bee hive reductions are not a good proxy for native bee declines (Wood et al. 2020), and

that honey bees are not at-risk of extinction (IUCN 2020).

There are two main hypotheses for how the presence of managed honey bees might harm
native bees: pathogen spillover and floral resource competition. Pathogen spillover from
domesticated hosts has been documented in a variety of taxonomic groups and can lead to drastic
declines among the exposed wild species, for example the Ethiopian wolf, red squirrels in the
UK, and orange-bellied parrots (Haydon et al. 2002; Rushton et al. 2006; Randall et al. 2006;
Woodroffe et al. 2012; Peters et al. 2014). Pathogen spillover from managed bees to wild bees is
a relatively new field of research and has mainly been documented in bumble bees (Colla et al.
2006; Cameron et al. 2011) and honey bees (Graystock et al. 2013; Alger et al. 2019;

Gusachenko et al. 2020). Floral resource competition has been studied more intensively
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(Mallinger et al. 2017). Honey bees have the potential to strongly compete with wild bees over
floral resources (i.e. pollen and nectar) for a variety of reasons related to their natural history,
management, and behaviour (Visscher and Seeley 1982; Beekman and Ratnieks 2000; Al-
Ghamdi and Hoopingarner 2004). Honey bees have very large colonies, with the number of
workers often varying between 15,000-60,000, creating large demand for pollen and nectar
(DeGrandi-Hoffman et al. 1989; Al-Ghamdi and Hoopingarner 2004); whereas most wild bees
are solitary (Batra 1984; Michener 2000a). It is crucial for solitary bees to have floral resources
within a short distance from their nests because of they often have small foraging ranges, usually
within just a few hundred meters (Wright et al. 2015); however, foraging range is related to body
size (Greenleaf et al. 2007). Honey bees can forage up to several kilometers from their hive and
can deplete resources quickly in areas with abundant floral resources (Visscher and Seeley 1982;
Beekman and Ratnieks 2000). Honey bees store food to consume through the winter while most
wild bees in temperate regions enter diapause (Santos et al. 2019), and thus more resources are
extracted from the environment to keep honey bees hives active over the entire year. Finally,
honey bees’ ability to store honey helps colonies when floral resources are scarce, whereas wild
bees in temperate regions have no form of long-term food storage and therefore need resources

to be available throughout their flight season (Wecislo and Cane 1996; Williams et al. 2014).

Previous studies have shown that honey bees may have a negative impact on native bees
at the individual, population and community levels. These effects include decreased floral
visitation rates (Aizen and Feinsinger 1994; Dupont et al. 2004; Carneiro and Martins 2012),
abundance (Thomson 2016), diversity (Badano and Vergara 2011), body size (Goulson and
Sparrow 2009b), and fecundity (Thomson 2004; Paini and Roberts 2005). Body size (e.g. thorax

width) is often used as a proxy for resources available at the larval stage (Goulson and Sparrow
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2009b). This makes body size a measure for generational impacts as most bee species are solitary
(Batra 1984) and are provisioned with food as an egg before they emerge the following year.
Smaller bumble bees are also less efficient foragers (Goulson et al. 2002), which may
subsequently reduce their food supply and impact their colony’s ability to produce reproductive
offspring. Considering there are multiple metrics to assess competition, it is important to
continue to study the various ways that honey bees could be impacting wild bees at the

individual, population and community-levels.

A recent review found approximately half of the current honey bee and wild bee
competition studies so far have found negative impacts with increased honey bee abundance,
whereas about a quarter were non-significant, and the last quarter had mixed impacts with
increased honey bees (Mallinger et al. 2017). Additionally, there are few studies investigating
competition between native bees and honey bees in urban areas (Mallinger et al. 2017). Only two
studies have investigated honey bee and native bee competition within urban landscapes and one
found that there was evidence of competition with relatively high hive density (6.5 hives/km?)
(Ropars et al. 2019) and the other found no signs of competition with relatively low hive density
(0.32 — 0.48 hives/km?) (McCune et al. 2020). Within urban landscapes, the most common
factors known to have impacts on bee abundance and community composition are: floral
resources (Fitch et al. 2019; McCune et al. 2020), proportion of impervious surface (Ahrné et al.
2009; Burdine and McCluney 2019), and temperature (Hamblin et al. 2018). In order to conserve
wild bee abundance and diversity within urban landscapes, it is crucial to better understand the

factors that may have negative impacts on them, including honey bee abundance and/or density.

Here we investigate whether floral resource competition between native bees and honey

bees is occurring within the Greater Toronto Area (GTA), Ontario, Canada. Toronto is the
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largest city in Canada, in terms of area and human population size; it is a hotspot for native bee
biodiversity as well, with over 350 species within the GTA, making it an important area for
biodiversity conservation (City of Toronto 2016). The approximate hive density for the City of
Toronto and Toronto Region was 1.0 hives/km? for 2019 and 0.93 hives/km? for 2018
(OMAFRA 2021, personal communication). We assess impacts of increased honey bee
abundance on wild bees (abundance, community and trait composition, and body size), while
taking into consideration other possible explanatory factors (amount of impervious surface and

floral resources).

Methods

Site selection

Ten sites across the GTA were sampled (refer to Figure 1). Seven of the ten sites were in
public parks, two were at university campuses (York University, Keele Campus and University
of Toronto, Scarborough Campus), and one of the sites was at a botanical garden. The number of
sites was limited due to requiring approval from land managers and beekeepers, and by capacity
for sampling methods described below. Sites were chosen as “matching pairs” with one site
being an area with estimated high hive density (at least known 5 hives within 2km of the site)
and the other with estimated low hive density (0 known hives within 2km of the site) (Shavit et
al. 2009). Note, estimated hive density was based on limited geographical knowledge of hives in
the GTA; we were mainly aware of organizations that have been beekeeping for several years,
which were more likely to be registered hives. For high hive density sites, we chose sites that
have had honey bee hives for multiple years to better understand the impacts of long-term

beehives on native bees. Other similar studies chose specific sites to make a gradient of no honey
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bee hives to close to known honey bee hives or manipulated the number of honey bees in an area
(Thomson 2004; Shavit et al. 2009). However, there is not enough publicly available information

about honey bee hive locations in the GTA to do this.
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Figure 1. Map of the ten study sites across the GTA.

Bee sampling

Sites were sampled every 7-10 days on warm, sunny days from May to August in 2019 to

measure bee abundance and community composition by using standard pan trapping and sweep
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netting methods (Droege 2015; Packer and Darla-West 2021). Pan traps were put out for 8 hours
a day (approximately 8am to 4pm), and sweep netting was done for 30 minutes, 3x a day
(approximately 8am, 1pm, and 4pm). Thirty pan traps (96 mL from New Horizons Support
Services, Maryland, USA) filled with soapy water (10 white, 10 blue, and 10 yellow) were put
out at each site in a line spanning 30m, with one meter between each trap. Dawn Ultra® blue
was used as a surfactant in the traps. Pan traps were deployed on the ground, along edges of
grass and dense vegetation (e.x. trees, shrubs and/or long grass) so they would be visible and
away from high human traffic areas to avoid damage. All bees were collected and identified to
species (when possible) in the lab using identification keys. Bee genera that are commonly cited
as being difficult to identify were verified by experts. We sampled honey bees at our sites to
assess if our sites reflected our estimated categories of low and high hive density as well. Bee
specimens are stored at York University, except Triepeolus specimens that are stored at the
Canadian Museum of Nature. Refer to Appendix C for identification methods to species for each

genus.

Body size measurements

In order to determine whether body size was associated with relative honey bee
abundances, all bee species with at least 50 specimens had their heads and thoraxes measured.
The threshold of 50 specimens was chosen to ensure a large enough sample size to capture
variation within sites and between sites. Thorax width is the most common metric for bee body
size, but we chose to also measure head width because it has also been used as a proxy for body

size instead of thorax width for some solitary bee species, particularly sweat bees (Cane 19873;
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Rust 1991; Davison and Field 2017; Nooten and Rehan 2019). All other species had five
specimens’ thoraxes measured only for use in our trait analysis described below. All
measurements were taken using a digital Vernier caliper (Goulson and Sparrow 2009b). For head
width, maximum distance between lateral margins of the eyes was measured and for thorax
width, the maximum distance between the lateral margins of their tegulae was measured. We
decided to include tegulae into our measurements, unlike other studies that use intertegular
distance (Cane 1987b; Goulson and Sparrow 2009b), because we found that this made it easier to

measure smaller bees accurately.

Floral resource assessment

Floral density (number of flowers per m?) and richness (number of flowering species at a
site) were measured at each site on a biweekly basis. Floral density and richness were measured
by tossing a 0.58m? circular quadrat ten times within 7.5m of the entire row of pan traps and
counting the number of open flowers or florets in inflorescence within each quadrat. The number
of florets within an inflorescence were counted individually, as opposed to being counted as one
whole, since it has been found that the number of bees visiting an inflorescence is positively
associated with the number of florets (Willson and Bertin 1979). Floral density and richness
were measured within 7.5m of pan traps to account for flowers that were found at the edges of
grass and dense vegetation, as well as logistically the furthest we could walk into the denser
vegetation. For floral richness, pictures were taken of each flower within the quadrats to be
identified to species. Flower species were identified mainly using expert-level identification on

iNaturalist, however some common species were identified on the spot (e.g. dandelion, white and
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red clover). For these analyses we report floral density as the average flower density per
sampling day averaged over the season, and floral richness is the number of flower species per

site per sampling day averaged over the season.

Impervious Surface

Previous studies have found that bee abundance and community composition is related to
urbanization intensity, which is most commonly measured as proportion of impervious surface
(Ahrné et al. 2009; Burdine and McCluney 2019). We calculated the proportion of impervious
surface per site by using landscape data from Southern Ontario Land Resource Information
System (SOLRIS) 3.0 (Ontario Ministry of Natural Resources and Forestry 2019). We defined
impervious surface as the combination of transportation areas (highways and roads) and built-up
impervious areas (residential, industrial, commercial, and civic areas). We calculated the
proportion of impervious surface area with a radius of 500m and 1km from the middle of the pan
trap line, which were the middle of our sites (Ahrné et al. 2009; Fortel et al. 2014; Geslin et al.
2016; Glaum et al. 2017). This analysis was done on QGIS 3.4.13 GRASS 7.6.1 using the LecoS

— Landscape Ecology Statistics plugin (Jung 2013).

Data Analysis

Two out of our five sites that were initially identified as low hive density actually had
high relative abundance of honey bees compared to sites that were initially labelled as high hive
density. We likely missed smaller apiaries at the sites with more honey bees than expected.
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Therefore, we alternatively chose to base our analysis on relative honey bee abundance instead
of site-specific hive density because our estimated categories of hive density were not reflective

of how many honey bees were actually visiting our sites.

Generalized linear models (GLMs) were used to assess whether abundance, community
and trait composition, and body size have an association with relative honey bee abundance. For
all GLMs, the best model was selected starting with flower density, flower diversity, relative
abundance of honey bees, impervious surface area at 1Lkm, impervious surface at 500m as
predictors, in this particular order. The best model was determined using either Akaike
Information Criterion corrected for small sample size (AIC¢) (Burnham and Anderson 2002) or
quasi-AlC. values (for overdispersed models) (Fitch et al. 2019). R package AlICcmodavg was
used for calculating AIC. for models that were not overdispersed and the MuMIn package was
used for calculating quasi-AlC. for overdispersed models. A stepwise reduction was conducted,
beginning with removing the predictor that had the least explanatory power (i.e. the lowest
absolute value of z-value or t-value) (Fitch et al. 2019). This stepwise procedure was done until
AlCcincreased or A AIC: < 2 (Burnham and Anderson 2002). In addition to understand whether
there were any possible confounding interactions between predictors, a Spearman’s correlation
matrix was performed using all predictor variables. The correlation matrix was done using the
rcorr function in the Hmisc package. All data analyses were conducted in R (R Core Team, 2020

version 4.0.3).

We first conducted a GLM with the abundance of wild bees at each site as the response
variable to investigate whether honey bees impact overall abundance of wild bees. Then to assess
whether certain species or genera had significant associations with relative honey bee abundance,

an RDA for all genera was first completed to assess which genera were likely to have a negative
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or positive association; GLMs were then conducted based on findings from the RDA. Prior to
running the RDA, the data were checked for collinearity using the variance inflation factor (VIF)
using the vifcor function in the usdm package (Naimi et al. 2014). If variables were identified as
collinear, then the variable with the higher VIF was taken out. Also, the Hellinger transformation
was used on all genera counts to account for the double-zero effect (i.e. the decostand function in
vegan package) (Legendre and Gallagher 2001). The genera that were identified as being
negatively or positively associated with honey bees in the RDA were then further investigated
with GLMs. GLMs were conducted with each identified genus, and species within those genera,
when there were at least 50 specimens of the genus or species. These GLMs were either Poisson
distributed, or quasi-Poisson distributed (depending on results from the overdispersion test from
the AER package) with a log-link function and went through the same stepwise model selection
as described above. The p-values for all abundance models were adjusted using false discovery
rate (FDR) to take into consideration the increased probability of a false positive when
conducting simultaneous hypothesis testing (Benjamini and Yekutieli 2001); the p.adjust

function was used to calculate the adjusted p-values.

Genus and species richness, and Shannon diversity index at the genus and species levels
were calculated per site. The Shannon diversity index was calculated using the diversity function
in the vegan package. Then GLMs (with a quasi-Poisson or Poisson distribution, dependent on
overdispersion) were conducted with a log-link function to assess whether richness was
associated with relative honey bee abundance. GLMs with Gaussian distribution with an identity
link function were also used to assess whether the Shannon diversity index had any association

with relative abundance of honey bees (Buchholz et al. 2020).
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A database of eight life history traits was compiled for all species collected in order to
assess impacts on trait composition (Table 1). These eight traits were specifically chosen because
they are known to impact the functional roles of bees in their ecosystems (Forrest et al. 2015;
Normandin et al. 2017; Tonietto et al. 2017; Hung et al. 2019). Trait composition for each site,
specifically unweighted functional dispersion (FDis), was calculated from our trait database and
presence-absence data of all species at our 10 sites. FDis was calculated for all traits (i.e. total
FDis) and each trait individually to better understand which trait may cause the total functional
dispersion to have specific relationships with predictors. FDis was calculated using the fdisp
function from the FD package in R. FDis was chosen because this parameter is independent of
species richness and represents the mean distance of each species to the centroid of all other
species within trait space (Laliberte and Legendre 2010). Then a GLM with a Gaussian
distribution and an identity link (Buchholz et al. 2020) was conducted with FDis as the
explanatory variable to assess whether relative honey bee abundance impacts trait composition.
All community and trait composition GLMs went through the same selection process as

previously mentioned.

GLMs (with a log-link function) were performed with only one of the following response
variables at a time: female head width, female thorax width, male head width, or male thorax
width. These models were done to investigate whether there are any associations between body
size of wild bees and relative abundance of honey bees. Models were separated by sex and
species since both factors can cause large variations in body size. Also, GLMs were only done
for sexes that had at least 50 specimens and models also went through the same selection process
as above. The p-values for all body size models were adjusted using FDR, as described

previously for the abundance models (Benjamini and Yekutieli 2001).
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Table 1. Life history trait database used in analysis of FDis, including sources for trait

information.
Trait Trait Type Description Data Source
'Our dataset and
(Forrest et al.
Mean thorax width of five randomly selected 2015; Normandin
Body Size  |Continuous female specimens or taken from other papers etal. 2017,
when only male specimens were available Kendall et al.
2019; Maclnnis
et al. 2020)
Oligolectic (specialized preference for pollen (Michener 2000b;
Categorical resources) Normandin et al.
Diet 3 Polylectic (non-specialized preference for pollen 2017; Hung et al.
categories) resources) 2019)
Parasitic (social or brood parasite)
. Packer et al.
. litar ( .
Categorical Solitary 2007; Gibbs et al.
Sociality (3 Eusocial 2012; Fortel et al.
categories) . . . 2014; Normandin
Parasitic (social or brood parasite) et al. 2017)
All Season
Spring (Mitchell 1960,
Categorical symmer 1962; Forrest et
Seasonality |(6 al. 2015;
categories) Fall Normandin et al.
Spring & Summer 2017)
Summer & Fall
.. Aboveground (Krombein 1967;
Categorical
Type of 3 Belowaround Packer et al.
nesting site g 2007; Hung et al.

categories)

Parasitic (social or brood parasite)

2019)
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(Michener 2000b;
Length _ Short or Long — based off bee family morphology 2006; Fortel et al.
g (2 traits) 2014; Cariveau et
al. 2016)
(Mitchell 1960,
1962; Krombein
.. Excavate (actively constructing nests) 1967; Michener
Categorical ) .
I . . . 2000b; Sheffield
Nest Building|(3 Rent (utilizes already existing spaces/cavities) et al. 2011-
categories) Parasitic (occupying nests of host bees) Forrest et al.
2015; Hung et al.
2019)
Accidental (does not actively pollinate - limited to
parasitic species)
Corbiculae (specialized pollen baskets on legs)  (Mitchell 1960,
Pollen Categorical o ) 1962; Michener
(6 Crop (pollen storage within their crop) 2000b:
Strategy . .
categories) Legs Normandin et al.
2017)
Leg & Body
Underside (underside of abdomen)
Results

In total, 9,389 bees, 32 genera, and 195 species were collected from all ten sites in the
Greater Toronto Area. The top five most abundant genera were: Apis (19.4%), Bombus (15.9%),
Ceratina (11.4%), Lasioglossum (9.8%), and Andrena (9.2%). All bees were identified to genus
and most to species; however, we could not identify 276 (3%) bees to species, either because of
missing body parts or lack of suitable identification keys and expertise. Most sites were sampled
17 days throughout the season; however, Downsview Park and Northwood Park were sampled
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for 15 days and Maloca Gardens and G Ross Lord Park were sampled for 16 days. The
discrepancy between the number of sampling days was due to inclement weather. A list of
flowering plant species found at each site can be found in Appendix D. Finally, refer to Table 2

for correlations between predictor variables.

Table 2. Spearman’s correlation matrix coefficients for all predictor variables.

Relative Impervious
Abundance of surface at Impervious  Flower  Flower
Honeybees 500m surface at 1lkm Density = Richness
Relative
Abundance of
Honeybees -0.19 -0.36 -0.33 -0.63N
Impervious
surface at 500m -0.19 0.78** 0.2 0.3
Impervious
surface at 1km -0.36 0.78** 0.37 0.48
Flower Density -0.33 0.2 0.37 0.69*
Flower Richness -0.63N 0.3 0.48 0.69*

Significance levels: N near significant, p = between 0.05 and 0.1, *p < 0.05, **p < 0.01, ***p <
0.001

Abundance

Two species were found to be negatively associated with relative honey bee abundance
(Lasioglossum mitchelli Gibbs and Nomada bethunei Grote and Robinson) (Figure 2A and 2B,
respectively) and none of the genera or species were positively associated with relative honey
bee abundance. However, the number of bees at each site was not found to be associated with

any predictors (quasi-Poisson GLM, F(8) = 697.22, t=-1.381, p=0.159). Impervious surface at
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1km was the only predictor included in the final model for number of bees at each site after the
stepwise reduction procedure was completed. The genera that were identified for further
investigation from the RDA were: Agapostemon, Andrena, Anthidium, Calliopsis, Coelioxys,
Colletes, Halictus, Lasioglossum, Nomada, Osmia, Sphecodes, Stelis, Triepeolus, and Xylocopa.
Therefore, 14 out of the total 31 genera of wild bee species were further investigated for trends
with relative honey bee abundance. Refer to Appendix E for the: RDA biplot, RDAL1 and RDA2

values for all genera investigated, and all genera and species GLM results.

The predictor that most commonly had a significant relationship with species/generic
abundance was impervious surface at 500km. Two genera (Lasioglossum and Osmia) and five
species (Lasioglossum imitatum Smith, L. mitchelli, L. paradmirandum Knerer and Atwood, L.
weemsi Mitchell, and Osmia conjuncta Cresson) had negative relationships with impervious
surface at 500m. However, Nomada bethunei had a positive relationship with impervious surface
at 500m. One species (Nomada bethunei) had a negative relationship with impervious surface at
1km and two species (Lasioglossum mitchelli, and L. paradmirandum) had a positive
relationship with impervious surface at 1km. One genera (Osmia) and three species
(Lasioglossum mitchelli, L. paradmirandum, and L. weemsi) had a significantly negative
relationship with flower richness, but two species (Halictus ligatus Say and Colletes inaequalis
Say) had a positive relationship with flower richness. Finally, only Lasioglossum imitatum had a

positive relationship with flower density.
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Community and trait composition

Species richness had a significantly negative association with relative honey bee
abundance, and only included relative honey bee abundance as a predictor (Poisson GLM, x*(8)
=10.323, z=-3.533, p<0.001; refer to Figure 2C). In addition, total trait composition (i.e. FDis
with all traits) was found to have a significantly negative association with relative abundance of
honey bees (Gaussian GLM, x(7) =0.005, t = -2.64, p = 0.028; refer to Figure 2D) and only
relative abundance of honey bees and impervious surface at 1km were included in the final
model after model selection. None of the individual trait FDis models had a significantly
negative relationship with relative abundance of honey bees, but diet had a near significant
negative relationship with relative abundance of honey bees (Gaussian GLM, x*(8) =0.045,t = -
1.939, p = 0.052). Sociality FDis had a significantly negative relationship with flower density,
but pollen strategy had a significantly positive relationship with flower density. Seasonality FDis
had a significantly positive relationship with flower richness and sociality had a significantly
negative relationship with impervious surface at 500m. Refer to Appendix F for all FDis model

results.

The final model for generic richness only included relative honey bee abundance as a
predictor, but did not have a significant relationship with relative honey bee abundance (Poisson
GLM, x*(8) =3.012, z=-1.501, p=0.134). Flower density was the only predictor included in the
final model for genus-level Shannon index and there was no significant relationship between
flower density and genus-level Shannon index (Gaussian GLM, x?(8) =0.001180, t = 1.079,

p=0.281). Similarly, species level Shannon index did not have a significant relationship with
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impervious surface at 1km, which was the only predictor in the final model (Gaussian GLM,

x2(8) =0.440, t = -0.962, p= 0.336).

Body Size

Body size of one species (Augochlorella aurata Smith) was negatively associated with
relative abundance of honey bees and two species were positively associated with honey bee
abundance (B. rufocinctus Cresson and Colletes inaequalis) (refer to Table 3). For the models
that had significant associations for flower density, one species had positive associations
(Nomada bethunei) and two had negative associations (Andrena imitatrix Cresson and A. nasonii
Robertson). Impervious surface at 500m had one species with positive relationships (Andrena
nasonii) and three with negative (Agapostemon virescens Fabircius, Bombus griseocollis, and B.
impatiens). Three species had a significantly positive association (Agapostemon virescens,
Augochlorella aurata, and Nomada bethunei) with impervious surface at 1km. Finally, one
species was positively associated (Colletes inaequalis) and two species were negatively
associated (Bombus griseocollis and B. impatiens) with flower richness. Finally, refer to

Appendix F for all GLM results, including non-significant models.

60



(3%
L8y

—

(51

=
L

100

(8]
=
Momada bethunei abundance 0

Lasioglossurn mitchelli abundance®

0 - * - .. - ot

110 7

c D
L]

100 1
wn
i
= w
S O
'D_,_r L
0 =
@ o
K5 =
L]
j=
0]

L]
G0 . : . . 0.30 . . . .
0.0 0.1 0.2 03 0.4 0.0 0.1 02 03 0.4
Honey bee relative abundance (%) Honey bee relative abundance (%)

Figure 2. A: Lasioglossum mitchelli was negatively associated with relative honey bee abundance
(Poisson GLM, x%(7) = 439.02, z= -6.577, p<0.001). When the outlier was taken out the
relationship between relative honey bee abundance and L. mitchelli became further negative and
the p-value went down by three orders of magnitude (Poisson GLM, x*(6) = 28.170, z= -6.651,
p<0.001). B: Nomada bethunei was negatively associated with relative honey bee abundance
(Poisson GLM, xA(8) = 57.265, z=-6.621, p<0.001). C: Species richness was negatively associated
with relative honey bee abundance (p<0.001). D: Total functional dispersion (FDis) was

negatively associated with honey bee relative abundance (p = 0.028). Lines represent least-squares

means.
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Table 3. Body size GLM results that found significance or near significance associations with
relative abundance of honey bees. F is for female, M is for Male, T is for thorax, and H is for
head. Light grey indicates a significantly positive association, and darker grey indicates a
significantly negative association. Res. Dev. Stands for Residual Deviance, Est. stands for

Estimate, and R.A. stands for Relative Abundance.

Flower Density Flower Diversity Relative Apis Imp.Surface.1000 Imp.Surface.500
F/ T/ Res. Res. Res. Res. Res.
Species M H  Dev t Est. Dev 't Est. Dev t Est. Dev 't @ Est. Dev t Est.
Augochlorella 0.65 0.43 253 2.63 0.90 2.44
aurata F T 2.692 1 0.001 2.576 0 0.205N 9 9 0 2 -2.265 -0.671N
Augochlorella 4.34 5.24 0.780* 0.83 3.02 0.38
aurata F H 1.016 0 -0.001 0.896 6] 7 (3) [T
Bombus 9.79 1.80 0.05 2.56
griseocollis M T 6 3 9 8964 7 1.669N
Bombus 181 62.4 2.48 0.07 1.66 61.2
impatiens F H 70.499 1 0001 77 1 6*** 61.937 3 0.251N 61 -2.432 -0.313V
Bombus 1.62 2.30
rufocinctus F |H 23212 5 0.000 22.866 5 0.325N
Bombus 3.59 1.879* 284 2.08 275 279
rufocinctus M T 28.694 gl 95 1 1 07 -1.909 -1.580
Bombus 2.27 7.03 117 0.77 7.00
rufocinctus M H 7.116 1 0.594N 6 1 5 1 -0.928 -0.384
- 27.0
Colletes 14572. 3.76 8894 8.39 42** 7570.6 3.94 74.641
inaequalis F H 500 0 -0.189 .700 8l * 00 3) [
Nomada 1.76 7.02 215 0.45 212 - 231 216 5.77
bethunei F T 7.146 3 0.004 6 7 2 6.376 5 0.917N 7 7 N

Significance levels: N near significant, p = between 0.05 and 0.1, *p <0.05, **p < 0.01,
*xx0 < 0,001,



Discussion

Impact of honey bees on wild bees

We found that increasing abundance of honey bees was negatively associated with total
wild bee functional diversity, species richness, and certain species’ abundance (Lasioglossum
mitchelli and Nomada bethunei) and body size (Augochlorella aurata). This is the first study to
investigate whether increasing honey bee abundance has a relationship with bee functional
diversity, and abundance at the species and genus levels for a wild, urban bee community. Most
studies considering the impact of honey bees either included the wild bee community as a whole
or a subset of the wild bee community (e.g. bumble bees) (Mallinger et al. 2017). This has
limited our understanding of how the presence of honey bee hives may impact specific groups of
the bee community, including rare and understudied species (e.g. Nomada) (Mallinger et al.
2017). It is important to investigate honey bee impacts on the community as a whole, but also
investigate which species or genera may be more affected by them so that conservation efforts
can be focused, if needed. Honey bees have the potential to impact bee genera and/or species in
different ways depending on various traits. For example, bee species that are active from the
spring to fall may have more interactions with honey bees leading to higher chances of pathogen
transfer or direct displacement interactions. Larger bee species may also be more greatly
impacted by honey bees because they require more forage; this is supported by multiple studies
showing negative impacts of honey bees on bumble bees (Goulson and Sparrow 2009b; Elbgami
et al. 2014; Thomson 2016). Our results show that urban beehives may impact bee groups in

different ways, but there are negative associations with richness and diversity as well.

However, when looking at overall bee abundance, negative associations with honey bees

were not found. This may be due to Toronto having a hive density that is between the low hive
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density of McCune et al. (2020) (0.32 — 0.48 hives/km?) and the relatively high hive density of
Ropars et al. (2019) (6.5 hives/km?), which are the only other studies that have investigated
impacts of urban beekeeping on wild bees. In 2019, the estimated hive density for the City of
Toronto and Toronto Region was 1.00 hives/lkm? (OMAFRA 2021, personal communication).
Since McCune et al. (2020) did not find any negative associations with wild bee abundance and
Ropars et al. (2019) found that overall wild bee abundance was negatively correlated with honey
bee hive density, our study results may represent a lack of impact on wild bee total abundances
due to a relatively moderate hive density. It is also important to note that both these studies only
included subsets of the wild bee community; McCune et al. (2020) only investigated associations
with honey bees for the eleven most common bee species that were caught, and Ropars et al.
(2019) did not subsect the bee community further than separating out small and large solitary
bees and bumble bees. In any case, our results may show that in cities with relatively moderate
hive density, it is important to look for impacts on certain genera and/or species to see if their

abundances differ with honey bee density, especially before increasing the density of hives.

Honey bees had a negative association with the abundance of two species, which have
different values for all functional traits. Cleptoparasitic bees are often the first guild to respond to
disturbance (Sheffield et al. 2013), which may explain the relationship between Nomada
bethunei and abundance of honey bees. In contrast, Lasioglossum mitchelli is polylectic, active
for the spring and summer, and social. They may be negatively impacted by honey bees because
of competition for the same resources as generalists and having more interactions by being active
for many months. More research is needed to see why these species may be more negatively

associated with honey bees in urban areas than other species.
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Species richness has been found to be linked with abundance and may primarily show
sites that have rare species (Lichtenberg et al. 2017). The presence of rare species is potentially
linked to ecosystem resilience and functional redundancy (Mouillot et al. 2013). Species richness
was found to be negatively associated with relative honey bee abundance, but generic richness
was not found to have a significant relationship with relative honey bee abundance. Studies that
were conducted in agricultural and natural landscapes did not find any relationship between
honey bee visitation and bee richness (Steffan-Dewenter and Tscharntke 2000; Torné-Noguera et
al. 2016). Whereas we found that Shannon index at the species or generic level was not

significantly associated with honey bees.

The negative relationship with honey bees on bee species richness was then translated to
honey bees having a negative relationship with total functional dispersion (i.e. all traits) as well.
However, not all studies have found that species richness and functional diversity are linked
(Cadotte et al. 2011). We did not find a significantly negative association between honey bees
and any individual trait functional dispersion, however diet functional dispersion was very close
to significantly negative. This could indicate that floral resource competition between wild bees
and honey bees may be leading to restricted diet diversity of wild bees. Many researchers have
stated the need to look at impacts on communities through functional diversity in addition to
traditional diversity indices (i.e. Shannon index, richness, etc.) (Diaz and Cabido 2001; Cadotte
et al. 2011; Sheffield et al. 2013; Buchholz and Egerer 2020). Functional dispersion is very
important because it reflects the diversity in functional roles in a community (Laliberte and
Legendre 2010) and reduced functional diversity may impact overall ecosystem functioning and
sustainability (Loreau 1998; Diaz and Cabido 2001). High bee community functional diversity

has been associated with increased crop yield (Hoehn et al. 2008) and crop seed set (Martins et
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al. 2015), which indicates that pollination services are enhanced with increased functional
diversity. There are only a few studies that have investigated urban stressors' impacts on bee
functional diversity (Eggenberger et al. 2019; Buchholz and Egerer 2020) and this is the first
study to investigate honey bee abundance impacts on functional diversity. Future studies should

consider the socio-economic impacts of reduced ecosystem functioning in cities.

The results of the body size analyses also show mixed associations with honey bees.
Augochlorella aurata was the only species that had a negative association with relative honey
bee abundance, and Bombus rufocinctus and Colletes inaequalis had positive relationships with
honey bee abundance. Body size is correlated to the amount of food consumed at the larval stage
(Ribeiro 1994; Bosch and Vicens 2002). Therefore, body size can be a proxy for forage
availability for the time period of when forage was collected for the larval stage (i.e. when mass
provisions were made for solitary bees or when forage was collected by social bees throughout
the larval stage) (Goulson and Sparrow 2009b). Evans et al. (2018) did find that honey bees and
wild bees can benefit from similar habitats within an agricultural setting, so positive relationships
between honey bees and body size may be due to them preferring similar forage and sites having
enough floral resources to sustain both groups. However, the only other study on the impacts of
honey bees on wild bee body sizes found a negative relationship between honey bees and bumble
bee body size (Goulson and Sparrow 2009b). The negative associations between honey bees and
Augochlorella aurata body size, but not abundance, may be a sign that there is floral resource
competition that has not led to a population decline. Beekeeping impacts on wild bee body sizes
should be further investigated to find additional trends across landscapes as well as temporally

throughout the growing season.
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Floral resource and impervious surface impacts

Available floral resources and amount of impervious surface had varied associations with
bee communities. For abundance, flower richness had largely negative relationships, whereas for
body size, flower density and richness had mixed associations. Similarity, for individual
functional trait diversity, flower density had mixed associations, but flower richness had a
positive association with seasonality. It is common for floral resources to have positive impacts
on bee communities (Ebeling et al. 2008; Frankie et al. 2009a; Grundel et al. 2010); however,
Geslin et al. (2016) did not find that floral resources had an impact on bee assemblage in an
urban landscape. A possible reason for not finding positive impacts of floral resources is that in
areas with abundant resources, pan traps become less attractive to bees (Wilson et al. 2008;
Plascencia and Philpott 2017); this could explain some of the variation, especially for species
and generic abundance results. Another reason may be that our floral resource measurements
were concentrated around the pan traps, which may not be at a large enough scale, since floral
resources have been found to be more correlated to netting (Westphal et al. 2003; Popic et al.
2013). Regarding bee abundance associations with impervious surface, at 500m there were only
negative associations, whereas at 1km there were mixed associations. For body size, impervious
surface at 500m had mixed relationships and impervious surface at 1km had positive
relationships for the few models that were found to be significant. However, impervious surface
at 500m had a negative association with functional dispersion for sociality. Urbanization can lead
to habitat loss for wild bees (Goddard et al. 2010) and may also shift community composition
through changing the type of habitats available (Shochat et al. 2010). Other studies also found
that increasing impervious surface at 500m had a negative impact on bee abundance (Zanette et

al. 2005; Geslin et al. 2016). Whereas research that has also used proportion of impervious
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surface as a proxy for urbanization, have found mixed effects of urbanization on bee functional
diversity. Buchholz et al. (2020) did not find any relationship between urbanization and
functional diversity, but Eggenberger et al. (2019) found a positive relationship between
urbanization and functional diversity for bumble bees. Our findings, and those of others, warrant
further study to understand the relationships between floral resource availability, proportion of

impervious surfaces, and urban bee community health and functional diversity.

Caveats and shortcomings

Our results contribute to a better understanding of how bee communities may respond to
varying levels of honey bee abundance in an urban landscape. However, our study has
methodological shortcomings and causal mechanisms were not explored. Our sampling effort
was very high to accurately estimate abundance; however, this only allowed us to sample at ten
sites and we also sampled for one season only. Ideally, this study should be redone over multiple
seasons and at more sites to see if the relationships we found change over time and whether the
sites chosen were representative of the GTA as a whole. The need for more sites is shown
through the near significant negative correlation between relative abundance of honey bees and
flower richness; this correlation may not be representative of sites with hives in general and
should be investigated further. In addition, our study was not able to address the possible
mechanism for negative impacts on wild bee communities, as negative associations with
increasing honey bees could be from floral resource competition and/or pathogen spillover
(Mallinger et al. 2017; Alger et al. 2019). Future studies are needed to explore urban beekeeping
impacts on wild bee communities that include investigating the causal link for these trends and

less localized sampling of floral resources.
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Conclusion

Cities can sustain high levels of bee diversity (Baldock et al. 2015a; Sirohi et al. 2015),
but increasing beekeeping may be putting pressure on their populations. Urban landscapes
provide a unique opportunity for decreasing beekeeping as to our knowledge, there is no current
evidence for a pollination deficit, unlike in agricultural landscapes (Aizen and Harder 2009). Our
study shows that increasing honey bee abundance may lead to decreases in: abundance and body
size of certain groups of bees, species richness, and functional diversity. This highlights the need
to focus conservation efforts in urban landscapes on wild bees and further investigate stressors,
including beekeeping. Our results also indicate that can be diverse and context-dependent
responses at the species and genus levels, which may be lost if comparing honey bee to wild bees

as a single group.

There are numerous benefits to maintaining diverse and abundant wild bee communities
and the pollination services they provide in urban settings. Urban farming and gardening are
known to increase food security and mental health (Kortright and Wakefield 2011; Barthel and
Isendahl 2013). In addition, wild bees are also a great way to introduce the public to conservation
initiatives since the public is very concerned about their populations and understands their
ecological importance (Schonfelder and Bogner 2017; Vierssen Trip et al. 2020). Maintaining
high abundance and biodiversity of bees in cities will ensure pollination of gardens and
wildflowers that are crucial for connecting human populations with nature and tackling food

insecurity.
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Conclusion

The objective of my MSc research was to model floral resource requirements of honey bees
(Chapter 1) and conduct a field study on the impacts of urban beehives on wild bee communities
(Chapter 2), so that we can have a better understanding of whether honey bees are likely taking
resources away from wild bees. The model | constructed to estimate honey bee resource
requirements (i.e. number of flowers and area) to produce adequate amounts of honey for
extraction in temperate climates had widely variable results, largely due to the variance in
parameter estimates from published literature. However, the average estimated amount of area
needed in agricultural landscapes was within the distance that honey bees are known to forage
within resource limited landscapes (Couvillon et al. 2014, 2015a; Garbuzov et al. 2015b). In
addition, both minimum calculations (agricultural and urban) for area requirements were within
1 km?, which is the distance that honey bees are known to often travel (Couvillon et al. 2014,
2015a; Garbuzov et al. 2015a, b). All model outputs (minimum, average, and maximum) also
showed that honey bees may require many more flowers for pollen collection compared to that
for nectar or combined nectar and pollen collection. This model overall showed the need for
further research in honey bee foraging behaviour, hive energy requirements (e.g. overwintering),
and floral resource availability (e.g. floral density, and pollen and nectar available in the
landscape) so that future models can more accurately predict the number of flowers and area a
specific number of honey bee hives require in multiple landscapes. This model provides a
starting point for future modelling, and local scale studies and improved models are likely

required for policy implementation on optimal hive densities.

My field study investigated whether increasing urban honey bee abundance within the
Greater Toronto Area negatively impacts wild bee communities. Overall, | found that increasing
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honey bee abundance may negatively impact wild bee communities in multiple ways, such as
decreasing specific species abundances and body sizes, species richness, and functional diversity.
These findings may have important implications for urban wild bees and urban pollination, since
cities can sustain high bee diversity (Baldock et al. 2015b; Sirohi et al. 2015) and bee functional
diversity has been linked to crop yield (Hoehn et al. 2008) and seed set (Martins et al. 2015) in
agricultural landscapes. Future research should investigate further which species or genera may
be more likely to be impacted by honey bees, as our research showed that certain groups may be
more susceptible to negative impacts (i.e. Nomada spp.). As this was an observational study,
experimental studies are needed to find causal mechanisms of negative impacts of honey bees on
wild bees in urban landscapes, including floral resource competition (Mallinger et al. 2017) and
pathogen spillover (Alger et al. 2019; Gusachenko et al. 2020). Overall, my research showed that
honey bees may have the ability to deplete many resources in various landscapes (Ch. 1), and
that they may be negatively impacting urban wild bee communities (Ch. 2). Wild bees need to be
conserved to sustain pollination services in all landscapes, and conservation management plans
should include managing for all potential stressors on wild bees, including the introduction of

honey bees.
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Appendices

Appendix A: Honey bee population dynamics and parameter sweep methods and
results

Table 1. Honey bee colony population dynamics used for calculating honey consumption per
colony per year (Farrar 1934; DeGrandi-Hoffman et al. 1989; Al-Ghamdi and Hoopingarner

2004; Schmickl and Crailsheim 2004; Harris 2008; Russell et al. 2013).

Month  Population of Workers Honey needed per month (kg)

January 15000 1.10
February 15000 1.00
March 15000 1.10
April 30000 9.19
May 30000 9.50
June 60000 18.38
July 30000 9.50
August 30000 9.50
September 30000 9.19
October 30000 9.50
November 15000 1.07
December 15000 1.10

sum 80.12



Table 2. Model output result changes from parameter sweeps. The maximum and minimum

values represent the values that would result in the largest or smallest model output, respectively,

not the values that are the largest or smallest.

Parameter

Mass of pollen
collected per colony
per year

Mass of pollen per
foraging trip

Number of flowers
visited per pollen

forage bout

Volume of pollen
per flower

Pollen density

Overlap percentage

Change to
maximum or
minimum

Max
Min

Max
Min
Max
Min

Max
Min
Max
Min
Max
Min

A number of
flowers for pollen
collection

+33.11%
-25.22%

0.00%
0.00%
0.00%
0.00%

+60518.46%
-99.28%
+2.36%
-2.26%
+1.85%
-1.85%

A total number of
flowers, and
agricultural and

urban area
+30.83%
-23.49%

0.00%
0.00%
0.00%
0.00%

+56348.72%

-92.44%
+2.20%
-2.10%
+1.72%
-1.72%
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Appendix B: Full model

The final model for minimum, average, and maximum calculations is as follows:

AC =
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Appendix C: Bee species identification methods

Table 1. Identification methods used for each bee genus.

Family Genus

Andrena

Andrenidae

Calliopsis

Anthophora

Bombus

Ceratina

Epeolus

Apidae

Holcopasites

Melissodes

Nomada

Identifier(s

)

Sarah
MacKell/Sh
eila
Dumesh

Sarah
MacKell

Sarah
MacKell/Ha
dil Elsayed

Sheila Colla

Evan
Kelemen

Sarah
MacKell

Sarah
MacKell/Ha
dil Elsayed

Sarah
MacKell/La
urence
Packer

Katherine
Odanaka

Identification
Method

Unpublished
key and
Discover Life
keys

Published key

Published key

Published key

Published
paper

Published key

Published key

Published key

Published key
and Discover
Life keys

Reference

Sheffield CS (2013) Andrena of Canada and Alaska
(Hymenoptera: Andrenidae). Royal Saskatchewan Museum:
Unpublished Key

Larkin L, Andrus R, Droege S Andrena female identification
guide - Discover Life.
https://www.discoverlife.org/mp/20g?guide=Andrena_female.
Accessed 2020

Larkin L, Andrus R, Droege S Andrena male identification guide
- Discover Life.
https://www.discoverlife.org/mp/20g?guide=Andrena_male.
Accessed 2020

Packer L, Genaro JA, Sheffield CS (2007) The bee genera of
Eastern Canada. Can J Arthropod Identif 3:1-32

Packer L, Genaro JA, Sheffield CS (2007) The bee genera of
Eastern Canada. Can J Arthropod Identif 3:1-32

Williams P, Thorp RW, Richardson L, Colla SR (2014) Bumble
bees of North America: an identification guide. Princeton
University Press

Ceratina dupla species-group (Hymenoptera: Apidae:
Xylocopinae) of eastern North America. Zootaxa 35-50.
https://doi.org/10.11646/zootaxa.2873.1.3

Onuferko TM (2018) A revision of the cleptoparasitic bee genus
Epeolus Latreille for nearctic species, north of Mexico
(Hymenoptera, Apidae). Zookeys 755:1-185.
https://doi.org/10.3897/zookeys.755.23939

Packer L, Genaro JA, Sheffield CS (2007) The bee genera of
Eastern Canada. Can J Arthropod Identif 3:1-32

LaBerge W (1961) A revision of the bees of the genus Melissodes
in North and Central America. Part 111 (Hymenoptera, Apidae).
Univ Kansas Sci Bulletin XLI11:283-663

Mitchell TB (1962) Bees of the Eastern United States, Volume II.
North Carolina Agricultural Experiment Station, Raleigh, NC NA

Nomada female identification guide - Discover
Life.https://lwww.discoverlife.org/mp/20g?guide=Nomada_femal
e NA Accessed 2020
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Peponapis

Triepeolus

Xylocopa

Colletes

Colletidae

Hylaeus

Agapostemon

Augochlora
Halictidae

Augochlorella

Augochloropsis

Laurence .

Packer Published key
Sarah
MacKell/Th
omas
Onuferko

Published key

Sarah
MacKell/Ha Published key
dil Elsayed

Published key

Hadil .
Elsayed and Discover
Life Keys
Hadil Published key

Elsayed/She and Discover

ila Dumesh  Life Keys
Hadil Unpublished
Elsayed key
Sarah .
MacKell Published key
Sarah .
MacKell Published key
Sarah .
MacKell Published key

Nomada male identification guide - Discover
Life.https://www.discoverlife.org/mp/20g?guide=Nomada_male.
Accessed 2020

Packer L, Genaro JA, Sheffield CS (2007) The bee genera of
Eastern Canada. Can J Arthropod Identif 3:1-32

Rightmyer MG (2008) A review of the cleptoparasitic bee genus
Triepeolus (Hymenoptera: Apidae). - Part 1. Zootaxa 1710:1-170

Packer L, Genaro JA, Sheffield CS (2007) The bee senera of
Eastern Canada. Can J Arthropod Identif 3:1-32

Romankova TG (2003) Bees of genus Colletes of Ontario
(Hymenoptera, Apoidea, Colletidae). J Entomol Soc Ont 134: 91-
106

Andrus R, Droege S, Griswold T Colletes female identification
guide - Discover Life.
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Accessed 2020

Andrus R, Droege S, Griswold T Colletes male identification
guide - Discover Life.
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Accessed 2020
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guide - Discover Life.
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Accessed 2020
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guide - Discover Life.
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Accessed 2020
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eastern North America. National Biological Information
Infrastructure: Unpublished key

Packer L, Genaro JA, Sheffield CS (2007) The bee genera of
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Halictus

Lasioglossum

Sphecodes

Anthidiellum

. Anthidium
Megachilidae

Chelostoma

Coelioxys

Heriades
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MacKell

Hadil
Elsayed/She
ila Dumesh

Sarah
MacKell/La
urence
Packer

Genevieve
Rowe

Genevieve
Rowe

Genevieve
Rowe

Genevieve
Rowe

Genevieve
Rowe

Unpublished
key

Published
Keys

Discover Life
keys

Published
keys

Published key

Unpublished
key (thesis)

Unpublished
key (thesis)

Unpublished
key (thesis)

Arduser M (2019) Halictus of the tallgrass prairie region and
eastern North America. National Biological Information
Infrastructure: Unpublished key

McGinley RJ (1986) Studies of Halictinae (Apoidea: Halictidae),
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Zool 429: 1-294.

Gibbs J (2010) Revision of the metallic species of Lasioglossum
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Gibbs J, Packer L, Dumesh S, Danforth BN (2013) Revision and
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of Two Species of Old World Bees, Anthidium manicatum and A.
Oblongatum (Apoidea: Megachilidae), in Northern Ohio and
Southern Michigan. Gt Lakes Entomol 35:1

Rowe G (2017) A taxonomic revision of the Canadian non-Osmia
Osmiini (Hymenoptera: Megachilidae). York University

De Silva N (2012) Revision of the Cleptoparasitic Bee Genus
Coelioxys (Hymenoptera: Megachilidae) in Canada. York
University

Rowe G (2017) A taxonomic revision of the Canadian non-Osmia
Osmiini (Hymenoptera: Megachilidae). York University

95


https://www.discoverlife.org/mp/20q?guide=Sphecodes_female.
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Megachile

Osmia

Stelis

Melittidae Macropis

Genevieve
Rowe
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Rowe
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Rowe
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MacKell

Unpublished
key (thesis)
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Mix of
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and Discover
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Key
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Appendix D: Flowering species list for each site

Site

Flowering Plant Species

Centennial Park

Alliaria petiolata
Barbarea vulgaris
Cirsium arvense
Daucus carota
Erigeron sp.
Hesperis matronalis
Lotus corniculatus
Lythrum salicaria
Taraxacum officinale
Trifolium repens
Veronica serpyllifolia
Viola sp.

Downsview Park

Arctium lappa
Carduus acanthoides
Cirsium arvense
Convolvulus arvensis
Daucus carota

Lotus corniculatus
Medicago lupulina
Taraxacum officinale
Trifolium repens
Vicia cracca

Etobicoke Creek Trail

Achillea millefolium
Cirsiumarvense
Daucus carota

Lotus corniculatus
Lythrum salicaria
Securigera varia
Taraxacum officinale
Trifolium pratense
Trifolium repens
Vicia cracca

G Ross Lord Park

Arctium lappa
Cichorium intybus
Cirsiumarvense
Daucus carota
Erigeron sp.
Lonicera tatarica
Melilotus albus
Potentilla sp.
Taraxacum officinale
Trifolium hybridum
Trifolium repens
Trifolium pratense
Vicia cracca

Northwood Park

Anthemis sp.
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Arctium lappa
Carduus acanthoides
Cerastium fontanum
Daucus carota
Erigeron sp.

Geum urbanum
Glechoma hederacea
Hydrophyllum viginianum
Medicago lupulina
Pastinaca sativa
Prunella vulgaris
Ranunclus acris
Solanum dulcamara
Taraxacum officinale
Trifolium repens
Veronica serpyllifolia
Vicia cracca

Viola sp.

Serena Gundy Park

Alliaria petiolata
Cirsiumarvense

Geum aleppicum
Glechoma hederacea
Hypericum perforatum
Stellaria sp.
Taraxacum officinale
Trifolium repens
Trifolium pratense
Veronica serpyllifolia

Toronto Botanical Garden

Aguilegia canadensis
Allium hollandicum
Anemonastrum sp.
Camassia leichtilinii
Cirsium arvense
Cornus sericea
Echinacea sp.
Echinacea purpurea
Fragaria vesca
Geranium sp.

Geum sp.

Helianthis divaricatus
Heliopsis sp.
Heliopsis helianthoides
Hesperis matronalis
Hibiscuis sp.
Leucanthemum vulgare
Lobelia siphilitica
Monarda fistulosa
Myosotis sp.
Narcissus Accent'
Paeonia tenuifolia
Penstemon digitalis
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Penstemon sp.
Prunus serotina
Pyrus salicifolia
Rudbeckia hirta
Salvia sp.

Symphyotrichum novae-angliae

Taraxacum officinale
Tulipa Queen of Night'
Tulipa Pink Vision'
Tulipa Negrita Parrot'
Verbena hastata
Vernonia sp.

Viburnum sp.

Zizia aurea

University of Toronto Scarborough

Cerastium fontanum
Daucus carota
Erigeron sp.
Glechoma hederacea
Leucanthemum sp.
Leucanthemum vulgare
Prunella vulgaris
Ranunculus aris
Solidago sp.

Stelleria sp.
Taraxacum officinale
Trifolium repens
Trifolium pratense
Tussilago farfara

Wanita Park

Cornus sericea
Daucus carota
Glechoma hederacea
Impatiens capensis
Prunella vulgaris
Ranunculus aris
Rubus sp.

Solanum dulcamara
Solidago sp.

Stelleria sp.
Taraxacum officinale
Trifolium repens
Tussilago farfara
Verbena sp.
Veronica serpyllifolia

Macola Garden (York University)

Alliaria petiolata
Arctium lappa
Cichorium intybus
Cirsium arvense
Convolvulus arvensis
Daucus carota
Leonurus cardiaca
Lotus corniculatus
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Rumex crispus
Taraxacum officinale
Trifolium repens
Vicia cracca

Appendix E:

RDAZ (13.5%)

RDA plots and scores

---------------------------------------------- Imp-Surf 1000:2

w

8

Imp. Surf 500

LaskdR

2 Flower.Density

[ I [ |
2 0 2 4

RDA1 (24.6%)

Figure 1. Biplot of genera RDA to investigate which genera potentially had a significant

relationship with honey bee relative abundance.
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Table 1. RDA scores for each genus for RDAL and RDA2. The biplot scores for Apis were: -
0.4664, -0.313721, for RDAL and RDAZ2, respectively. Bolded biplot scores and genus names
indicate which genera were chosen to be further investigated for possibly negative (i.e. biplot
scores with the opposite signs) or positive associations (i.e. biplot scores with the same signs)

with relative honey bee abundance.

Genus RDA1 RDA2
Agapostemon 0.124354 0.248887
Andrena 0.179398 0.307711
Anthidiellum 0.477722 -0.140365
Anthidium -0.14449 -0.163112
Anthophora 0.278164 -0.061877
Augochlora 0.029181 -0.319473
Augochlorella 0.056767 -0.645903
Augochloropsis -0.109371 0.01123
Bombus -0.237891 0.177279
Calliopsis 0.573246 0.09571
Ceratina 0.612556 -0.085979
Chelostoma 0.077933 -0.316539
Coelioxys 0.002061 0.419198
Colletes 0.551593 0.211268
Epeolus 0.568165 -0.349339
Halictus 0.387775 0.192487
Heriades 0.184806 -0.232954
Holcopasites 0.588047 -0.03765
Hoplitis 0.418426 -0.113218
Hylaeus 0.421669 -0.205174
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Lasioglossum
Macropis
Megachile
Melissodes
Nomada
Osmia
Peponapis
Sphecodes
Stelis
Triepeolus

Xylocopa

-0.352503
0.588047
0.316777
0.345531
0.407992
-0.361942
0.149628
0.319672
-0.436751
0.326342
-0.183951

-0.209395
-0.03765
-0.354743
-0.368757
0.44207
-0.161274
-0.313623
0.430116
-0.177089
0.222439
-0.004412
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Table 2. Best GLMs for predicting either genus or species level abundance relationships with

honey bee relative abundance. No value means that the predictor was not included in the best

model, which was based on AIC. or quasi-AlC. values depending on the distribution of the

GLM. Light grey indicates a significantly positive association, and darker grey indicates a

significantly negative association. (a) indicates a Poisson distribution, (b) indications a quasi-

Poisson distribution (based on overdispersion test).

Flower Density

Flower Diversity

Res.  Z(a) Res.  Z(a)
Species/Genus Dev /T (b) Est. Dev /T(b) Est
Agapostemon (b)
Agapostemon
virescens (b)
Andrena (b)
Andrena imitatrix = 39.861 -0.975 -0.002 38.2 0.4110
(a) 28 2.007 9
Andrena nasonii
(b)
Anthidium (b)
Anthidium
oblongatum (b)
Colletes 360. 1.713*
inaequalis (a) 79 10.67 **
287. 1.66 0.506
Halictus (b) 6
Halictus confusus
(b)
Halictus ligatus 91.2 3.216 0.547*
(b) 42
480. -1.45 -0.469
67
Lasioglossum (a) = 543.82 0.05 0.001
Lasioglossum 0.019*
imitatum (a) 38.226 6.514 **
Lasioglossum
leucozonium (b)
Lasioglossum 466. 1.746*
mitchelli (a) 38 -8.019 **
Lasioglossum -
paradmirandum 135. 1.244*
(@) 121 -3.681 **
Lasioglossum 57.0 0.867*
weemsi (a) 44 -3.272 *

Relative Apis

Res.
Dev

314.63

34.534

220.45
222.13

212.92

438.88

439.02

Z (a)
IT (b)

Res.

Est. Dev

-1.461  -2.602

-2.363 -2.067 30.701

-0.846 2.2387
1.185 3.768

1.265 4.018

21.74

215.05
194.65

-1.082  -1.565 437.73

28.993

7.998*

-6.577 ** 419.83

121.46

54.389

-10.7

Imp.Surface.1000

Z(a)

IT(b) Est

-2.344 -8.744

21.583

KKk

-1.491
-1.515

-4.240
-5.71

4.017 10.755

-1.862 -4.76

22.407

k=

10.195

23.966

*k*k

7.139

5.406 16.037

Imp.Surface.500

Z(a)
IT (b)

Res.

Dev Est.

39094 031 0.39%4

136.29 1.504 2.230

26.909 1.812 3.426

60.61 -5.099 -

7.1594
*

2.398*

27.464 -3.313 *

15.075

*kk

8.28 15.661

14.388

*kk

4331 -8.213

9.530*

*k

8.906 -6.382
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310.78 -1.629 -4.898

Nomada (b)
57.183 -6.622 - 37.416 -4.719 - 11.02
Nomada bethunei 9.390* 30.877
(a) *% *kk
92.07 -0.75 -0.001
83.7 -
Osmia (a) 62 -0.702 0.104* 83.754 0.946 0.758 83.288 5.083 7.901 38.087
Osmia albiventris
(a) 212,92 -1.658 -2.434
Osmia conjuncta  190.99 186.12 184.54
(b) 6 0491 0.012 2 0.899 13.608 4 2636 18.126 51.351
163.
Xylocopa (b) 192,13 -1.143 -0.014 18 1.527 1.345 120.41

Significance levels: N near significant, p = between 0.05 and 0.1, *p <0.05, **p<0.01,
#3kp < (0,001

4.305

-6.755

-2.305

-1.334

11.545

*kk

5.771*

*k

17.063

*

-4.133
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Appendix F: FDis GLM Results

Table 1. All FDis GLM results. No value means that the predictor was not included in the best
model, which was based on AIC. values. Light grey indicates a significantly positive association,
and darker grey indicates a significantly negative association.

Flower Density

Trait Res
Dev t Est.
Body Size
Diet

Flower Richness

Res.
Dev

Sociality ~0.013 4.281 0.001** 0.012

Seasonality

Type of
nesting

Tongue
Length

Nest
Building

Pollen

Strategy 0.010 2.162 0.001*

All Traits

0.004

0.012

0.003

0.015

4.10

2.36

1.25

1.46

0.83

Est.

0.039
0.017
*

0.015
0.009

0.011

Relative Apis Imp.Surface.1000 Imp.Surface.500
Res. Res. Res.
Dev t Est. Dev t Est. Dev t Est.
0.001 0.422 0.015
0.045 1.939 -0.396M
= 0.224
0.002 5462 ***
0.005 -2.64 -0.175* 0.004 1.695 0.124N

Significance levels: N near significant, p = between 0.05 and 0.1, *p <0.05, **p<0.01,

*kkp < 0,001,
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Appendix F: Body size GLMs results

Table 1. All body size GLM results. F is for female, M is for Male, T is for thorax, and H is for

head. No value means that the predictor was not included in the best model, which was based on

AIC. values. Light grey indicates a significantly positive association, and darker grey indicates a

significantly negative association.

Species FH T/
M H
Agapostemon
virescens F T
Agapostemon
virescens F H
Agapostemon
virescens M T
Agapostemon
virescens M H
Andrena
imitatrix M T
Andrena
imitatrix M H
Andrena
nasonii F T
Andrena
nasonii F H
Anthidium
oblongatum F T
Anthidium
oblongatum F H
Anthidium
oblongatum M T
Anthidium

oblongatum M H

Augochlorella
aurata F T

Augochlorella
aurata F H

Bombus
bimaculatus F T

Bombus
bimaculatus F H

Flower Density

Res.
Dev

4334

3.296

2171

14.062

7.186

2.692

1.016

2.405

t Est.

3.68 -
4 0.002*

3.92 -
1 0.003"

1.90 0.001*
2 *

1.75
4 0.001

2.15
9 0.001"

0.65
1 0.001

434
0 -0.001

1.36
4 0.001

Flower Diversity

Res.

Dev t Est.

498 1.20
8 2 -0.073

162 225
8 1 -0.077

4.06 2.26
6 3/0.092

298 2.74
4 7 0.150N

543 253
9 6 0.158M

2.66 1.67
0 20.040

7.09 0.15
2 0 -0.006

2.35 1.08
6 6 -0.033

Relative Apis

Res.
Dev

4.982

1.628

3.985

2.154

2.576

0.896

7.075

t Est.

1.004 0.208

1190 0.139

1137 0.278

-1.289 -0.066

0.430 0.205M

0.780*
-5.246 **

0.368 0.159

Imp.Surface.1000

Res.
Dev

4.93
7

1.60

10.3

59
4.24

2.87

411

2.13

5.43

7.18

2.53

0.83
7

t

0.920

1.731

3.698

3.618

0.978

-3.149

-0.429

-1.485

0.861

2.639

3.026

Est.

1.405

1.495
5.672*

*%

3.562*

1.255

-0.523

-0.100

-1.538

0.475

0.900

0.387*

Imp.Surface.500

Res.
Dev

4914

1.573

9.694

3.954

2.765

3.964

2134

5321

2.638

13.955

7.056

2.442

t Est.

-0.692 -0.515

-1.461 -0.615
-2.645 3.133V

-2.741 2.084*

-1.500 -1.075

0.356*
3.421 *

0.803 0.106
1.508 0.672
0.946 0.125
-0.932 -0.306
-1.443  -0.440

-2.265 0.671N
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Bombus
griseocollis

Bombus
griseocollis

Bombus
griseocollis

Bombus
griseocollis

Bombus
impatiens

Bombus
impatiens

Bombus
impatiens

Bombus
impatiens

Bombus
rufocinctus

Bombus
rufocinctus

Bombus
rufocinctus

Bombus
rufocinctus

Colletes
inaequalis

Colletes
inaequalis

Halictus
confusus

Halictus
confusus

Halictus
confusus

Halictus
confusus

Halictus
ligatus

Halictus
ligatus

Megachile
rotundata

Megachile
rotundata

Megachile
rotundata

Megachile
rotundata

28.389

9.191

167.56

70.499

6.499

3.289

63.764

23.212

14572.
500

3.595

8.902

9.834

6.111

3.007

3.57
2 0.004"

3.14
6 0.003N

2.09
0 0.001

181
1 0.001

121
2 -0.001

1.87
4 -0.001

2.29
6 0.001

1.62
5 0.000

3.76
0 -0.189

1.46
8 0.000

1.27
8 0.000

1.17
2 0.000

245 -
7 0.002N

1.62 -
3 0.001N

23.2
98

7.87

9.79

3.09

148.

340

62.4
7

3.28

3.38

8894
.700

181

0.80

8.76

9.73

3.77
1

1.77

1.66
1.80

2.36
2.58

2.48

1.57

2.44

8.39

0.42

1.44
1.09

1.48

1.72
5

0.203*
*%

0.111*
*

0.059
0.044

0.122*

0.076*

*%k

-0.070

0.469

27.042

*kk

0.017

0.036
-0.028

-0.036

0.112

8.964

2.956

147.79

61.937

63.008

22.866

28.694

7.116

3.273

7570.6
00

3.594

0.794

8.698

2.930

3.618

2.517

2.567

1.803

0.905

1.663

2.052

2.305

3.599

2.271

-1.397

3.945

0.561

0.923

1.088

0.317

2.270

1.653

1.669N

0.673

0.211

0.2513
N

0.480

0.325M
1.879*
*

0.594N
-0.801

74.641
*%

0.053

0.133

0.227

0.108
0.895

0.386

23.2
97

7.86

6.49

3.27

28.4
95
7.03

3.19

4.70

3.58

1.80

0.79
1

8.69

5.79

2.78
1

3.42
0

2.42
4

2.247

2.459

1.278

3.068

2.081

1171

-2.302

1.009

1.425

0.619

-0.504

-0.808

1.793

1.748

-1.847

-1.521

2.918

1.859

2.168

4.281

2.751
0.775

12.921

0.252

0.466
0.415

-0.083

-0.546

1.002

0.768
-0.816

-0.382

19.848

6.719

146.11

61.261

6.375

2.915

27.907

7.001

2.994

4.698

3.559

1.793

8.658

9.702

-3.681

-3.648

-2.486

-2.432

-1.236

-3.214

-1.909

-0.928

2413

-0.489

-1.294

-0.864

0.891

0.773

2.151*
*

1.240*
*

0.494N
0.313N
-1.161

2.304*

-1.580
-0.384

6.711N
-0.077
-0.233

0.415

0.310

0.084
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Nomada 1.76 7.02 215 - 231

bethunei F T 7146 3 0.004 6 7 -0452 6.376 -2.125 0.917M 7 2167 5779V
Nomada 1.76 5.02 225 4.03

bethunei F H 5.154 1 0.003* 7 0 -0.394 4.666 -1.799 -0.649 0 2.864 2.237*
Xylocopa 0.60 20.1 0.97

viriginica F T 20.41 2 -0.001 11 3 -0.053 19.804 -1.331 -1.123

Xylocopa 1.68
viriginica F H 10.658 4 -0.001 10.312 -1.965 -1.160

Significance levels: N near significant, p = between 0.05 and 0.1, *p <0.05, **p < 0.01,
**%p <0.001.
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Appendix G. Co-author written permissions for inclusion of manuscripts in the
dissertation

Chapters 1 and 2: Dr. Sheila Colla

Written permission to include co-authored work in thesis Inbox x &5 &
Sheila Colla Jan2,2021,12:53 PM (8 days ago) Yy 4
tome ~

I, Dr. Sheila Colla, give permission for our co-authored works “Modelling the number of flowers and forage area needed for honey bee (Apis mellifera) hives using literature review data”
and “Assessing the impacts of urban beehives on wild bees using individual, population-level and community level metrics” to be included as chapters in Sarah MacKell’s thesis titled
"Understanding honey bee forage requirements and the impacts of urban hives on wild bees”. | also give permission for this work to be microfilmed.

Sincerely,

Sheila R. Colla, Ph.D

Assistant Professor

York Research Chair in Interdisciplinary Conservation Science
Faculty of Environmental & Urban Change, York University

Chapter 2: Hadil Elsayed

Written permission to include co-authored work in thesis Inbox x & B
Hadil Elsayed Wed, Dec 30, 2020, 10:16 PM (11 days ago) Y 4
tome =

|, Hadil Elsayed, give permission for our co-authored work “Assessing the impacts of urban beehives on wild bees using individual, population-level and community level
metrics” to be included as a chapter in Sarah MacKell’s thesis titled “Understanding honey bee forage requirements and the impacts of urban hives on wild bees”. | also give
permission for this work to be microfilmed.

Sincerely,

Hadil Elsayed
Hadil Elsayed, MES

PhD Student, Biology
Faculty of Graduate Studies, York University
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Appendix H. Candidate’s contribution to co-authored work

Statement of Sarah MacKell’s contribution to co-authored works included in the dissertation
titled “Modeling honey bee hive forage requirements in multiple landscapes and assessing

impacts of urban beehives on wild bees”.

Chapter 1: Modelling the number of flowers and forage area needed for honey bee (Apis

mellifera) hives using literature review data
Sarah E. MacKell, Sheila R. Colla

This chapter will be submitted for publication to a peer-reviewed journal.

Candidate’s Contributions:

Sarah MacKell and Dr. Colla conceived of the ideas for this manuscript. Sarah MacKell
conducted the literature review, processed all articles, extracted relevant data from articles
retained for the review, constructed the model, and summarized and analyzed the results. Sarah
MacKell led the writing of the manuscript, and both Sarah MacKell and Dr. Colla contributed to
editing the article. Both Sarah MacKell and Dr. Colla gave permission for this article to be
submitted to a peer-reviewed journal (at a future date) and for inclusion of the manuscript in the

dissertation.
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Chapter 2: Assessing the impacts of urban beehives on wild bees using individual,

population-level and community level metrics

Sarah E. MacKell, Hadil L. Elsayed, and Sheila R. Colla

This chapter will be submitted for publication to a peer-reviewed journal.

Candidate’s Contributions:

Sarah MacKell and Dr. Colla, conceived of the ideas. Sarah MacKell led the development of the
field methodology. Sarah MacKell and Hadil Elsayed contributed equally to the collection of
data in the field and processing of samples (i.e. identifying and measuring). Sarah MacKell led
the data analysis, but Hadil Elsayed conducted the trait composition analysis. Sarah MacKell led
the writing of the manuscript. All authors contributed to editing and gave permission for this
article to be submitted to a peer-reviewed journal (at a future date) and for inclusion of the

manuscript in the dissertation.
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