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ABSTRACT
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Both managed and wild pollinators are critical for pollination of crops. While bees
benefit from foraging on crops, they also risk exposure to insecticides applied to those
crops. These aspects are not well studied for ground-nesting bees, the most speciose
group of wild bees. Here I address ecological, behavioural, and ecotoxicological
interactions between Cucurbita crops (pumpkins and squash) and one of their common
pollinators, the wild hoary squash bee (Eucera pruinosa (Say, 1837)).
My research undertaken on farms across Ontario demonstrated that hoary squash
bees are the primary pollinators of Ontario’s Cucurbita crops. At a site where I
maintained bees in enclosures, I demonstrated that sex allocation was male biased and
that 85% of females had 11 days or more to reproduce, allowing a population expansion
of 90% over two years. Male mate-seeking behaviour on flowers did not vary
temporally, nor in response to other bees. Females required ~3 hours to provision a
nest cell. After flowers wilted, bees rested in them singly.
In Cucurbita crops, the hazard of exposure to insecticide residues for female hoary
squash bees was highest in soil. Probabilistic assessment of the risk of exposure to
lethal doses of neonicotinoid insecticides in soil was often above the 5% acceptable risk

threshold. Exposure to imidacloprid reduced nest initiation and pollen harvesting by
hoary squash bees, with negative knock-on effects on abundance the following year.
My work establishes a basis for updating pollination recommendations for
Cucurbita crops, adds to ecological knowledge about ground-nesting bees, and
provides novel information about the risks of nesting in agricultural soil and the effects
of exposure to systemic insecticides for the hoary squash bee.
Although I focused on the hoary squash bee and Cucurbita crops in Ontario, the
relevance of my research extends beyond Ontario, beyond the hoary squash bee, and
beyond Cucurbita crops to include other locations, all crop-associated ground nesting
bee species, and other pollinator dependent crops. As such, it is useful to growers who
depend upon wild bees for pollination services, pesticide regulators who assess the
safety of pest control products, and conservation professionals seeking to prevent
further pollinator decline.
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1 Introduction and Literature Review
1.1

Introduction
This research project has an important historical context. In 2014, two years

before the start of my research, I was contacted by Jim Chaput, the minor use
coordinator for pesticides at the Ontario Ministry of Agriculture, Food and Rural Affairs
(OMAFRA). Jim called me about his concern that neonicotinoid insecticides registered
for use on cucurbit crops might be having a negative effect on the hoary squash bee,
one of the wild bees that visits and pollinates Cucurbita crops (pumpkin, squash, and
gourd) in Ontario. After further discussions, I formally made the request to Health
Canada’s Pest Management Regulatory Agency (PMRA) to initiate a special review of
the impact of these pest control products on squash bees with the support of ten other
Canadian scientists (Kenneth G. Davey, University Professor Emeritus, York University;
Peter G. Kevan, University Professor Emeritus, University of Guelph; Tom Hutchison,
University Professor Emeritus, Trent University; Laurence Packer, Professor of Biology,
York University; Valerie Fournier, Associate Professor, Université Laval; Miriam
Richards, Professor, Brock University; Bridget Stutchbury, Distinguished Research
Professor, York University; Gray Merriam, University Professor Emeritus, Queens
University; Ted Mosquin, Ph.D.; and Tom Woodcock, Adjunct Professor, University of
Guelph). In response, the PMRA initiated the requested special review in 2014 (PMRA,
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2014). It is that special review that provided the impetus for this work, also known as
the Peponapis Project (https://www.facebook.com/PeponapisProject/).
For ease and accuracy of expression, in my thesis I have called all cultivated
pumpkin, squash, summer squash, and gourds (Cucurbita spp.), Cucurbita crops,
retaining the italics of the genus name. During the writing of my thesis, the hoary
squash bee (Peponapis pruinosa) was reclassified as Eucera (Peponapis) pruinosa
(Dorchin et al., 2019). I have adopted this new classification throughout the thesis
except for chapter 4, which was already published prior to the reclassification.

1.2

Literature Review

1.2.1 Importance of Insect Pollination to Crops
Humans depend upon the cultivation of a wide variety of crops for their food, fuel,
fibre, medicines, and cultural expression (IPBES, 2016). Of these, about 76% require
or benefit from the pollination services of insect pollinators, especially bees (Klein et al.,
2007; Rader et al., 2016). Furthermore, human dependence on insect-pollinated crops
has experienced a three-hundred-fold increase in the last five decades (Aizen et al.,
2008), with a monetary value for insect-mediated pollination of crops of $225-577 billion
USD globally (Lautenbach et al., 2012; IPBES, 2016). In Ontario, insect-mediated crop
pollination is valued at $895 million CDN (Pindar et al., 2017).
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Insect-mediated pollination is a three-step process involving both the plant and
insect pollen vector. For pollination to occur: (1) the plant must release viable pollen
grains from its anthers (pollen donors); (2) the insect pollinator must pick up the pollen,
either passively or actively, and then transport it from the anthers to a conspecific pollen
recipient (stigma) on the same flower, another flower on the same plant, or a flower on a
different plant, depending on the pollination system; (3) the stigma receiving the pollen
must be receptive (Faegri & van der Pijl, 1979).
The processes following the deposition of pollen on the stigma are plant-mediated
and involve the splitting of the pollen nucleus into (1) a tube nucleus responsible for the
growth of a pollen tube from the pollen grain through the style to the ovule within the
plant ovary, and (2) two gametes, one of which unites with the naked endosperm
nucleus to form the endosperm of the seed and one of which unites with the egg to form
the embryo. Seed production then mediates fruit production. When fruit set is used as
a proxy for pollination success (as it is in Chapter 5), it includes both insect-mediated
pollination and subsequent plant-mediated processes.
1.2.2 Importance of Pollinator Diversity
The role of both managed and wild pollinators to provide sustainable pollination
services to crops has long been acknowledged, especially since the pollination systems
in crop plants are so varied and complex (Free, 1970; Bohart, 1972; McGregor, 1976;
Kevan et al., 1990). Among the managed pollinators, honey bees (Apis mellifera
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(Linneaus, 1758)) are often credited with providing most crop pollination services.
Global honey bee stocks are at an unprecedented high, although global overwintering
losses are also high and the number of honey bee colonies and beekeepers in parts of
Europe are in decline (Potts et al., 2010a, 2016; Gray et al., 2019; Aizen et al., 2019).
There is also a growing parallel demand for insect-pollinated crops, making reliance on
honey bees or other managed pollinators to provide all crop pollination services less
tenable (Aizen & Harder, 2009; Aizen et al., 2019).
Many other bees, both managed and wild, and non-bee flower visitors can also
provide pollination services to crops, often more efficiently on an individual basis than
managed honey bees (Greenleaf & Kremen, 2006; Garibaldi et al., 2013; Rader et al.,
2016). Besides honey bees, the bees that can be managed to provide pollination
services to agricultural crops include bumble bees (Bombus spp.), stingless bees
(meliponine bees and Trigona spp.), and several species of stem-nesting solitary bees
(e.g., Osmia spp. and Megachile spp.) (IPBES, 2016). There has been some progress
in managing a least one ground-nesting bee species, the alkali bee (Nomia melanderi
Cockerell, 1906), for alfalfa seed production in the western United States by creating
and protecting nesting beds in seed production areas (Cane, 2008; Vinchesi et al.,
2018).
Many other wild bee species also visit crops (IPBES, 2016). Wild solitary bees
that are known to visit crop flowers and provide pollination services in North America
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include species in the following genera: Agapostemon, Andrena, Anthidium,
Anthophora, Ceratina, Colletes, Halictus, Eucera, Hoplitis, Lasioglossum, Megachile,
Melitta, Nomia, Osmia, and Xylocopa (USDA, 2017a). Among these, the groundnesting solitary bees are the most speciose in eastern Canada and elsewhere (Packer
et al., 2007; Sgolastra et al., 2019).
Diverse bee communities can provide complementarity and improve pollination
because of differences in specialization, activity periods, flower handling behaviour,
movement within the crops, and annual population fluctuations (Isaacs et al., 2017).
Where wild bees are present on farms, their pollination services provide no-cost
alternatives to renting or purchasing managed bees and may compensate for the loss of
honey bee pollination services (Winfree et al., 2007). Furthermore, the presence of wild
bees has been shown to increase fruit set of globally important crops substantially and
can offer a new avenue to improve yields in pollinator-dependent crops globally
(Garibaldi et al., 2013).
As human food systems rely more upon insect-pollinated crops, reliance upon wild
bees can be expected to increase (Aizen et al., 2019). However, across years, crops,
and locations within biogeographical regions, only 2% of wild bee species account for
almost 80% of all visits by wild bees to agricultural crops (Kleijn et al., 2015). Thus, to
preserve biodiversity among crop pollinators and maintain the pollination services they
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provide, close attention should be paid to the well-being of those wild species within
agricultural contexts, where they may be under greatest threat.
1.2.3 Bee Declines
The importance of wild bees as pollinators of crops is set against well-documented
bee declines in Europe and parts of North America (IPBES, 2016). Bee declines
elsewhere have not been as well documented because of a paucity of long-term data,
not necessarily because they have not occurred. In Germany, the total biomass of
flying insects captured in nature reserves has declined by more than 75% in the last
three decades (Hallmann et al., 2017). In northwestern Europe, documented declines
in pollinator richness have resulted in more homogeneous pollinator communities
dominated by generalist, fast developing, and more mobile species with less specialized
habitat requirements (Biesmeijer et al., 2006). However, subsequently in the same
region, a slowing rate of decline in pollinator richness has been reported and attributed
to the success of increased conservation efforts (Carvalheiro et al., 2013). In the United
States, a local extirpation of 50% of bee species over a 120-year period (1880s-2009)
and the resulting degradation of pollinator-plant interaction networks has been reported
(Burkle et al., 2013). Kerr et al. (2015) demonstrate a converging pattern of bumble bee
range constrictions across continents, sometimes resulting in local extirpation of
species, which they attribute to climate change. Based on species distribution models,
these bumble bee losses are predicted to accelerate (Sirois-Delisle & Kerr, 2018). The
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Committee on the Status of Endangered Wildlife in Canada (COSEWIC) has designated
the rusty-patched bumble bee (Bombus affinis) and the gypsy cuckoo bumble bee (B.
bohemicus) as endangered, the western bumble bee (B. occidentalis occidentalis) as
threatened, and the yellow banded bumble bee (B. terricola) as of special concern
(Government of Canada, 2019). In 2016, the Ontario government put forth a Pollinator
Health Action Plan to conserve pollinators on both natural and agricultural lands
(OMAFRA, 2016), but which may be inadequate to protect wild species (Pindar et al.,
2020).
Global bee declines are attributed to (1) anthropogenic land use changes including
agricultural intensification of landscapes, leading to habitat degradation, fragmentation,
and loss, (2) climate change leading to phenological mismatches between plants and
pollinators, extreme weather events, changes in average temperatures leading to range
shifts and local extirpations, and physiological stress (3) increased pressure from pests
and pathogens, including the negative impacts of invasive species, and (4)
environmental pollution, including exposure to pesticides in agricultural and other
contexts (Potts et al., 2010b; Vanbergen & IPI, 2013; Goulson et al., 2015; Hamblin et
al., 2017). Furthermore, the combination of these multiple stressors on bee populations
may amplify their individual negative impacts (Potts et al., 2010b; Vanbergen & IPI,
2013; Goulson et al., 2015; Stuligross & Williams, 2020). Here I will concentrate on the

7

effects of agricultural intensification with its associated increase in exposure to
pesticides for wild bees that provide crop pollination services.
In North America and elsewhere, intensive agriculture, in which crops are grown in
simplified ecosystems using inputs and specialized technologies to maximize profit, is
the dominant production paradigm (Kremen et al., 2012; USDA, 2017b; AAFC, 2020).
The economic pressures that accompany this paradigm led to elimination of natural
spaces on farms, creating increasingly homogeneous agricultural landscapes (Kremen
et al., 2002; Kremen et al., 2012). Even in such landscapes, crops may provide nectar
and pollen sources for wild pollinators in feast-or-famine scenarios (e.g., Westphal et
al., 2003; Abbott et al., 2008; Holzschuh et al., 2013). However, agricultural
intensification may also reduce pollination services provided by wild bees by eliminating
nesting habitat and alternative forage, making crop production in such contexts more
reliant on managed bees (Kremen et al., 2002; Sheffield et al., 2008; Stuligross &
Williams, 2020). Furthermore, a model linking pollinator-dependent crops and declines
in wild bee abundance has already pinpointed areas in the United States where
pollination deficits exist or will exist (Koh et al., 2016; Reilly et al., 2020).
Conversely, where crops are grown in less intensively managed landscapes that
maintain hedgerows and natural features, wild bee communities can be sustained
(Sheffield et al., 2008; Blaauw & Isaacs, 2014; Martins et al., 2018). Where wild bee
abundance and diversity are high in crop systems, the contribution of wild bees to crop
8

yield has been clearly demonstrated (Ricketts et al., 2008; Garibaldi et al., 2013;
Nicolson & Ricketts, 2019).
Agricultural intensification is also associated with increased pesticide use. In
agriculture globally, about 25% of insecticides used are neonicotinoids, and 60% of
these are applied as seed coatings or as soil applications, though they can also be
applied as foliar sprays and as direct trunk injections for trees (Jeschke et al., 2011).
Although neonicotinoids can be effective against pests, the value to farmers of their
prophylactic application as seed treatments for corn and soybeans, where their use is
highest, has come into question (e.g., Krupke et al., 2017; Mourtzinis et al., 2019).
Neonicotinoids also have negative impacts on non-target beneficial insects, including
naturally occurring insect predators, parasitoids, and pollinators. The impact of
neonicotinoids on a wild pollinator is one of the foci of my thesis.
Pollinator exposure to neonicotinoids is unusually high because this class of
insecticides is (1) widely used in agriculture, (2) systemic within plants, translocating
from the point of application throughout plant tissues, (3) persistent, especially in soil,
and (4) highly water soluble leading to movement within soil from points of application
and pollution of waterways via runoff and leaching (Jeschke et al., 2011; Goulson, 2013;
Schaafsma et al., 2015). Novel insecticides (flupyradifurone and sulfoxaflor) whose
mode of action is similar to neonicotinoids are also proving to be harmful to bees (Siviter
& Muth, 2020).
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Neonicotinoid residues have been found in (1) agricultural soil (Krupke et al., 2012;
Schaafsma et al., 2015; Limay-Rios et al., 2016; Willis Chan et al., 2019; Wintermantel,
2020), (2) nectar and pollen of crop flowers, including Cucurbita flowers (Dively &
Kamel, 2012; Stoner & Eitzer, 2012; Wintermantel et al., 2020), and (3) nectar and
pollen of wild flowers (Stewart et al., 2014; Bótias et al., 2015; Long & Krupke, 2016;
Fahrenkamp-Uppenbrink, 2018; Wintermantel et al., 2020).
Although little is known about their impacts on most wild bee species, the impacts
of exposure to neonicotinoids on managed bees are well documented and include sublethal effects at sub-cellular levels with knock-on effects at individual, colony, and
population levels, among eusocial and solitary bees, and at both adult and larval stages
(Godfray et al., 2014, 2015; Lundin et al., 2015; Alkassab & Kirchner, 2017). These
impacts include negative effects on learning, memory, foraging, reproduction, growth,
colony establishment and pollination services (Decourtye & Devillers, 2010; Godfray et
al., 2015; Stanley et al., 2015a, 2015b; Baron et al., 2017). The bee species, the mode
of exposure (contact or oral), and the length of exposure (acute or chronic) all affect the
lethality of neonicotinoids to bees (Decourtye & Devillers, 2010; Arena & Sgolastra,
2014; Sgolastra et al., 2019). Mortality of pollinators is most often associated with acute
exposure to a lethal dose, but cumulative chronic exposure to low doses over time can
also result in mortality (Sanchez-Bayo & Goka, 2014).
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Sublethal doses (i.e., those doses below the median lethal dose, LD50) do not
result in immediate mortality but may have important negative impacts on the individual,
with subsequent effects for colonies or populations (Godfray et al., 2014; Sanchez-Bayo
& Goka, 2014; Alkassab & Kirchner, 2017).
Oral exposure occurs when bees consume nectar, pollen, aphid honeydew,
guttation water, or chemigation water from soil treatments (Godfray et al., 2014, 2015;
Alkassab & Kirchner, 2017). Contact exposure is from dermal exposure to abraded
dust, sprays, microencapsulated particles, guttation water, and chemigation water from
soil treatments (Godfray et al., 2014, 2015; Alkassab & Kirchner, 2017). For solitary
bees, adults and larvae may also be exposed via contact with pesticide residues in
nesting sites and nesting materials as well as larval provisions (EFSA Panel on Plant
Protection Products and their Residues, 2012; Sgolastra et al., 2019).
Unfortunately, the paradigm used for pesticide risk assessment does not yet
represent the diversity of crop pollinators fully, although this may be changing (Schäfer et
al., 2019; Sgolastra et al., 2019). Within regulatory frameworks in Europe and North
America, honey bees are the sole model organism used to represent lethality (LD50) and
least observable effect concentrations (LOEC) of pesticides for all insect pollinators
(Franklin & Raine, 2019).
Although honey bees may represent other bees well enough in tier one risk
assessments in the lab where honey bees are dosed individually in acute exposure
11

scenarios (24-48 hours), in tier 2 (semi-field) and tier 3 (field) evaluations carried out on
honey bee colonies, the natural functional redundancy of bees within the colony provides
a buffer against the negative impacts of pesticide exposure that smaller bumble bee
colonies, foundress bumble bee queens, and solitary bees do not enjoy (Franklin & Raine,
2019; Schäfer et al., 2019). Furthermore, the cost of implementing statistically meaningful
studies that identify negative impacts on honey bee colonies in tier 2 and tier 3
assessments is often prohibitive (Franklin & Raine, 2019).
Lethal doses for pesticides within a class may vary greatly among bee taxa.
European Food Safety Authority (EFSA)-proposed adjustments to honey bee lethal doses
(i.e., honey bee lethal dose/10) to compensate for these differences may not be
sufficiently protective for all species (EFSA Panel on Plant Protection Products and their
Residues, 2012; Arena & Sgolastra, 2014). For example, thiamethoxam may be three
times more toxic to North American bumble bees (Bombus impatiens) than to honey bees
(Mundy-Heisz et al., 2020).
Furthermore, defined exposure routes for honey bees may not adequately capture
important exposure routes for other bees (Gradish et al., 2019; Sgolastra et al., 2019).
For example, although they can be exposed to airborne dust (Krupke et al., 2012; LimayRios et al., 2016; Krupke et al., 2017), honey bees are not normally exposed to pesticides
via soil, which has been shown to be a hazardous exposure route for ground-nesting bees
(Willis Chan et al., 2019; Chapter 4).
12

Indeed, changes are needed in the pesticide regulatory process to avoid the
mistakes of the past and prevent further pollinator decline (Franklin & Raine, 2019; Siviter
& Muth, 2020). For example, although neonicotinoids have been recognized as harmful
to bees and have been banned in Europe, the novel pesticides flupyradifurone and
sulfoxaflor, of a different pesticide class but a similar mode of action to neonicotinoids,
have recently been registered as replacements, despite mounting evidence of their harm
to bees at sub-lethal, field-realistic levels of exposure (Siviter & Muth, 2020).
1.2.4 Cucurbita Crops
Grown globally for their fruits, fibres, seeds, oil, as medicines, as fodder for
animals, and for cultural purposes, Cucurbita crops (Cucurbitaceae, pumpkin, squash,
gourds) are among the pollinator-dependent crops becoming increasingly important in
human food systems, with a ~9% increase in production globally between 2012 and
2017 (OECD, 2013; FAO, 2017). About 60% of Cucurbita crop production occurs in
Asia, followed by about 11% in Africa, 13% in the Americas and the Caribbean, 15% in
Europe, and less than 1% in Oceania (FAO, 2017).
Cucurbita pepo is one of five cultivated Cucurbita species first domesticated from
wild species in meso-America and subsequently distributed allopatrically from northern
Argentina to southern Canada (López-Uribe et al., 2016). Two sub-species of Cucurbita
pepo (C. pepo pepo and C. pepo ovifera), the most widely grown of the cultivated
species in North America, were domesticated independently about 10,000 years ago in
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meso-America and 5,000 years ago in midwestern America, respectively (Smith, 1997,
2006; López-Uribe et al., 2016). Cucurbita crops continue to have cultural importance
among indigenous peoples of North America (Boyd et al., 2014).
In Ontario, several Cucurbita crop species (C. pepo, C. maxima, C. moschata, C.
argyrosperm - formerly C. mixta) are grown and marketed for fresh eating and as
decorative items for seasonal holidays such as Thanksgiving and Halloween (92%),
with a small percentage grown for processing (8%) (Dornan, 2009). The value of these
crops in Ontario has increased from $7.305 million CDN to $30.685 million CDN
between 2000 and 2017, reflecting a 156% increase in area planted, a 136% increase
in price/tonne, and 230% increase in yield (Mailvaganam, 2018).
Cultivated Cucurbita are monoecious, having imperfect staminate (male) and
pistillate (female) flowers, of which staminate flowers are more numerous and occur on
the plants earlier in the season (Stapleton et al., 2000; Whitaker & Davis, 2012). This
flowering system, coupled with large, spiny, and oily pollen grains that cannot be moved
easily by wind, makes the crop entirely dependent on insects for pollination. Cucurbita
crops can be described as having a “steady state” flowering phenology in which
individual plants produce one or two flowers per day which are collectively widely
dispersed within a field and available for about two months (July and August in Ontario)
(Gentry, 1974). Individual flowers open at dawn and wilt by noon (Nepi et al., 2001).
Both staminate and pistillate flowers produce large amounts (68-140 µL) of sucrose14

dominant nectar (22-40 mg sugar/flower) which is available at anthesis (Nepi et al.,
2001), although there is variation among species and varieties. Staminate flowers also
produce copious amounts of pollen (16,000-40,000 pollen grains/anther) (Willis, 1991;
Lau & Stephenson, 1993). Pollination must occur between dawn and noon when the
flowers are open, have viable pollen, and their stigmas are receptive (Nepi & Pacini,
1993).
Important pollinators of Cucurbita crops in North America include managed honey
bees (Apis mellifera), wild bumble bees (Bombus spp.) and the squash bees (Eucera
including the subgenera Xenoglossa and Peponapis) (Hurd & Linsley, 1964; Tepedino,
1981; Artz & Nault, 2011), but the crop flowers are also visited by a wide range of other
solitary and stingless bees, as well as beetles, ants, and moths (Meléndez-Ramirez et
al., 2002; Krug et al., 2010; Phillips & Gardiner, 2015; Sinu et al., 2017; McGrady et al.,
2019). The relative importance of honey bees, bumble bees, and hoary squash bees
(Eucera (Peponapis) pruinosa Say,1837) to Cucurbita crop pollination appears to vary
by study and context (Tepedino, 1981; Artz & Nault, 2011; Cane et al., 2011; Phillips &
Gardiner, 2015; McGrady et al., 2020; Appenfeller et al., 2020), suggesting that
generalizations about which species is the most important pollinator in Cucurbita crops
need to be viewed with some caution. Although little has been formally recorded about
the constituents of the pollinator community on Cucurbita crops in Ontario, a 1998
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survey clearly demonstrated the strong association between the wild hoary squash bee
and these crops in the province (Kevan, 2000).
1.2.5 Hoary Squash Bees
Although many bee species visit the flowers of Cucurbita crops, the focus of this
study is the hoary squash bee, a wild solitary bee species. As in all solitary bee
species, each female hoary squash bee individually builds her own nest in the ground,
forages for nectar and pollen to meet her own needs and those of her offspring,
provisions her nest cells, and reproduces (Stephen et al., 1969). The hoary squash bee
is an oligolectic species, obligately foraging on the flowers of Cucurbita spp. for pollen
(Hurd & Linsley, 1964). In Ontario and many other parts of its range which are outside
the range of the wild Cucurbita, hoary squash bees are entirely dependent on Cucurbita
crops (López-Uribe et al., 2016) and so are uniquely and closely associated with
agriculture.
Hoary squash bees are univoltine, producing a single generation of offspring in a
year with no known variations in this behaviour (Hurd et al., 1974). Hoary squash bees
spend most of their annual lifecycle as prepupae in underground cells, eventually
emerging as adults by digging upwards from their natal cell through the soil to the
surface. For solitary bees generally, seasonal emergence from nests appears to be
predominantly protandrous, with males emerging first, followed by females, although
exceptions are known (e.g., Anthidium spp. and Andrena erythronii) (Stephen et al.,
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1969). Hoary squash bees likely follow this common emergence pattern (Hurd et al.,
1974).
Little is known about the timing of emergence of hoary squash bees from their
ground-nests in Ontario. However, there appears to be reasonable synchrony between
the beginning of Cucurbita crop flowering seasonally in Ontario and the appearance of
hoary squash bees on those flowers (Willis & Kevan, 1995). Cucurbita flower opening
and the beginning of hoary squash bee activity on flowers each day is also synchronous
in Ontario (Willis & Kevan, 1995). Hoary squash bees can forage for nectar on nonCucurbita species (Hurd & Linsley, 1964; Nunes-Silva et al., 2020), thus it is possible
that they emerge from their ground nests before Cucurbita flowering in Ontario and then
move onto the crop once it is in bloom.
After emergence, solitary bees may undergo a period of sexual maturation before
mating (Stephen et al., 1969). This sexual maturation involves the development and
enlargement of oocytes, which depend upon nutrition and the production of juvenile
hormone (JH) in the adult female bee (Cane, 2016; Kapheim & Johnson, 2017). The
reported sexual maturation period for hoary squash bee females is 2-3 weeks post
emergence, based on observations of bees on cultivated Cucurbita flowers
(Mathewson, 1968; Hurd et al., 1974).
Mating strategies among solitary bee species vary substantially. Most species
with dispersed nesting sites mate at resource sites (i.e., flowers) but mating also
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commonly occurs at aggregated nesting sites or on non-flowering vegetation (Eickwort
& Ginsberg, 1980, Alcock, 2013). For species that nest in aggregations, the most
common mating site would be at or near the nesting site (Alcock et al., 1978). Although
hoary squash bees nest in aggregations, they search for mates on Cucurbita flowers,
rather than at nests, likely because the narrow dietary specialization of this species
makes mate searching on flowers more effective (Alcock, 2013).
The timing of mate searching behaviour by male solitary bees can be influenced
by the daily pattern of emergence of females, such as is the case in Centris pallida Fox,
1899 or Protoxaea gloriosa (Fox, 1893) (Alcock et al., 1978; Alcock, 1980). In hoary
squash bees, the timing of male searching behaviour has not yet been established
empirically.
Lastly, males can employ either a searching strategy or a waiting strategy when
attempting to find a mate (Alcock, 2013). Hoary squash bees appear to use a searching
strategy on Cucurbita flowers, which has been described as “cruising” because the bees
move quickly from flower to flower in search of mates (Hurd et al., 1974).
Female solitary bees are overwhelmingly monandrous (i.e., mate with only a single
male), but males are usually polygynous (Alcock et al., 1978), as appears to be the
case with hoary squash bees (Hurd et al., 1974), although there is no direct empirical
evidence of this. Polygyny in solitary bees can result in male sexual harassment of nonreceptive females, which greatly impacts the females’ foraging strategies and efficiency
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(Stone, 1995). I have repeatedly observed this harassment behaviour in hoary squash
bees.
Once mated, female hoary squash bees alternate between constructing their
ground nests and foraging for larval provisions during the Cucurbita flowering season.
Nests are often grouped into aggregations that grow in density and size over time to
contain thousands of individual nests if left undisturbed. Several such aggregations in
Ontario and elsewhere are have been documented in Cucurbita crop fields, along their
edges, on farm laneways and on residential lawns close to fields (Mathewson, 1968;
Hurd et al., 1974; Kevan et al., 1989; Julier & Roulston, 2009; personal observation).
Hoary squash bee nests have a central vertical tunnel 12-22 cm deep in the soil
with an antechamber and about five lateral side shafts that radiate from the vertical
tunnel, each ending in a single nest cell (Mathewson, 1968) (see Figure 4.1). Nest cells
are mass-provisioned with Cucurbita pollen exclusively, and nectar is added on top
gradually soaking into the pollen provisions (Mathewson, 1968). The female hoary
squash bee lays a single egg on these provisions, and subsequently seals off the nest
cell (Mathewson, 1968). Provisioning is likely sequential and nest cells are built and
provisioned from deepest to shallowest (termed “regressive provisioning” by Sakagami
& Michener, 1962), with female offspring placed deeper in the nest than male offspring,
as observed for its congener Eucera (Peponapis) utahensis (Rosen & Ayala, 1987).
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After a nest cell is sealed, the egg hatches and develops into a larva without
further maternal involvement (Stephen et al., 1969). These larvae develop rapidly
(within 2 weeks) by consuming the available provisions (Mathewson, 1968). At the
prepupal state, they enter diapause, in which they remain throughout the fall, winter,
and spring, pupating and emerging as adults the following summer (Mathewson, 1968).
Like its congener, Eucera (Peponapis) utahensis and other ground nesting solitary
bees, it is likely that the nest cells of hoary squash bees are lined with a water-resistant
secretion of the Dufour’s gland (Rosen & Ayala, 1987; Michener, 2007). However, this
has not been demonstrated empirically for the hoary squash bee and its Dufour’s glands
are notably small (Mathewson, 1965).
In general, the fecundity of solitary female bees is low (1-8 offspring/nest)
(Michener, 2007), but maternal investment into offspring is increased by producing large
eggs and by providing substantial provisions within a safe nest cell (O'Neill et al., 2014).
However, this reproductive strategy may be limited by the female’s oocyte maturation
rate which is related to her nutritional status and size, and by her ability to collect
enough nectar and pollen within a day to provision a nest cell fully (Willis, 1991;
Rosenheim et al. 1996; Pitts-Singer & James, 2008).
There is a strong positive correlation between the amount of pollen and nectar a
solitary bee larva is fed and its subsequent size and reproductive success
(Klostermeyer et al., 1973; Roulston & Cane, 2000; Bosch & Vicens, 2006). For
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sexually dimorphic solitary species (most bee species), males are often smaller than
females (Danforth et al., 2019). Under conditions of pollen resource limitation, females
may produce more male offspring because they require smaller pollen provisions
(Danforth et al., 2019). For solitary bees, pollen accumulation rather than nectar
harvesting should be used to evaluate reproductive efficiency because pollen is directly
related to reproduction (Strickler, 1979). Based on this idea, I previously calculated the
maximum reproductive efficiency of hoary squash bees at a single site in Ontario to be
one offspring per day (Willis,1991).
Resting (also referred to as sleeping) in bees is well known and is important for
healthy brain function, including memory and learning (Stephen et al., 1969; HelfrichFörster, 2018). Resting insects may adopt a species-specific posture and resting sites,
and resting cycles are often governed by plastic rest-wake cycles that can shift as
required in response to environmental cues or stresses (Helfrich-Förster, 2018).
Solitary bees may rest in soil or vegetation and may congregate during resting (Stephen
et al., 1969; Danforth et al., 2019). Males and unmated hoary squash bee females rest
in a state of torpor within wilted Cucurbita flowers and mated females rest in
antechambers within their ground nests (see Figure 4.1; Mathewson, 1968).
The benefit to hoary squash bees of their close association with Cucurbita crops is
likely large because the crops supply many of their habitat requirements, including
mating sites, sleeping sites, and lucrative foraging patches during the Cucurbita
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flowering period. This association has been credited with enabling the hoary squash
bee’s wide distribution across the continent as the host crops were moved by people
(Hurd et al., 1971; López-Uribe et al., 2016). However, the hoary squash bee may also
be impacted negatively by its close association with Cucurbita crops because it often
nests in agricultural soil which can contain a broad range of pesticide residues (Silva et
al., 2019; Willis Chan et al., 2019), and collects its pollen exclusively from Cucurbita
crops, which can be contaminated with systemic pesticides (Dively & Kamel, 2012;
Stoner & Eitzer, 2012; Willis Chan et al., 2019).
Within the current agricultural paradigm, Cucurbita crop growers in Ontario have at
their disposal crop protection tools that may negatively impact the very pollinators upon
which they depend to pollinate their crops. As such, growers face a difficult dilemma
that is not entirely of their own making: they must manage crop pests effectively with
the tools at their disposal while minimizing pesticide exposure and impacts to the
beneficial insects upon which they also rely. Surely, it is in the best interests of the pest
control industry to provide effective crop protection tools that do not harm pollinators,
and it is the obligation of regulatory agencies to ensure that standards of both crop and
pollinator protection are maintained.
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1.3 Research Objectives
My research demonstrates the importance of hoary squash bees within Cucurbita
crop pollination systems in Ontario and describes some of the effects, both negative
and positive, on the hoary squash bee of its obligate association with those crops. It
documents temporal and spatial effects on the abundance of the important bee taxa that
visit these crops in Ontario and relates those to crop pollination windows (Chapter 2), it
provides new information about phenology and behaviour of hoary squash bees on
Cucurbita crops (Chapter 3), it determines the risk to hoary squash bees of nesting in
agricultural soil (Chapter 4), and lastly it demonstrates the clear sub-lethal effects on
hoary squash bees of exposure to Cucurbita crops treated with systemic insecticides
(Chapter 5). The objectives of my thesis are presented by chapter as follows:
1.3.1

Chapter 2 Objectives

1. To establish the seasonal and daily pollination windows for Cucurbita crops in
Ontario based on the number of days needed to develop a mature fruit after
pollination and pollen availability on flowers.
2. To determine which bee taxa visit Cucurbita crop flowers in Ontario during the
whole flowering period and the daily and season pollination windows.
3. To evaluate the variation in abundance of bee taxa by farm, year, and time of day.
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4. To determine the relative flower visitation frequency by different bee taxa to
Cucurbita crop flowers in Ontario, with comparison to other jurisdictions.
5. To provide Ontario growers and agricultural advisors with abundance benchmarks
for bee visitors to Cucurbita crops within the crop pollination window.
1.3.2 Chapter 3 Objectives
1. To provide more information about hoary squash bee life history and phenology in
Ontario, including information about sexual dimorphism, population growth over
time, and emergence patterns from nests,
2. To examine possible phenological mismatches between hoary squash bee
emergence and Cucurbita crop flowering at a site in Peterborough, Ontario.
3. To quantify nest provisioning behaviour by female hoary squash bees.
4. To describe mate-seeking behaviours undertaken by male hoary squash bees in
flowers and to determine if temporal effects and the presence of other bees in the
flowers affect those behaviours.
5. To determine if male hoary squash bees congregate or rest alone on Cucurbita
flowers.
1.3.3 Chapter 4 Objectives
1. To characterize and compare the lethal hazard to adult female and larval hoary
squash bees of either contact or oral exposure to the agricultural pesticides found in
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Cucurbita pollen and nectar and in the soil in which Cucurbita crops are grown in
Ontario.
2. To calculate the risks of acute and chronic contact exposure to lethal doses of
systemic insecticides for adult female hoary squash bees as they construct their
nests in agricultural soils associated with Cucurbita crop production in Ontario.
3. To calculate the risks of acute and chronic contact exposure to lethal doses of
systemic insecticides for ground-nesting bees in general as they construct their
nests in agricultural soils associated with field crop production in Ontario.
1.3.4

Chapter 5 Objectives

1. To determine the potential effects on hoary squash bee nest initiation of exposure to
Cucurbita crops treated with one of three systemic insecticides (imidacloprid,
thiamethoxam, or chlorantraniliprole),
2. To determine the potential effects on hoary squash bee pollen foraging behaviour of
exposure to the above systemic insecticides
3. To determine the impacts on the reproductive output of nesting female of exposure
to the above systemic insecticides
4. To determine the effect of exposures to the above insecticides on the ability of
hoary squash bees to provide crop pollination services within a cropping season
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1.4 Summary and Importance
My research addresses ecological, behavioural, and ecotoxicological aspects of
the interaction between Cucurbita crops in Ontario and the wild hoary squash bee, one
of these crops most important pollinators. It establishes a basis for updating
recommendations regarding pollination of Cucurbita crops in Ontario, adds to the
literature about the ecology and life history of ground-nesting bees and provides
practical tools for Cucurbita crop growers to evaluate the abundance of flower visitors to
their crops. For the first time, it provides novel information about the risks to groundnesting bees of nesting in agricultural soil and novel information about the effects of
exposure to systemic insecticides on behaviour and reproduction in hoary squash bees.
It is of interest to pesticide regulators, Cucurbita crop growers, government agricultural
advisors, and conservation professionals seeking to protect and/or benefit from the
pollination services of wild bees, especially in agricultural settings.
Although I focus on the hoary squash bee and Cucurbita crops in Ontario, the relevance
of my research extends beyond Ontario, beyond the hoary squash bee, and beyond
Cucurbita crops to include other locations, all crop-associated ground nesting bee
species, and other pollinator dependent crops.

26

2 Temporal and Spatial Effects on Bee Visitors to Flowers of
Cucurbita Crops in Ontario
2.1 Introduction
Cucurbita crops (Cucurbitaceae, pumpkin, squash, and gourds) are monoecious,
with separate staminate (male) and pistillate (female) flowers that last about 6 hours
(Figure 2.1; Nepi & Pacini, 1993). To produce marketable fruit, bees must move several
thousand pollen grains from staminate to pistillate flowers (Hurd et al., 1971; Graças
Vidal et al., 2010; Artz & Nault, 2011; McGrady et al., 2020; Stoner, 2020).
To attract bees, both staminate and pistillate Cucurbita flowers (Figure 2.1)
produce copious amounts of nectar that becomes available either before or shortly after
anthesis, and nectar is secreted until about 09:00 a.m., when the maximum nectar
volume is reached (Ashworth & Galetto, 2001; Nepi et al., 2001; Chatt et al., 2018).
Staminate flowers also produce generous quantities (~16,000-44,000 grains) of large
(136 µm diameter), spiny, and oily pollen (Willis, 1991; Lau & Stephenson, 1993;
Graças Vidal et al., 2010; Whitaker & Davis, 2012).
For crop production, bees must visit Cucurbita flowers not only within the flowering
period, but also within the more limited seasonal and daily pollination windows. The
seasonal pollination window for Cucurbita crops begins when both staminate and
pistillate flowers are present on the vines (about 10 days into the flowering period) and
is limited by the number of days needed after pollination to produce a mature fruit
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Figure 2.1: Staminate (male, left) and pistillate (female, right) flowers of pumpkin (Cucurbita pepo)
with petals cut away to show the pollen-bearing fused anthers (synandrium), the pollen receiving
gynecium with the yellow stigma at the top, and the location of the nectary tissue within each
flower type. Gametes in the pollen grains deposited on the stigma of the gynecium by bees
fertilize ovules in the ovary of the flower initiating fruit production. Figure designed by Susan
Willis Chan and drawn by Ann Sanderson. Used with permission.

(Stapleton et al., 2000; Westerfield, 2014). The timing of flower opening (dawn), the
availability of viable pollen on the staminate flowers, and the presence of receptive
stigmas on the pistillate flowers define the daily pollination window, which may close
long before blooms wilt.(Tepedino, 1981; Willis, 1991; Cane et al., 2011; Phillips &
Gardiner, 2015).
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Relying on any single bee species for crop pollination services is a precarious
strategy because of the many threats that bees face (Kevan et al., 1990; IPBES, 2016).
Increased bee species richness on crop flowers improves resilience of pollination
services by protecting against year over year changes in the population of any single
species caused by weather events, disease infestation, or commercial availability and
cost of managed pollinators (Kevan et al., 1990; Garibaldi et al., 2013; Mallinger &
Gratton, 2015; IPBES, 2016). Furthermore, increased bee species richness can
improve the overall effectiveness and magnitude of pollen transfer in a cropping system,
creating an additive or even synergistic improvement in pollination outcomes (Brittain et
al., 2013b; Garibaldi et al., 2013).
In North America, important pollinators of Cucurbita crops include the European
honey bee (Apis mellifera (Linneaus, 1758)), bumble bees (Bombus spp.), and the
hoary squash bee (Eucera (Peponapis) pruinosa (Say, 1837)) (Shuler et al., 2005; Julier
& Roulston, 2009; Phillips & Gardiner, 2015; McGrady et al., 2020). However, a wide
variety of insects (beetles, stingless bees, other solitary bees, moths, ants) also visit the
flowers of Cucurbita (both wild and cultivated) across the range where they are grown
(Meléndez-Ramirez et al., 2002; Krug et al., 2010; Sinu et al., 2017; Delgado-Carrillo et
al., 2018). In a survey of 166 field sites across Ontario in 1998-99, squash bees were
found visiting Cucurbita flowers on 62% of the sites (Figure 2.2) (Kevan, 2000).
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Figure 2.2: Map of southern Ontario, Canada, showing Cucurbita crop fields surveyed in 1998 and
1999 for the presence of the hoary squash bee (Eucera (Peponapis) pruinosa) by the Kevan Lab,
University of Guelph, as well as all the sites surveyed in this study. Black triangles represent
fields from the 1998-1999 survey where hoary squash bees were present, black circles represent
fields where they were absent. Green crosses represent all the study sites surveyed for the
current study (2015-2018). Map modified from Kevan (2000) to include to present survey sites.
Used with permission.

Managed honey bees can provide adequate pollination services to Cucurbita crops
(Phillips & Gardiner, 2015; McGrady et al., 2020), but those services may become
increasingly costly to growers as global crop pollination demands already outstrip honey
bee supply (Aizen & Harder, 2009). Although the role of wild bees in Cucurbita crop
pollination is recognized, pollination guidelines often recommend honey bee stocking
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rates (in Ontario: 1 hive/2-3 acres (1 hive/0.4-1.2 ha) for fields larger than 2 acres (0.8
ha); OMAFRA, 2019). Furthermore, crop insurance claims may be contingent upon
adhering to those guidelines.
Bumble bees are excellent pollinators of Cucurbita crops, depositing more pollen
grains per stigma and contacting the stigma more often than hoary squash bees or
honey bees in a single visit (Artz & Nault, 2011). Although there is a widespread
decline of bumble bee species across North America, the range of the common eastern
bumble bee (Bombus impatiens Cresson, 1863), the bumble bee species most
commonly found on Cucurbita crops, is increasing (Cameron et al., 2011; Colla et al.,
2012).
Hoary squash bees are pollen specialists on Cucurbita spp. and are also efficient
pollinators of Cucurbita crops (Tepedino, 1981; Willis, 1991; Cane et al., 2011; Phillips
& Gardiner, 2015). They forage for pollen exclusively on Cucurbita crops in parts of
their range in which no wild Cucurbita species are present. Although solitary, hoary
squash bees often create large nesting aggregations, allowing them to build up sizeable
populations close to Cucurbita crops (Mathewson, 1968; Hurd et al., 1974; Kevan et al.,
1989).
The homogeneity of the landscape surrounding crop production areas, the
presence of nesting habitat, and the availability of floral resources before and after crop
bloom may affect which wild bee species are established and can provide pollination
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services to farms (Laverty & Plowright, 1988; Kevan et al., 1990; Kremen et al., 2002;
Sheffield et al., 2008; Kennedy et al., 2013; Vanbergen & IPI, 2013).
Farm management practices, including supplementation with managed honey
bees (Julier & Roulston 2009; Artz et al., 2011), pesticide use (Rundlöf & Smith, 2006;
Rundlöf et al., 2008; Holzschuh et al., 2008; Julier & Roulston, 2009; Kennedy et al.,
2013; Willis Chan et al., 2019), tillage (Shuler et al., 2005; Julier & Roulston 2009;
Ullmann et al., 2016; Skidmore et al., 2019), field size (Artz et al., 2011), and irrigation
(Julier & Roulston 2009) may also affect which bee species visit Cucurbita flowers.
Species-specific phenology may determine the timing of activity of different bee
species on Cucurbita crop flowers (Willis, 1991; Minahan & Brunet, 2018).
Environmental conditions such as ambient temperature and solar radiation (Richards,
1973; Hurd et al., 1974; Heinrich, 1975; Corbet et al., 1993; Vicens & Bosch, 2000;
Couvillon et al., 2010; Abou-Shaara et al., 2017; Clarke & Robert, 2018), light levels
(Mathews, 1968; Hurd et al, 1974, Lundberg, 1980; Willis, 1991; Corbet et al., 1993;
Kapustjanskij et al., 2007; Reber et al., 2015), humidity (Abou-Shaara et al., 2017), and
windspeed (Klein et al., 2012; Brittain et al., 2013a; Crall et al., 2017) may also affect
which bees are present (Table 2.1).
Hoary squash bees may prefer to forage on Cucurbita flowers for nectar and
pollen whereas honey bees or bumble bees, may forage mostly for nectar (Percival,
1947; Artz & Nault, 2011). Hoary squash bee females have evolved structural
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modifications such as smooth, stout unbranched scopal hairs with flutes or ridges that
support and adhere to the large (>100 µm diameter) and oily Cucurbita pollen (Roberts
& Vallespir, 1978).
Competition for nectar or pollen resources may cause negative interactions
between species visiting Cucurbita flowers. Honey bees have been shown to affect
bumble bees negatively, to have the potential to limit solitary bee reproductive capacity
by depleting pollen resources and may also depress wild insect densities in flowering
crops (Thomson, 2004, 2016; Lindström et al., 2016; Cane & Tepedino, 2017).
However, in North America, honey bees and wild bees are often found foraging on
Cucurbita crops simultaneously (Shuler et al., 2005; Julier & Roulston, 2009; Artz &
Nault, 2011; Phillips & Gardiner, 2015; McGrady et al., 2020).
Although honey bees, bumble bees, and hoary squash bees each visit Cucurbita
crops, their relative abundance during the pollination window of Cucurbita crops is an
important indication of their relative importance to crop pollination temporally or
spatially. My objectives here are to (1) determine which bee taxa are most abundant on
Cucurbita crop flowers in Ontario; (2) evaluate variation by farm, year, and time of day;
(3) compare the relative abundance of bee visitors to Cucurbita crops in Ontario to other
jurisdictions and (4) provide bee visitor benchmarks for Cucurbita crop growers in
Ontario, Canada. This information will clarify which bee taxa are primarily responsible
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for pollination of Cucurbita crops in Ontario allowing growers, agricultural advisors, and
crop insurance providers to update practices and pollination guidelines for those crops.

2.2 Material & Methods
2.2.1 Pollen Depletion
To determine the daily pollination window, I collected synandria from 614 staminate
Cucurbita crop flowers at hourly intervals from 06:00 a.m. (anthesis) to 12:00 p.m.
(flower wilt) on 12 days from 12 farms over four seasons (2015-2018: Appendix 1). The
day before each collection, ten unopened flowers were taped with blue painter’s tape to
allow the synandria to dehisce but to prevent access by bees. These flowers were
designated “pre-dawn” samples and contained their maximum pollen load (see Figure
3.7). The next day the corolla was cut away below the tape and the pre-dawn synandria
were removed from the flowers with a razor blade, put into a 2 mL microcentrifuge tube,
and 0.5 mL of 70% ethanol was added to the tube. At each hourly interval (06:00 a.m.12:00 p.m.) thereafter, ten more synandria were collected in the same way. In the lab,
the tubes were spun in a microcentrifuge at 2500 rpm for 3 minutes to dislodge the
pollen grains from the synandria. The synandria were removed from the tubes and
checked by eye to ensure that all the pollen had been dislodged. Then 1.5 mL of 50%
glycerin was added to the remaining pollen-alcohol suspension to increase its viscosity,
thereby allowing the pollen grains to remain in suspension longer. After thorough
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mixing with a mini vortex, pollen counts were made by taking five 10-µL aliquots from
each tube (i.e., five aliquots per synandrium) and counting all the pollen grains in each
aliquot under 25X magnification using a microscope. The number of pollen grains per
aliquot was averaged across the aliquots for each synandrium and the mean was
related back to the full volume of the suspension (2 mL) to provide a pollen count per
synandrium (synandrium count = mean aliquot count x 2 mL x 1000 µL/mL /10 µL). For
each time interval within a day, the mean pollen count was calculated by averaging
across all ten synandria collected. Data were averaged across all observation days to
characterize daily patterns of pollen depletion (Appendix 1).
2.2.2 Bee Census
A census of bee abundance on Cucurbita crop flowers was taken on 19 farms
across southern Ontario during the Cucurbita flowering season (mid-July to end of
August) over four seasons, 2015-2018 (Figure 2.2). Because of the constraints of time
and distance, and because permission was not always granted to work on farms from
year-to-year, sampling was uneven across farms, years, and/or times (Appendix 2). On
each census day, bee counts were made along the edges of fields or along rows of
pumpkins to avoid destroying the crop. At hourly time intervals (beginning at 06:00 a.m.
up to 12:00 p.m.), the observer walked along counting the number of bees seen in the
first 25 flowers. This was repeated on three other non-overlapping sets of 25 flowers
further along the row or edge resulting in 4 sets of 25 flowers counts per hourly interval
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Table 2.1: Summary of the characteristics of honey bees (A. mellifera), bumble bees (Bombus spp.) and hoary squash bees (Eucera
(Peponapis) pruinosa that may be found visiting Cucurbita crops in Ontario. Other wild bees are not included.
Characteristic

Honey bees (A. mellifera)

Bumble bees (Bombus spp.)

Hoary squash bee (E. pruinosa)

Sociality

Eusocial

Eusocial with solitary phase

Solitary

Communication

Waggle dance: direction, distance,
quantity; trophallaxis: quality

Scent, nectar quality cues in nest;
presence of conspecifics on flowers

No known communication

Life Cycle

Perennial, Colony overwinters; New
generation every 6 weeks except in
winter
Queens polyandrous; Mating in aerial
drone congregation areas

Annual; Mated queen overwinters and
establishes new colony following spring

Annual, univoltine; Prepupae
overwinter; Emerge late summer as
adults
Females monandrous; Males likely
polygynous; Mate on Cucurbita
flowers
In soil in fields, lawns/laneways;
large & small aggregations

Mating

Nest

Managed colonies in hives; feral
colonies in cavities

Queens polyandrous; Male patrol
circuits; use of pheromones to attract
unmated queens
B. impatiens: underground cavities in
lawns and forest-field edges

Active Period

April to Frost

April to Frost

July-August; exact phenology
unknown for Ontario;

Daily Foraging

8 am to dusk; Temperature threshold:
≥12-14◦C; Prefers high light

Dawn to noon; Temperature
threshold 11.1◦C; Flies in low light

Foraging Radius
Diet Breadth

3-8 km
Generalist; Corbiculate; Larvae fed
royal jelly and bee bread (processed
stored pollen); May avoid Cucurbita
Workers; Communication among nest
mates; Individual learning;
Recruitment, Trap-lining; Individual
constancy

Dawn to dusk; Temperature thresholds
vary between 0-11◦C by species; Flies in
low light
0.6-3.0 km
Generalist; Corbiculate; Larvae fed
unprocessed pollen; May avoid high fat
or large, spiny pollen
Queens, workers, drones; Individual
learning; Trap-lining; Individual
constancy

Foraging
behaviour

Unknown, likely <500 m
Cucurbita specialist; Scopa adapted
for large, spiny pollen; Larvae fed
Cucurbita pollen only
Females and males; Stereo-typical
flower handling behaviour
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on each observation day. Censuses were made during four two-week periods (July 01July 15; July 16-July 31; August 01-August 15; August 16-August 31), for a total of 1581
counts of 25 flowers across all farms, dates, and times (Appendix 2).
Bees observed in flowers were visually categorized as honey bees, hoary squash
bees, bumble bees or other wild bees without capturing them. The “other wild bees”
category included wild bees that were much smaller than hoary squash bees, bumble
bees, or honey bees. No further classification was undertaken for bumble bees or other
wild bees. All bumble bees observed were assumed wild as the use of commercial
managed bumble bees outside of greenhouses is uncommon in Ontario (Woodcock,
2012). No data were collected about the location of honey bee hives. The sex of hoary
squash bees was determined by observing obvious morphological differences: females
are larger and have distinctive hairy scopae on their hind legs, and males have a white
mark on the clypeus which is absent in females (Figure 2.3) (Hurd & Linsley, 1964).
2.2.3 Grower Benchmarks
To calculate abundance benchmarks, a reduced data set that only included bee
census observations made during the seasonal (mid-July to mid-August; Figure 2.4)
and daily (06:00 a.m.-08:00 a.m.) pollination windows was created (Appendix 2).
Median and mean counts (± standard error) were calculated to provide absolute
abundance benchmarks for each bee taxon (hoary squash bees, bumble bees, other
wild bees, or honey bees), for male and female hoary squash bees, and for total bees
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visiting Cucurbita crop flowers. Absolute abundance benchmarks were then converted
into relative abundance benchmarks by dividing the counts for each taxon by the total
bee count.

Figure 2.3: Anterior and posterior views of male (above) and female (below) hoary squash bees on
the gynecium (fused stigmas) of a Cucurbita crop flower showing identifying features. Male hoary
squash bees have a whitish marking on their clypeus which is clearly visible in the anterior view
(1). Females lack this marking. Females have hairy scopae on their rear legs which are visible in
the posterior view (2) whereas males lack scopae. Illustration designed by Susan Chan from
photographs and drawn by Ann Sanderson. Used with permission.
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Figure 2.4: The seasonal flowering period of Cucurbita crops in Ontario showing the seasonal
pollination window during which female flowers can be pollinated and produce a mature fruit
before harvest in early October. All flowers last a single day (dawn to ~noon) and pollen
produced by male flowers is wasted until female flowers are produced. Illustration designed by
Susan Willis Chan and drawn by Ann Sanderson. Used with permission.

2.2.4 Statistical Analysis
All statistical analyses were carried out using SAS University Edition (Version 3.8)
to check for normality, generate summary statistics and carry out analyses.
To analyze the effect of time of day on the pollen count per synandrium, I used a
one-way ANOVA (pollen count = time). To characterize how abundance of bee taxa
(hoary squash bees, honey bees, bumble bees, or other wild bees) or hoary squash bee
sexes in the Cucurbita flower visitor population changed from year-to-year and during
hourly intervals over the day, and if there was an effect of one bee taxon on another, I
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used a generalized mixed model with the repeated measures. A full model (Bee taxon
A = Year + Time + Year*Time + Bee taxon B + Bee taxon C + Bee taxon D, with
random effect of farm and repeated measure of period) was originally fitted to the data
for each bee taxon. However, because the inclusion of the year*time interaction caused
least squares means to be inestimable (likely due to uneven sampling), the interaction
was excluded from the model to permit analysis. To control for farm-to-farm variation,
farm was treated as a random effect. Because counts were taken repeatedly over the
season (i.e., during four periods of the season), the effect of period was considered a
repeated measure.
Because sampling across farms, years, dates, and times was necessarily
unbalanced (Appendix 2), variance components were estimated using the restricted
maximum likelihood method (REML) to calculate least squares means and standard
errors. Model effects and post hoc pairwise comparisons of differences between model
effect levels used Wald-type F- and t-tests and the Satterthwaite method for determining
the degrees of freedom (Spilke et al., 2005). All post hoc pairwise comparisons used
Tukey-Kramer adjusted p-values to compensate for multiple comparisons and
unbalanced sampling. To further resolve the issue of unbalanced sampling, the weights
of the classification effects (year or time) in the statistical model were based on the
sampling proportions in the original data set rather than being equally weighted.
Conclusions about significant differences in post hoc comparisons were based on the
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lsmeans rather than the observed means as they are more statistically reliable where
sampling is unbalanced. The significance level in all tests was α = 0.05.

2.3 Results
2.3.1 Pollen depletion
The seasonal pollination window was estimated to begin in mid-July when pistillate
(female) flowers began to be produced and to end in mid-August after which there was
insufficient time for pollinated flowers to develop into mature fruit (Figure 2.4).
The number of pollen grains on the synandria of Cucurbita flowers was depleted
quickly over time within the daily flowering period (model: pollen count = time; F7,606 =
32.99, p <0.0001; Appendix 4). There was no significant difference between the predawn pollen count and the count in the 06:00 a.m. interval (t606 = -0.16, p >0.999;
Appendix 4), thus pollen depletion began at 06:00 a.m. Between the 06:00 a.m. and
07:00 a.m. intervals, the original pollen supply on the synandria was depleted by 66.1%
(t606 = 7.93, p <0.0001; Figure 2.5; Appendix 3; Appendix 4). There was no significant
difference in the amount of pollen remaining on the synandria between the 07:00 a.m.
and 08:00 a.m. intervals (t606 = 1.95, p = 0.5175) and between the 08:00 a.m. and any
subsequent interval (Appendix 4). Thus, pollen was fully depleted by the end of the
07:00 a.m. interval (i.e., by 07:59 a.m.).
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Figure 2.5: Mean (± standard error) pollen depletion over the daily flowering period (06:00 a.m.12:00 p.m.) of Cucurbita crops in Ontario, Canada showing the daily pollination window. Predawn pollen counts represent the maximum pollen load on a Cucurbita synandrium before bees
began to forage. Dotted vertical line represents the end of the daily pollination window. Times
are expressed using a 24-hour clock.

2.3.2 Bee census
There was a significant difference in abundance among bee taxa visiting Cucurbita
crop flowers in Ontario (F3,6316 = 443.02; p <0.001), with significant differences between
all taxa except for bumble bees and other wild bees (Appendix 5). Overall, the total
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abundance of bees (7.22 ± 0.17) visiting 25 Cucurbita crop flowers consisted of more
wild bees (5.44 ± 0.15) than managed honey bees (1.78 ± 0.09; Figure 2.6). Hoary
squash bees (4.46 ± 0.09) were the most abundant visitors to Cucurbita crop flowers
followed by honey bees, bumble bees (0.50 ± 0.09) and other wild bees (0.49 ± 0.09).
Male hoary squash bees (3.18 ± 0.12) were more abundant than females (1.28 ± 0.06)
in the 25-flower counts with a mean sex ratio across all years of 2.48 (Figure 2.6).

a

b

b

c

c

Figure 2.6: The abundance of (a) hoary squash bee males and females, (b) each bee taxa (hoary
squash bees, bumble bees, other wild bees, and honey bees), (c) total wild bees (including all taxa
but honey bees) and total bees visiting Cucurbita crops in Ontario. Means (± standard error) are
aggregated from samples taken across 19 farms and 4 years throughout the daily (06:00-12:00)
and seasonal flowering period (early July to end of August).

43

2.3.2.1 Spatial Variation

All 19 farms had more than one bee taxon visiting their Cucurbita crop flowers, two
farms (15.8%) had two taxa, four farms (21.0%) had three taxa, and 13 farms (68.4%)
had four bee taxa (hoary squash bees, bumble bees, other wild bees, and honey bees)
(Figure 2.7).

Figure 2.7: Relative abundance (frequency) of each bee taxon (hoary squash bees, bumble bees,
other wild bees, honey bees) observed visiting Cucurbita crop flowers during the daily (06:0012:00) and seasonal (July 1-August 30) flowering period of the crop on farms in Ontario, Canada
surveyed from 2015-2018.
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Hoary squash bees were present on all farms, though their abundance relative to
the other bee visitors varied greatly by farm (Figure 2.7). On 13 farms (68.4%), hoary
squash bees were the most abundant taxa. The relative abundance of hoary squash
bees was higher than all other bee taxa combined on 11 farms (57.9%). One farm (#9)
had a relative abundance of hoary squash bees <0.10, and three farms (#6, #8, and
#11) had relative abundances >0.80.
Bumble bees and other wild bees were observed visiting crop flowers on 16 farms
(84%) and 14 farms (74%), respectively. However, on 17 farms (89%), even the
combined relative abundance of these two taxa was less than that of hoary squash
bees. The relative abundance of bumble bees on Cucurbita crop flowers was greater
than hoary squash bees on farm #9, and greater than honey bees on farm #19 (Figure
2.7).
Honey bees were present on Cucurbita crop flowers on 18 farms (95%). The
relative abundance of honey bees was second to that of hoary squash bees on most
farms, but on five farms (26%) honey bees had a greater relative abundance than hoary
squash bees (Figure 2.7).
2.3.2.2 Annual variation

The total number of bees visiting Cucurbita crops varied by year (F3,1516 = 3.33, p
= 0.0188; Appendix 6). There was a significant increase in total bee abundance
between 2015 and 2016 (difference lsmeans ± SE = -2.31 ± 0.86, t1446 = -2.69, p =
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0.0366), with no further statistically significant increases thereafter (Table 2.2; Appendix
7).
The abundance of hoary squash bees varied significantly by year (Appendix 6).
Their abundance on the Cucurbita crop flowers increased between 2015 and 2016
(difference lsmeans ± SE = -3.41 ± 0.77, t1473 = -4.44, p <0.0001), decreased between
2016 and 2017 (3.03 ± 0.49, t1534 = 6.18, p <0.0001) and then increased again between
2017 and 2018 (-1.99 ± 0.42, t1564 = -4.76, p <0.0001; Appendix 7).
Although both were affected by year, female and male hoary squash bee abundance on
Cucurbita crop flowers did not fluctuate in the same way (Appendix 6). There were
significant annual fluctuations in female hoary squash bee abundance every year
(Appendix 7). However, male hoary squash bee abundance did not vary significantly
between subsequent years, though abundance did increase significantly between 2015
and 2018 Table 2.2; Appendix 7).
Bumble bee abundance on Cucurbita crop flowers was affected by year (Appendix
6). No change in bumble bee abundance occurred between 2015, 2016, or 2017, but
there was a small, significant increase in abundance between 2017 and 2018
(difference lsmeans ± SE = -0.71 ± 0.09, t1441 = -8.35, p <0.0001; Appendix 8).
The abundance of other wild bees on Cucurbita flowers varied significantly with
year (Appendix 6), with a significant decrease between 2015 and 2016 (difference of
lsmeans ± SE = 0.68 ± 0.17, t1322 = 4.08, p = 0.0003), no significant change between
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2016 and 2017 (-0.26 ± 0.11, t1447 = -2.40, p = 0.0783), followed by a significant
increase between 2017 and 2018 (-0.42 ± 0.09, t1550 = -4.56, p <0.0001; Appendix 8).
Table 2.2: Annual counts of bee visitors to Cucurbita crop flowers in Ontario, Canada. Least
squares mean ± standard error are provided for each bee taxon (total bees, total hoary squash
bees, bumble bees, other wild bees, honey bees, male hoary squash bees, and female hoary
squash bees,) observed in 25 Cucurbita crop flowers for each year (2015-2018) during the daily
bloom period of 06:00 to 12:00. Within each table row only, lsmeans marked with different letters
are significantly different based on a Tukey-Kramer adjusted p-value (see Appendices 7 & 8).

Total
Bees
2015

4.04±1.16b

2016

6.36±0.96a

2017

6.07±0.95a

2018

6.61±0.95a

Total
Hoary
Squash
Bees
1.44±
1.08b
4.85±
0.92a
1.81±
0.91b
3.80±
0.91a

Bumble
Bees

Other
Wild
Bees

0.13±
0.17b
0.15±
0.12b
0.07±
0.12b
0.78±
0.12a

0.68±
0.21a
0.01±
0.17b
0.26±
0.16b
0.67±
0.16a

Honey
Bees

Male
Hoary
Squash
Bees

Female
Hoary
Squash
Bees

1.59±
0.46b
1.11±
0.36b
3.76±
0.35a
1.37±
0.35b

1.27±
0.80b
2.66±
0.66ab
2.18±
0.66ab
2.94±
0.65a

0.19±
0.42c
2.20±
0.37a
-0.34±
0.37c
0.89±
0.37b

Abundance of honey bees on Cucurbita crop flowers also fluctuated by year
(Appendix 6). Honey bee abundance was not significantly different between 2015 and
2016 (difference lsmeans ± SE = 0.48 ± 0.39, t1241 = 1.25, p = 0.5926), rose
substantially between 2016 and 2017 (difference lsmeans ± SE = -2.65 ± 0.24, t1377 = 11.05, p <0.0001) and decreased again in 2018 (difference lsmeans ± SE = 2.39 ± 0.20,
t1529 = 11.75, p <0.0001) to levels that were not significantly different from 2015 levels
(Table 2.2; Appendix 8).
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2.3.2.3 Daily variation
Total bee abundance also varied over time during the daily flowering period
(Appendix 6) peaking at 10:00 a.m. (Table 2.3; Appendix 9).
Hoary squash bees were already at peak numbers when the Cucurbita crop
flowers first opened at 06:00 a.m., with no statistically significant effect of time on hoary
squash bee abundance (Table 2.3; Appendix 6). There was a significant effect of time
on the abundance of female hoary squash bees, but no significant effect of time was
detected for the more abundant males (Appendix 6). The abundance of female hoary
squash bees declined through the morning (Table 2.3), though no significant difference
from the abundance at 06:00 a.m. was detectable until 11:00 a.m. (06:00-11:00:
difference lsmeans ± SE = 0.91 ± 0.22, t1547 = 3.91, p = 0.0019; Appendix 10).
Bumble bee abundance was significantly affected by time (F6,1551 = 2.97, p =
0.0069; Appendix 6), peaking at 07:00 a.m. (06:00 a.m.-07:00 a.m. difference lsmeans
± SE = -0.37 ± 0.12, t1552 = -3.19, p = 0.0247), with no other significant differences
between subsequent hourly counts (Table 2.3; Appendix 11).
Other wild bee abundance also varied with time (F6,1551 = 5.71, p <0.0001; Table
2.3; Appendix 6), peaking during the 09:00 interval (06:00 a.m.-09:00 a.m. difference
lsmeans ± SE = -0.38 ± 0.12, t1552 = -3.15, p = 0.0279), more than three hours after
hoary squash bee peak abundance, with no other significant hour-to-hour change in
abundance (Table 2.3; Appendix 12).
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Honey bee abundance increased slowly over the daily flowering period with
apparent peak abundance at 10:00 a.m. (Table 2.3). Abundance at 06:00 a.m. was
significantly lower than at 08:00 a.m. (difference lsmeans ± SE = -0.87 ± 0.28, t1551 = 3.12, p = 0.0303), abundance at 08:00 a.m. was significantly lower that at 10:00 a.m. (0.98 ± 0.24, t1550 = -4.08, p = 0.0009) with no significant increase between 10:00 and
12:00 (-0.84 ± 0.44, t1550 = -1.90, p = 0.4806; Table 2.3; Appendix 13).
2.3.2.4 Inter-specific effects
The abundance of honey bees did not significantly affect abundance of any other
bee taxa (Appendix 6). In contrast, the abundance of hoary squash bees had a
significant negative effect on the abundance of the other wild bees (F1,1561 = 4.11, p =
0.0429) and vice versa (F1,1558 = 4.30, p = 0.0383), with no effect on the abundance of
either bumble bees or honey bees (Appendix 6). The abundance of bumble bees did
not vary with honey bees or hoary squash bees but varied positively with other wild
bees (F1,1541 = 6.49, p = 0.0109; Appendix 6).
2.3.3 Benchmarks
Within the Cucurbita crop pollination window (mid-July to mid-August; 06:00-08:00
a.m.), the median benchmark for total bees was five, with a hoary squash bee median
of three, and a median of zero for honey bees, bumble bees, and other wild bees (Table
2.4).
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The mean benchmark for total bees (7.64 ± 0.31 bees per 25 flowers) was considerably higher than the median
value because the mean is more sensitive to the occurrence of a few higher values on some farms (Table 2.4).

Table 2.3: Abundance (least squares mean ± standard error) in 25 Cucurbita crop flowers for each hourly interval (06:00-12:00) of
each bee taxon (total bees, total hoary squash bees, bumble bees, other wild bees, honey bees) and sex of hoary squash bees in
Ontario, Canada during the years 2015-2018. Within each table column only, lsmeans marked with different letters are significantly
different from one another base on a Tukey-Kramer adjusted p-value. Where an asterisk is assigned, the p <0.06. Time is expressed
using a 24-hour clock.
Total Bees

Total Hoary
Squash Bees

Bumble Bees

Other Wild
Bees

Honey Bees

Male Hoary
Squash Bees

Female Hoary
Squash Bees

6:00

4.68 ± 1.04a

3.53 ± 0.99a

0.04 ± 0.14b

0.11 ± 0.18a

0.64 ± 0.40d

2.34 ± 0.72a

1.21 ± 0.39a

7:00

4.79 ± 0.96a

2.78 ± 0.92a

0.41 ± 0.12a

0.18 ± 0.16a

1.18 ± 0.35dc

1.91 ± 0.66a

0.88 ± 0.37ab

8:00

4.90 ± 0.95a

2.58 ± 0.91a

0.35 ± 0.12ab

0.29 ± 0.16ab

1.51 ± 0.35bc

1.75 ± 0.65a

0.85 ± 0.37ab

9:00

5.72 ± 0.95ab

2.79 ± 0.91a

0.47 ± 0.12a

0.50 ± 0.16ab

1.88 ± 0.35b

2.00 ± 0.65a

0.80 ± 0.37ab

10:00

6.63 ± 0.99ab

3.16 ± 0.94a

0.36 ± 0.13ab

0.60 ± 0.17ab

2.49 ± 0.37a

2.50 ± 0.68a

0.67 ± 0.38ab

11:00

6.33 ± 1.03ab

2.77 ± 0.98a

0.25 ± 0.14ab

0.52 ± 0.18a*

2.70 ± 0.39a

2.51 ± 0.71a

0.31 ± 0.39b

12 :00

7.31 ± 1.28ab

3.22 ± 1.18a

0.10 ± 0.20ab

0.61 ± 0.23a

3.33 ± 0.52a

2.81 ± 0.88a

0.42 ± 0.46ab
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Table 2.4: Benchmarks for each bee taxon (hoary squash bees, honey bees, bumble bees, and
other wild bees), hoary squash bee sex (male or female), or bee group (total bees, total wild bees)
per 25 Cucurbita crop flowers on farms in Ontario, Canada. The wild bee group includes all the
bee taxa except honey bees. All benchmarks are aggregated across 19 farms and four years
(2015-2018), for the effective seasonal (mid-July to mid-August) and daily (06:00-08:00) pollination
windows. The frequency benchmark is the relative abundance of each taxon (= bee taxon count /
total bee count on 25 Cucurbita crop flowers).
Variable

N
Counts

N
Bees

Hoary squash bees
Honey bees
Bumble bees
Other wild bees
Total wild bees
Total bees

655
655
655
655
655
655

3148
765
221
37
3406
4171

Absolute Abundance
Median
Mean Benchmark
Benchmark (± Standard Error)
3
0
0
0
4
5

5.80 ± 0.28
1.40 ± 0.12
0.40 ± 0.04
0.07 ± 0.01
6.24 ± 0.28
7.64 ± 0.31

Relative Abundance
Frequency Benchmark
(± Standard Error)
69 ± 2 %
23 ± 2%
6 ± 1%
2 ± 0.4%
77 ± 2%

Wild bees had a much higher relative abundance than honey bees on Cucurbita
crop flowers (Table 2.4). Most wild bee visits were by hoary squash bees, accounting
for about 70% of all bee visits to the crop flowers (Table 2.4).
In Ontario, the relative abundance of hoary squash bees visiting Cucurbita crop
flowers was much higher than in studies in the United States, but the relative
abundance of bumble bees was much lower (Table 2.5). All studies showed a relative
abundance of other wild bees below 5%, except for studies in Michigan and Indiana,
which were close to 20% (Table 2.5).
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2.4 Discussion
2.4.1 Pollen depletion
The seasonal pollination window described here for Ontario is an estimate
because planting dates vary across the province, and there is variation among
Cucurbita crop species in both the timing of peak production of pistillate (fruit producing)
flowers and the number of days to produce a fruit after pollination (Stapleton et al.,
2000; Westerfield, 2014).
Tracking pollen depletion on Cucurbita crops provided a means to confirm the
presumed daily pollination window (06:00-08:00 a.m.) from the perspective of pollen
supply rather than pollen deposition (Figure 2.2). Here, maximum pollen depletion (by
08:00 a.m., the end of the 07:00 a.m. interval) corresponded well to the time of
maximum pollen deposition on the stigmas found by other authors (i.e., by 08:00:
Tepedino, 1981; Willis,1991; Phillips & Gardiner, 2015) (Figure 2.2). However, Cane et
al. (2011) suggest that pollination in Cucurbita crops may be occurring within 30
minutes of flower opening at some sites. Regardless, the pattern of pollen depletion
shown here confirms that the effective daily pollination window for Cucurbita crops in
northeastern North America does not extend beyond 08:00 a.m. Thus, to provide
information to crop growers, bee abundance on Cucurbita crop flowers should be
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evaluated between mid-July and mid-August (the seasonal pollination window) and
between 06:00 a.m. and 08:00 a.m. (the daily pollination window).
2.4.2 Bee census
2.4.2.1 Spatial Variation

Variation in the relative abundance of each bee taxa by farm was substantial.
However, hoary squash bees were ubiquitous and were the most abundant taxa on
most farms, followed by honey bees. Generally, there was a low relative abundance of
bumble bees and other wild bees, although exceptions occurred, and this may be
related to the scale of Cucurbita crop production on those farms.
Because they are ground-nesters, variation in the abundance of hoary squash
bees between farms may be related to the type of soil on the farm (i.e., hoary squash
bees prefer sandier soils over clay soils for nesting), farm practices such as tillage
which is attractive to hoary squash bees but which can destroy nests, or the use of soilapplied neonicotinoids that may put hoary squash bees at risk of population decline
(Julier & Roulston, 2009; Ullmann et al., 2016; Skidmore et al., 2019; Willis Chan et al.,
2019). Identifying existing hoary squash bee nesting aggregations on farms and
subsequently protecting them from tillage or soil-applied insecticide exposure should be
as much a priority for Cucurbita crop growers, as it is for alfalfa seed growers with nests
of the alkali bee (Nomia melanderi) (Vinchesi et al. 2018). Indeed, I have observed
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rapid expansion of protected hoary squash bee nesting aggregations on farms where
growers take such protective measures. The length of time that Cucurbita crops have
been grown on a farm may also play a role. On farm #8, with a protected nesting
aggregation of over 3000 nests in an 8 m2 area (video of hoary squash bee nesting
aggregation), Cucurbita crops have been grown for 30+ years continuously.
The low relative abundance and indeed absence of bumble bees and other wild
bees on some farms in Ontario may be caused by inadequate habitat to support the
nesting, foraging, or overwintering needs of these wild taxa (Kevan et al., 1990; Kremen
et al., 2002; Sheffield et al., 2008; Kennedy et al., 2013). For Cucurbita crops, bumble
bee visitation rates have been shown to be greatest in landscapes surrounded by lawns
and semi-natural habitats, corresponding to the nesting habitat requirements of the
common eastern bumble bee (Bombus impatiens) (Phillips & Gardiner, 2015;
Lanterman et al., 2019).
Habitat deficits for wild bees could be remedied by creating intentional bee habitat
on farms that is protected from pesticide exposure (Bótias et al., 2015; Willis Chan et
al., 2019; Wintermantel et al., 2020). Indeed, slowing rates of bee decline in
northwestern Europe may be related to increased efforts to create habitat that supports
bees via agri-environmental schemes (Carvalheiro et al., 2013; Scheper et al., 2013).
Alternately protecting wetlands and tall grass woodlands and increasing the complexity
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of the landscape surrounding farms may also provide a solution (Kleijn et al., 2006;
Isaacs et al., 2009; Lanterman et al., 2019; Vickruck et al., 2019; Pindar et al., 2020).
2.4.2.2 Annual variation

Hoary squash bees, honey bees, and bumble bees can each provide more than
adequate pollination services to Cucurbita crops (McGrady et al., 2020). However,
fluctuations in total bee abundance and the relative abundance of
specific taxa from year-to-year may have an impact on crop pollination and yield that
may not be well understood or may be mis-attributed to other factors (Kremen et al.
2002).
Climatic factors like weather which may cause overwintering losses, fluctuations in
pollen supply which may affect the reproductive fitness of females, or pressure from
nest parasites that may prevent females from maximizing their foraging opportunities in
favour of guarding their nests may have caused the annual fluctuation in hoary squash
bee abundance observed here (Torchio & Tepedino, 1980; Seidelmann, 2006;
Seidelmann et al., 2010; Cane, 2016). However, the consistency of male hoary squash
bee abundance between subsequent years is good for pollination in these crops
because males may be more important for Cucurbita crop pollination than females
because females actively collect pollen and remove it from the system (Artz & Nault,
2011; Cane et al., 2011).
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Table 2.5: Comparison of the absolute and relative abundance (%) of taxa visiting Cucurbita crop flowers in six studies in the
northeastern United States and Canada.

Study
Willis Chan,
Chapter 2
Appenfeller et
al., 2020
McGrady et
al., 2020
Phillips &
Gardiner, 2015

Petersen et
al., 2013

Artz et al.,
2011

Counting Method
number of bees per 25 flowers,
4 times per hour 06:00-08:00
number of bees in 5 flowers
observed for 1 minute by
citizen scientists: 07:00-12:00
45 s observation per flower on
80-100 m transects: 06:3012:00
video recording of 8 flowers,
06:00-12:00

3 transects of 40 m with 2 rows

3 x 10 m transects with 2 rows
and 20 plants per transect,
06:00-11:00

Location
Ontario
Michigan &
Indiana

Years
20152018
20172019

Absolute abundance (Relative abundance %)
Squash
Bumble
Other
Honey
Bees
Bees
Wild Bees
Bees
3148
221
37
765
(69%)
(6%)
(2%)
(23%)
1715
876
220
312
307
(51%)
(13%)
(18%)
(18%)

Total
bees
4171

Pennsylvania

20132015

844

164
(19%)

372
(44%)

161
(19%)

147
(17%)

Ohio

2011

2931

2012

7900

2011

2390

2012

2709

2008

5670

898
(30%)
964
(12%)
1382
(58%)
1272
(47%)
2585
(46%)

606
(20%)
6023
(76%)
241
(10%)
628
(23%)
1272
(22%)

61
(2%)
87
(1%)
72
(3%)
137
(5%)
66
(1%)

1427
(47%)
826
(11%)
695
(29%)
765
(28%)
1747
(31%)

2009

7393

3344
(45%)

384
(5%)

88
(1%)

3577
(45%)

New York

New York
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The fluctuations in the bumble bee and other wild bee taxa are difficult to interpret
because the taxa are so diverse. However, the fluctuation itself is an important
reminder that the wild bees visiting Cucurbita crop flowers are not static in abundance
from year to year.
The increase in absolute honey bee abundance in 2017 seems to have
corresponded to a decline in the hoary squash bee population (Table 2.2). However,
this is an artefact of uneven sampling of farms between years and a one-year increase
in honey bees on two farms (#1 & #2) that were sampled heavily in 2017. There was no
increase in the number of managed honey bee colonies in Ontario from 2016 to 2017
(AAFC, 2018), nor was there evidence that abundance of honey bees affected the
abundance of hoary squash bees (see 2.4.2.4).
Despite the importance of wild bees, it is important to recognize the role that honey
bees may play as secondary pollinators in this cropping system when wild bee
abundance or diversity decreases. However, the presence of honey bees does not
eliminate the need to maintain the pollination services of wild bees, and honey bees
should not be considered the primary pollinators of Cucurbita crops in Ontario (Garibaldi
et al., 2013; Mallinger & Gratton, 2015; McGrady et al., 2020). These results provide
more evidence that a suite of bee taxa is needed in Cucurbita crops to provide resilient
pollination services.
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2.4.2.3 Daily variation

Both male and female hoary squash bees typically began to forage on the crop
flowers as soon as they opened and remained active throughout the pollination window,
suggesting that they were not experiencing restrictions on their activity related to light,
temperature, humidity, or wind and that their daily activity cycle matched the daily
flowering period of the crop well. Females may have been less abundant after 11:00
because some individuals may have changed the focus of their activity to nest building
rather than foraging (Table 2.3; Kevan et al., 1989). Because males forage and seek
mates within Cucurbita flowers, and then settle to rest within wilted flowers, the lack of
change in male abundance throughout the daily flowering period is not surprising (Hurd
& Linsley, 1964; Hurd et al., 1974).
Bumble bees reached peak numbers an hour later than hoary squash bees
despite their ability to fly in cool, low light conditions, but remained active throughout the
pollination window and beyond, (Richards, 1973; Heinrich, 1975; Lundberg, 1980;
Kapusjanski et al., 2007, Couvillon et al., 2010; Reber et al., 2015).
Other wild bees reached peak abundance after the pollination window and likely
contributed little to pollination in Ontario’s Cucurbita crops because of their low
abundance and the mismatch between the pollination window and peak activity.
Honey bee abundance increased as pollen availability decreased, and peak
numbers were reached well after the daily pollination window (Figure 2.5). This is not
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surprising as honey bees prefer to fly in high light conditions at temperatures above 1214oC (Corbet et al., 1993; Vicens & Bosch, 2000; Clark & Robert, 2018). Thus, for
behavioural reasons, honey bees may not be providing pollination services to Cucurbita
crops in Ontario, despite being physically able to do so.
Several authors have noted that honey bees and bumble bees visit Cucurbita
crops primarily for nectar (Percival, 1947; Artz & Nault, 2011). Both taxa lack the
specialized scopae of hoary squash bees and may experience mechanical difficulty
packing the large spiny Cucurbita pollen into their corbiculae (Lunau et al., 2015). This
may explain the bumble bees’ tendency to forage on the crop flowers in peak numbers
after about 60% of pollen has already been depleted. Nectar-foraging bees often
discard passively collected pollen (Parker, 1981; Vaissière & Vinson, 1994; Thorp,
2000) and both bumble bees and honey bees have been observed actively grooming
Cucurbita pollen off their bodies (Michelbacher et al., 1964; Tepedino, 1981; Brochu et
al., 2020; personal observation for bumble bees).
Although hoary squash bees, bumble bees, and honey bees can each provide
more than adequate pollination services to Cucurbita crops (McGrady et al, 2020), the
fluctuations in the abundance of bees visiting Cucurbita crops from farm to farm (Figure
2.7), year to year (Table 2.2), and over the daily flowering period (Figure 2.6)
demonstrate that pollinator diversity is as important as abundance to maintain resilience
of crop pollination services over time and space (Kremen et al., 2002; Winfree et al.,
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2007; Julier & Roulston, 2009; Garibaldi et al., 2013; Mallinger & Gratton, 2015;
Delgado-Carrillo et al., 2018; Nicolson & Ricketts, 2019; McGrady et al., 2020).
2.4.2.4 Interspecific effects

In a pollination system such as the Cucurbita cropping system with many bee
visitors, one bee taxon may be impacting another by competing for the same resources.
Honey bees are known to negatively impact wild bees through exploitative competition
(Thomson, 2004; Cane & Tepedino, 2017; Mallinger et al., 2017). However, no such
interspecific effects have been found for managed and wild bees foraging on Cucurbita
crop flowers in Virginia and Maryland (Julier & Roulston, 2009).
Hoary squash bee abundance appears to have had a weak negative effect on the
abundance of other wild bees, perhaps because they deplete the floral resources for
other wild bees that forage on the crop later in the morning. The abundance of bumble
bees had a weak positive effect on other wild bees, perhaps because they were both
varying with respect to environmental factors such as weather, farm management
practices, or availability of foraging or nesting habitat (Osborne et al., 2008; Zurbuchen
et al., 2010). Honey bee abundance on the Cucurbita crop flowers may not have been
affected in the same way because managed colonies can be manipulated to
compensate for overwintering losses, lack of forage, or exposure to pesticides in the
environment. Furthermore, because of their large colony size, honey bees may be
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more resilient than wild bees to the potential impacts of stresses (Franklin & Raine,
2019).
2.4.3 Grower benchmarks
Benchmarks provide a management tool for Ontario Cucurbita crop growers to
compare the abundance of bees on their farms with a provincial measure. As more
data are collected, benchmarks may change, and cyclical abundance trends may also
emerge.
Here, median benchmarks suggest that typically hoary squash bees are
responsible for pollination in Cucurbita crops in Ontario (Table 2.4). Whether the low
benchmarks for bumble bees and other wild bees mean that Ontario’s agricultural
landscapes are depauperate of bumble bees and other wild bees, that those wild taxa
and honey bees prefer not to forage on Cucurbita crops, or that other flowering plants
(cultivated or wild) are drawing the bees away from the crop is currently unknown.
However, both bumble bees and other wild bees clearly do visit Cucurbita crops in
higher numbers in the northeastern United States (Julier & Roulston, 2009; Artz & Nault,
2011; Artz et al., 2011; Petersen et al., 2013; Phillips & Gardiner, 2015; Appenfeller et
al., 2020; McGrady et al., 2020; Table 2.5).
The benchmarks presented here (Table 2.5) raise questions about current
Cucurbita crop pollination guidelines that recommend supplementing with honey bee
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hives (OMAFRA, 2019). A better approach would be to use a total bee benchmark that
encompasses all the bee taxa that visit the crop flowers. Determining total bee
abundance on a farm requires only limited identification skills and a straightforward
calculation that can easily be done by crop scouts or by growers themselves with
minimal training.
Besides total bee abundance, growers may also benefit from comparing the
abundance of individual bee taxa visiting their Cucurbita crops to the provincial
benchmarks for those taxa (Table 2.4) to ensure the resilience of pollination services
amidst year-to-year fluctuations in bee abundance. With minimal training, growers
could learn to identify the major bee taxa and make more precise management
decisions based on the benchmarks for each taxon (Appenfeller et al., 2020).
My finding that wild bees have a higher relative abundance than honey bees in the
bee population visiting Cucurbita crops in Ontario agrees with studies in the
northeastern United States (Table 2.5). However, there is variation among the studies
in the relative abundance of the individual bee taxa within the wild bee population (Table
2.5) which may be related to the same factors that cause variation among farms (soil
types, agricultural intensity, farm management practices, or the availability of suitable
habitat for wild bees; Cane, 1991; Julier & Roulston, 2009; Artz & Nault, 2011; Ullmann
et al., 2016; Willis Chan et al., 2019). Differences in sampling methods may also have
contributed to those differences (Table 2.5). Counts of some taxa, such as hoary
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squash bees, that spend little time in individual flowers, fly quickly from flower to flower,
and nest near to the crop, may be overestimated in all studies. Further work is needed
to provide more insight about the relationship between the relative abundance of certain
taxa and environmental factors.

2.5 Conclusions
In southern Ontario, the seasonal pollination window is between mid-July and midAugust. The daily pollination window for winter squash and pumpkin is between 06:00
a.m. and 08:00 a.m. based on pollen depletion.
The abundance and types of bees visiting Cucurbita crop flowers fluctuated
spatially and temporally on an annual and daily basis. Thus, having a full suite of bee
taxa visiting Cucurbita crop flowers at a farm offers the best insurance of resilience over
time.
Although bumble bees are important pollinators of Cucurbita crops in many US
states, they do not appear to be playing a large role in Ontario. This difference may
require further attention to elucidate its causes.
Hoary squash bees play a primary role in pollination of Cucurbita crops in Ontario
because of their abundance, their ubiquity, and the synchronicity of their activity with
maximum pollen availability and the crops’ daily pollination window.
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The importance of wild bees, especially hoary squash bees, over managed honey
bees on Cucurbita crop flowers raises concerns about the inadequacy of current
pollination recommendations for this crop. Going forward, pollination recommendations
for Cucurbita crops in Ontario should include total bee benchmarks. Wherever they are
grown, the important role of hoary squash bees in Cucurbita crop production and the
need to protect them in agricultural environments should be emphasized.
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3 The Phenology and Behaviour of the Hoary Squash Bee
(Eucera (Peponapis) pruinosa) on Cucurbita Crops in
Ontario
3.1

Introduction
Although the solitary hoary squash bee (Eucera (Peponapis) pruinosa (Say, 1837))

has been more extensively studied than most other ground-nesting bee species, many
knowledge gaps around their behaviour and ecology remain. These include a lack of
information about phenology, sex ratios and sexual size dimorphism, mating, and
resting behaviour. Unlike for most ground-nesting species, filling these knowledge gaps
for the hoary squash bee is an obtainable goal as it is easily maintained in captivity
under field realistic conditions.
The hoary squash bee is a Meso-American bee species that originally evolved as
a pollen specialist foraging on wild Cucurbita spp. occurring in that region (López-Uribe
et al., 2016). The range of the hoary squash bee has expanded well beyond the range
of its original wild host plants (Cucurbita foetidissima) in association with the
domestication and spread of Cucurbita pepo var. pepo (pumpkins, zucchini, marrows)
(Smith, 1997, 2006). The present distribution of the hoary squash bee includes much of
North America, including southern Ontario, although two separate populations exist east
and west of the Rockies (Hurd et al.,1971; López-Uribe et al., 2016).
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While many accounts of hoary squash bee activity on Cucurbita flowers or at nests
have been reported (Mathewson,1968; Hurd et al., 1974; Willis, 1991; Artz & Nault,
2011; Cane et al., 2011; Phillips & Gardiner, 2015), reliable empirical data about the
hoary squash bee phenology, including the timing and pattern of their emergence,
mating period, and nesting period, are needed for Ontario.
In California, Utah, and Mississippi, hoary squash bees are active on Cucurbita
crops in May, when the crops are just being planted in Ontario (Hurd et al., 1974; Cane
et al., 2011). However, in Ontario, hoary squash bees begin to forage on Cucurbita
crops as soon as they began to flower in mid July (Willis,1991; Willis & Kevan,1995;
Figure 3.1).
Measuring hoary squash bee activity on Cucurbita flowers does not necessarily
provide information about the patterns of emergence of from nests over the season
because bees may emerge from nests before crop flowering and may sustain
themselves by visiting flowers other than Cucurbita spp., despite being pollen
specialists (Hurd & Linsley, 1964; Nunes-Silva et al., 2020). In eastern North America
(Rhode Island), there is evidence that hoary squash bees begin to emerge from their
nests in late June before Cucurbita crops flower (Mathewson,1968). If bees are
emerging before crop flowering, the appearance of hoary squash bees on crop flowers
does not constitute synchrony with the crop from the perspective of the bee, although it
may from the perspective of the crop.
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It is likely that hoary squash bee adults emerge from ground nests over an
extended period within a season (Mathewson,1968; Hurd et al.,1974). Immediately
after emergence, it is thought that they undergo a 2 to 3-week sexual maturation period
(Mathewson,1968; Hurd et al.,1974). During sexual maturation female bees consume
pollen and nectar to mature their oocytes, after which mating occurs and nesting begins
(Cane, 2016; Kapheim & Johnson, 2017).
Studies with a stem-nesting solitary bee (Osmia lignaria, Say, 1837) suggest that
sexual maturation is less important for males as they have viable sperm and can mate
immediately after emergence, though their sperm counts increase as they age (Strobl et
al., 2019). Whether this pattern holds for all solitary bees or is species-specific is
currently unknown.
For hoary squash bee populations in more northerly parts of their range (such as
in Ontario), if emergence coincides with flowering in Cucurbita crops (i.e., July or
August), even a 2-week lag in female sexual maturation before nest initiation could
seriously curtail the reproductive success of later emerging individuals. These effects
on individuals could affect whether populations of hoary squash bees would decline,
grow, or remain stable and could define the northern boundaries for this species.
The emergence of adult hoary squash bees from ground nests sets the stage for
mating, foraging, resting, and nesting behaviours, which in turn determine reproductive
success in this solitary, ground-nesting species (Alcock et al.,1978; Strickler,1979).
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Figure 3.1: The lifecycle of the hoary squash bee (Eucera (Peponapis) pruinosa) showing
synchrony with the flowering period of Cucurbita crops on a seasonal basis in Ontario. Graphic
designed by D. Susan Willis Chan and drawn by Ann Sanderson. Used with permission.

Sexual size dimorphism is common among solitary bees, with most species having
larger females and smaller males, although substantial variation in size also occurs
within each sex (Danforth et al., 2019). Although hoary squash bees are sexually
68

dimorphic in size, there are no published empirical data on size variation between and
within the sexes. Such information would be valuable in understanding mating
strategies, sex allocation, and parental investment. Furthermore, it would help to
understand possible differences in vulnerability of the sexes to both contact and oral
pesticide exposure (see chapter 4).
Like most solitary bee species, female hoary squash bees are likely monandrous
(preferring to mate with a single male) whereas males are likely polygynous, attempting
to mate with many females (Hurd et al.,1974; Alcock et al.,1978), however there is no
direct empirical evidence for this. Male hoary squash bees search for mates on flowers
where the females forage (Linsley, 1958). As they search for mates, male hoary
squash bees exhibit a behaviour described as “cruising” in which they fly quickly from
flower to flower (Hurd et al.,1974). Male hoary squash bees engage in three types of
behaviour as they “cruise” within Cucurbita flower patches: (1) they fly rapidly past a
flower, ignoring it; or (2) they alight on a flower and descend to the nectaries in the base
of the corolla to gather nectar; or (3) they land on the central synandrium or gynecium of
the flower and quickly leave without descending into flower (personal observation). I
term the last, “land and leave” behaviour.
Mating occurs in the base of the Cucurbita flower corolla and can best be
described as scramble competition in which many males cluster around a female and
compete to mate with her (Thornhill & Alcock, 1983; personal observation).
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For solitary bees, male size appears to affect mating success (Danforth et al.,
2019). For species that engage in scramble competition, larger males are usually more
reproductively successful than smaller males (Fraberger & Ayasse, 2007; Oliveira et al.,
2012, 2013; Danforth et al., 2019). However large and small conspecifics may engage
in different mate seeking strategies or may switch between strategies depending on
circumstances (Alcock & Houston, 1996; Oliveira & Schlindwein, 2010; Oliveira et al.,
2012, 2013).
Where males are polygynous and engage in scramble competition for mates and
females are monandrous, there is most likely a selective pressure towards protandry
(males emerging before females) because those males that emerge earlier are more
likely to mate with more females than those that emerge later (Bulmer, 1983).
Like all bees, female hoary squash bees can allocate the sex of their offspring by
either producing a fertilized (female) or unfertilized (male) egg (Michener, 2007). Sex
allocation may be affected by (1) whether a female is mated or not (unmated females
can only produce male offspring); (2) sperm viability (less viable sperm would result in
more male offspring), (3) the size of the female (large females tend to produce large
females and small females tend to produce males; Seidelmann et al., 2010), (4)
foraging efficiency of the female (older females with poor body condition tend to
produce males; Seidelmann, 2006), and (5) nest parasite pressure (where pressure is
high, females will spend more time defending their nests and less time foraging,
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resulting in a tendency to produce male offspring that require less pollen; Seidelmann,
2006). The nest parasite, Triepeolus remigatus (Fabricius 1804), often patrols hoary
squash bee nesting aggregations in Ontario and have been recorded in censuses of
Cucurbita flower visitors elsewhere (Artz et al., 2011; McGrady et al., 2020; personal
observation).
After mating, reproductive success is linked to a female solitary bee’s ability to
gather pollen. Reproduction may be limited by a female bee’s body size and condition,
which are in turn correlated with the amount of pollen and nectar that she was fed as a
larva (Klostermeyer et al.,1973; Roulston & Cane, 2000; Bosch & Vicens, 2006), and by
her oocyte maturation rate, which is correlated to her consumption of pollen and nectar
as an adult (Rosenheim et al., 1996).
All solitary bees mass provision their nest cells, supplying all the pollen and nectar
that their offspring need to develop fully, sealing up the cell, and having no further
contact between generations (Michener, 2007). Because pollen is so closely tied to
reproduction in solitary bee species, using a measure that relates pollen harvest to the
number of offspring produced per unit time makes the most sense (Strickler, 1979) and
will be used in modified form here.
Most solitary bees can provision a single nest per day on average and are
constrained by resource availability and/or intrinsic physiological limitations (Neff, 2008).
However, there are notable examples of solitary bees (e.g., the ground-nesting bee
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Calliopsis persimilis (Cockerell, 1900)) that can provision many cells in a day under
favourable conditions for short periods of time (Danforth, 1990; Neff, 2008; Danforth et
al., 2019).
Under field conditions at a site near Guelph, Ontario, female hoary squash bees
needed to make 14 foraging trips in 3.7 hours of foraging time to provision a single nest
cell (Willis,1991). Thus, regardless of their innate reproductive potential, hoary squash
bees may be limited to producing a single offspring per day by their ability to harvest
enough pollen within the daily flowering period of Cucurbita crops (Figure 2.5). Whether
pollen limitation is greater in wild Cucurbita than in Cucurbita crops and whether there
are differences in foraging efficiency at different locations within the species’ range is
unknown.
Both foraging and mating in hoary squash bees occur on open Cucurbita
flowers. However, as the morning progresses, those short-lived flowers begin to wilt,
and the tips of the petals lose their turgor, curling inward. At the end of the flowering
period (12:00 p.m. or earlier, depending on the temperature), the tips of the corolla
collapse inward further and twist together, while the base of the corolla remains
turgid. The combination of the twisted wilted tips and the turgid corolla base creates an
enclosed chamber (Figure 3.2). The wilted flower remains attached to the stem until the
next day, when abscission from the stem (for staminate flowers) or from the ovary (for
pistillate flowers) occurs.
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The wilted flower is of interest here because the chamber created by the
completely wilted Cucurbita flower forms a safe place for hoary squash bees to rest in
the afternoons and night when they are no longer foraging (Hurd et al.,1974). I have
observed both male and presumably unmated female hoary squash bees resting in the
wilted flowers of cultivated Cucurbita, usually in a state of torpor (video of resting
bees). In the morning of the following day, the bees become more active and chew
their way out of the flowers to begin visiting a fresh batch of Cucurbita flowers.

1 cm

Figure 3.2: Wilted Cucurbita pepo crop flower showing the chamber created at the base of the
flower and the twisted petal tips. Hoary squash bees rest in a state of torpor overnight within
such wilted flowers.
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Little is known about the cues that hoary squash bees use to settle onto flowers as
they wilt. Besides obvious visual cues, cues may be olfactory and associated with
pollen odours (Dobson & Bergström, 2000). Other chemical/physical gradients such as
relative humidity (von Arx et al., 2012), carbon dioxide (Goyret et al., 2008), or plant
hormone concentration gradients (van Doorn & van Meeteren, 2003) within or above the
flower could also be cues.
Although hoary squash bees are described as congregating in flowers to rest
(Hurd et al.,1974), there is no quantitative evidence regarding this, and my own
observations of hoary squash bees in Ontario suggests otherwise.
Here I provide further characterization of the relationship of the hoary squash bee
to Cucurbita crops, especially the effects of that relationship upon the phenology,
behaviour, and ecology of the bees. My objectives are as follows:
1. To characterise the timing and progression of hoary squash bee emergence by

directly observing emergence from nests over a single season under controlled
conditions in enclosed hoop houses in Peterborough, Ontario,
2. To determine the extent and variability of any sexual size dimorphism in hoary

squash bees by measuring the mass of live male and female bees from five sites in
Ontario during a single season,
3. To describe sex allocation by female hoary squash bees and to discuss the

implications for male reproductive success of male biased sex ratios in this species,
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4. To describe the mating behaviour of hoary squash bees on Cucurbita flowers and

determine if mate searching occurs during a specific daily and/or seasonal period in
Ontario, and whether mate seeking behaviour could be affected by the presence of
other bees in the flowers,
5. To investigate pollen foraging behaviour of female hoary squash bees by quantifying

the amount of pollen available from staminate Cucurbita flowers, the amount of pollen
collected by a female hoary squash bee in a single foraging trip, the amount of pollen
needed to provision a single nest cell, the duration of foraging trip times, and the
amount of time spent within the nest between foraging trips, and
6. To describe the distribution of hoary squash bees resting in flowers and determine

whether they occupy flowers singly or in congregation during rest.

3.2

Materials and Methods
Studies presented here were undertaken in 2017, 2018, or 2019. Some studies

(phenology, wasted pollen, and pollen provisioning time) were carried out in enclosed
hoop houses at a site in Peterborough County, Ontario, Canada. Other studies (sexual
size dimorphism, pollen collection, pollen provisions, and resting behaviour) were
undertaken on farms in Ontario. The mating behaviour study was done on squash
plantings outside of the hoop houses at the Peterborough County site. The sampling
details for each study are summarized in Table 3.1.
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Table 3.1: The location of the study, number of observations and year the study was undertaken
for all studies presented in chapter 3.

Study

Location

Phenology

6 hoop houses, Peterborough
County, Ontario

Sexual size
dimorphism
Mate seeking
behaviour

8 farms, Ontario

Pollen
availability

Outside hoop houses at hoop
house study site, Peterborough
County, Ontario
5 farms, Ontario

Number of
Observations
11 observation days

Year

Males = 177;
Females = 82
40 flowers

July 9 – 25, 2018

308 synandria from
staminate flowers

2017

July 25 – Sept 03,
2019

2018

Wasted
pollen

12 hoop houses, Peterborough
County, Ontario

5 flowers/hoop house x
2 days =120 samples

Aug 17 & 23,
2017

Pollen
collection
Provisioning
time

1 farm, Guelph, Ontario

90 female bees

Aug 4, 2017

9 hoop houses, Peterborough
County, Ontario; statistical
model showed no effect of
treatment on provisioning time

11 observation days,
175 observations on 49
nests

Aug 4 - 24, 2017

Resting
behaviour

5 farms, Ontario

300 flowers/farm x 5
=1500 observations

July 24 -Aug 1,
2018

3.2.1 Phenology
In the summer of 2019, I recorded the number and sex of hoary squash bee
offspring emerging from nests established in 2018 in 6 hoop houses. The hoop houses
had been used to compare the effect of the insecticide Coragen® (chlorantraniliprole)
against an untreated control. However, no significant difference in nest establishment,
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offspring production or sex ratio between the treatments (see Table 5.4; Figure 5.1)
allowed me to follow the emergence of hoary squash bees within to provide a detailed
and complete picture of emergence for this population of hoary squash bees.
To count bees as they emerged, I checked all open flowers in each hoop house
every 1-3 days during the period July 25 to September 3, 2019. Making observations
within these intervals allowed me to capture all emerging bees before they began their
reproductive phase. Upon emergence, bees had access to Cucurbita crop flowers in
which to forage and rest. On each observation day, I recorded the number and the sex
of the bees in each hoop house and then released the bees outside the hoop house. I
repeated the inspection the next observation day until there were no more bees
emerging over a 3-day period. For each category (male bees, female bees, total bees),
a running total was calculated for each observation day and converted to a cumulative
percentage (i.e., cumulative % = running total/total number of emerged bees by
category at the end of the season).
3.2.2 Sexual Size Dimorphism
Male (n = 177) and female (n = 82) hoary squash bees were captured on
Cucurbita crop flowers on 8 farms across southern Ontario during the period of July 9July 25, 2018. More males than females (M:F sex ratio = 2.0) were collected to
approximate the sex ratio in hoary squash bee populations (see 3.2.3.2; M:F sex ratio =
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2.1). Each collected bee was placed in an aerated microcentrifuge tube and kept cool
during transport to the lab (Figure 5.5). In the lab, each cooled live bee was weighed
individually (Sartorius Practum 124-1S analytical balance; accuracy 0.001 g; with draft
shields), and the bee’s sex was recorded. Cooled bees were inactive as they were
weighed.
3.2.3 Reproduction
3.2.3.1 Mate Seeking Behaviour
Mate seeking behaviour of male hoary squash bees (often called “cruising) was
observing on Cucurbita flowers (n = 40) for 5-minute intervals every hour during the
daily flowering period of Cucurbita flowers at a site in Peterborough County during the
first, second, and fourth week of August 2019. Male hoary squash bee visitors to the
flowers were characterized as collecting nectar or as engaging in “land and leave”
behaviour without nectaring. Land and leave behaviour appears to be characteristic of
male bees looking for potential mates. To test the hypothesis that mate seeking
behaviour showed temporal variation, the effect of time of day (hourly intervals starting
at 06:00 to 10:00am) and week of August (weeks 1,2,4) on the number of males
exhibiting land and leave behaviour were analyzed using a mixed model approach
including the continuous fixed effect of the number of bees already in the flowers. The

78

percentage of male visits to flowers that were for nectar collection versus mate seeking
was also calculated.
3.2.3.2 Sex Ratios
Sex ratios are expressed as a single number (i.e., 2.49) referring to the number of
males per female (West et al., 2002). The sex ratio of the running total of emerged
males and female hoary squash bees for each observation day was calculated (running
total sex ratio = male running total/female running total). A seasonal sex ratio was also
calculated using the total number of males and females across all the hoop houses at
the end of emergence. Where there were emerged males, but no females (i.e.,
between July 30 and August 2), no sex ratio could be calculated.
A ‘functional sex ratio’ (functional sex ratio = running total of males/number of
newly emerged females) was also calculated to quantify the intra-sexual competition
among males for receptive females. The functional sex ratio assumes that the whole
pool of emerged males (the running total) can mate successfully with only newly
emerged females as all the other females would have already been mated and would
no longer be receptive. No lag in female receptivity after emergence was included in
the calculations because the duration of that lag is not known.
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3.2.4 Pollen Provisioning
3.2.4.1 Pollen Availability
In Cucurbita flowers, pollen dehiscence occurs on the synandrium (fused anthers)
before or immediately after anthesis. To determine the maximum pollen on a dehisced
Cucurbita synandrium (Figure 2.1), I collected synandrium samples from 308 staminate
flowers on five farms. The afternoon before sampling, flower buds that would open the
next day were chosen within each field and the location was marked with a flag. Blue
painter’s tape was wrapped around the tip of the flower to prevent it from opening the
next day and to exclude foraging bees (Figure 3.3).

b
a

Figure 3.3: Cucurbita flower in the closed bud stage and a flower that was taped shut with blue painter’s
tape to prevent access by bees to dehisced synandria. The taped flower was in the closed bud stage the
previous day. Synandria were removed from such flowers to count the number of pollen grains per
synandrium and evaluate the maximum pollen resources available to hoary squash bees foraging on
Cucurbita crops. Photo taken by Beatrice Chan and used with permission.
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The next morning after dehiscence, the top part of the taped flower was sliced off
below the tape with a razor blade. A 2-mL microcentrifuge tube was immediately placed
over the dehisced synandrium, the flower was inverted, and the synandrium was then
cut off the flower into the tube with a razor blade. Ethanol (70%; 0.5 mL) was added to
the tube to preserve the synandrium and pollen grains until they could be processed.
Tubes were spun at 2500 rpm for 3 minutes in a microcentrifuge in the lab.
Synandria were then removed from the tubes with forceps and spot checked by
eye to ensure all pollen grains had been dislodged. Each tube was topped up to 2 mL
with a 50% glycerin solution to increase the viscosity of the solution, thereby making it
easier to keep the pollen grains suspended after mixing with a mini vortex mixer. After
mixing, ten 5-µL aliquots were removed from the tube using a micro-pipette and placed,
1 aliquot per square, on a grid. All pollen grains in each droplet were counted under a
microscope at 25X magnification. All ten aliquots taken from an individual synandrium
sample were averaged to provide a mean pollen count for that sample. Each mean
pollen count was then related back to the full volume of the suspension to determine the
total number of pollen grains on that synandrium (i.e., Mean pollen count per
synandrium = Mean pollen count per aliquot x 1000 µL/mL x 2 mL/5 µL).
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3.2.4.2 Wasted Pollen
Pollen dislodged by the activities of bees falls to the base of the corolla where it
collects over the day and is wasted. I collected waste pollen from five flowers at the end
of the daily foraging period on two days (August 17 & 23, 2017) from each of 12 hoop
houses at the Peterborough site described earlier. After removing the synandrium from
each flower, the pollen remaining in the base of the corolla was tapped into a small
disposable plastic cup and transferred into a 2 mL microcentrifuge tube. Subsequently
0.5 mL of 70% ethanol and 1.5 mL of 50% glycerin solution was added to the tube and
the pollen grains were counted using the methods described above (see 3.2.4.1).
3.2.4.3 Pollen Collection
I used a non-lethal method to determine the amount of pollen hoary squash bee
females accumulate on their bodies during a single foraging trip. Ninety female hoary
squash bees carrying pollen were captured by picking them up by the thorax as they
returned to their nests in a large nesting aggregation on a farm near Guelph,
Ontario. The captured bees were immediately introduced individually into aerated 2-mL
microcentrifuge tubes. The tubes were similar in diameter to hoary squash bees nest
tunnels and the bees seemed comfortable in them. The tubes were kept in the
refrigerator overnight. During the night, the bees groomed off all the pollen on their
bodies into the tubes. In the morning, the bees were released, and the pollen was
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suspended in a solution of 70% alcohol and 50% glycerin solution, processed, and
counted as described above (see 3.2.4.1). This method allowed me to gather many
samples without unduly compromising the existing bee population.
3.2.4.4 Pollen Provisions
To obtain samples of pollen provisions, nest cells excavated from 13 different
nests on a farm. Only those cells with provisions and an egg were used for the pollen
counts as these represented fully provisioned nest cells whose contents had not yet
been eaten by larvae. In the lab, the contents of each nest cell were scraped into a 2mL microcentrifuge tube, an alcohol-water-glycerin solution was added, and the pollen
grains were processed and counted as described above (see 3.2.4.1) to estimate the
number of pollen grains per nest cell. As sampling the number of pollen grains per nest
cell could only be done destructively, sample sizes were lower (n = 13) than samples of
pollen collected from female bees. The sex of the egg was not determined.
3.2.4.5 Provisioning Time
Provisioning a nest cell involves the time a female solitary bee spends within the
nest (Tn) and the time she spends foraging (Tf). Observations of active nests were
made within nine netted hoop houses (4.9 m x 6.1 m; floor area: 320 ft2, 29.7 m2 each)
on 11 days during the 2017 season. Those nine hoop houses were being used for
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experiments involving exposure to the systemic insecticide chlorantraniliprole and
thiamethoxam as well as an untreated control (Figure 5.1).
I made 175 observations on 49 nests, each of which would have corresponded to
a unique female hoary squash bee. However, sampling of nests was unbalanced.
Because eleven nests were observed only once (6.25% of observations), most nests
(34) were observed 2-6 times (59.42% of observations), and 5 nests provided a
disproportionately large number of observations (34.28% of observations; Appendix 14),
the overall mean was determined by taking the mean time for each nest (n = 49, 1 data
point per nest) and calculating the mean and standard error of those. All observations
were of one provisioning cycle (Tp) and included both a nesting (Tn) and a foraging
component (Tf). Only trips in which a bee had a visible pollen load were included.
I measured both the duration of foraging trips (Tf; n = 175 observations) and the
time spent in the nest between foraging trips (Tn; n = 175 observations) by clocking
each bee as it left its nest, as it returned to the nest, and again as it left the nest to
begin foraging again. The foraging trip time (Tf) included time spent flying to and from
the flower patch, time spent flying between flowers within a patch, and time spent
handling the flowers to extract nectar and pollen. The time spent in the nest between
foraging trips (Tn) likely includes some or all the following behaviours: combing pollen
off the hind legs into a nest cell, regurgitating nectar onto the pollen, laying an egg, and
sealing up the cell. I compared the duration of the foraging and nesting components of
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a provisioning cycle to determine if there was an effect of (1) treatment
(chlorantraniliprole, thiamethoxam, and control) because observations were taken in
hoop houses where insecticide treatments were applied, (2) individual bees (49 nests),
(3) time of day (hourly intervals between 06:00 and 10:00), or (4) observation day during
the season (August 7-24, 2017).
3.2.4.6 Provisioning Efficiency
Provisioning efficiency (Equation 3.1), rather than foraging efficiency, was
calculated using a modification of the method proposed by Strickler (1979).

Equation 3.1: Provisoning Effciency = Pf/ Pn x (Tf + Tn)
Pf = Number of pollen grains collected by female bee in a single foraging trip
Pn = Number of pollen grains in a provisioned nest cell
Tf = Time spent on a single foraging trip
Tn = Time spent within the nest between foraging trips
3.2.5 Resting Behaviour
To determine if hoary squash bees congregated in groups in flowers while resting,
a survey of wilted flowers was undertaken on five days (July 24, 26, 30, August 2) on
five different farms in 2018. At each farm, three sets of 100 flowers were surveyed in
the afternoon (n = 5 x 3 x 100 = 1500 flowers surveyed). Wilted flowers were opened
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and the number of hoary squash bees resting inside was counted. The data set of
occupied flowers (n = 504 observations, as 996 of 1500 flowers contained no bees
inside) was analysed to compare the distribution of resting bees in occupied flowers to a
binomial distribution (number resting bees = 1 vs. number of resting bees >1).
3.2.6 Statistical Analysis
Data were analysed using SAS® Studio University Edition version 3.8 to generate
summary statistics and carry out analyses using generalized linear mixed model
(GLMM) procedures, except where noted. All means are reported with their associated
standard error (mean ± SE). Models were generated by including all combinations of
measured fixed and random effects and their interactions. Where multiple models were
possible, the model of best fit was chosen based on which model had the lowest Akaike
Information Criterion (AIC). Sex ratios were natural log transformed to achieve a normal
distribution of residuals. Regression analyses of transformed sex ratios were carried
out using SigmaPlot14 to determine the relationship between sex ratio and observation
day. For variables (such as bee mass, parental investment, and time spent foraging or
nesting within a provisioning cycle) where the distribution of the residuals varied
significantly from the normal and did not respond to transformation, a non-parametric
Kruskal-Wallis test was used to determine significant effects. Where significant effects
existed for categorical effects in non-parametric analyses, two-sided multiple pairwise
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comparisons using the the Dwass, Steel, Critchlow-Fligner method were subsequently
undertaken. To test whether the distribution of males sleeping in flowers was binomially
distributed (i.e., the proportion of flowers having 1 male in them = 0.5 and the proportion
of flowers having >1 male in them = 0.5), an asymptotic standard error (ASE) and Z
statistic were used. The significance level in all tests was α = 0.05.

3.3

Results and Discussion

3.3.1 Emergence from Nests
Hoary squash bee emergence began later within the hoop houses (July 30; Table
3.2) than at other sites in Ontario, even within Peterborough County (bees were already
active on four farms in the area during the period July 17-25). The original foundress
populations of hoary squash bees were artificially introduced to the hoop houses in
early August 2017 and began to build nests within days. If that founding event set the
beginning of the reproductive cycle for the hoop house populations, and the emergence
of subsequent offspring is influenced primarily by time elapsed since that event rather
than environmental cues, this could explain why emergence of the population is later at
this site than at nearby sites. Environmental cues such as temperature, temperature
fluctuations, and thermo-period are extremely important for spring-emerging bees such
as Osmia spp. that nest in cavities and overwinter as adults (Pitts-Singer et al., 2008;
Radmacher & Strohm, 2011; Sglolastra et al., 2012; Sgolastra et al., 2016). For spring
87

emerging ground nesting bees (Andrena spp. and Lasioglossum spp.) activity on spring
ephemeral plants is equally well predicted by degree-day accumulation and by day of
the year (Sevenello et al., 2020). Summer emerging insect species such as the hoary
squash bees may be less sensitive to environmental cues than those with earlier
phenologies because such cues are less critical for survival (Bartomeus et al., 2011).
Emergence occurred over an extended period (30 days for males; 28 days for
females; Figure 3.4), suggesting that eggs laid later in one season emerged as adults
later the following season. In California, hoary squash bees can start nesting in late
June and continue to late September, coinciding with local Cucurbita crop flowering
phenology (Hurd et al.,1974). There is also a record of late nest initiation (August 28)
for hoary squash bees at a site in Rhode Island (Mathewson, 1968), both of which
suggest an extended emergence period in those locations. Emergence in my study
ended by August 29 (day 36) for males and by August 30 (day 37) for females (Table
3.2).
The role that temperature plays in the development time from egg to adult is
unknown for hoary squash bees, but overwintering temperature does affect emergence
times in some solitary bee species that, like hoary squash bees, overwinter as prepupae
(Fründ et al., 2013). For cavity-nesting Osmia spp. that overwinter as adults, variation
in development occurs mainly in the pre-pupal stage rather than in earlier larval stages
or the pupal stage (Sgolastra et al., 2012).
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3.3.2 Protandry
Males began to emerge within the hoop houses from nests established in 2018 on
July 30, 2019 (day 6 of observation: Figure 3.4). Four females (4.4% of the total female
population) emerged three days later (August 2, 2019; day 9) by which date a total of 17
males (8.91% of the total male population) had already emerged (Table 3.2). By the
time 54% of males had emerged (August 14, day 21), only 39% of the total female
population had emerged, demonstrating a lag in female emergence that is consistent
with protandry (Table 3.2).
Protandry is also reflected to some degree in the changing sex ratio of the running
total of each sex, with sex ratios ranging from 3.3 to 4.7 up to August 11 and falling
below 3.0 thereafter to a minimum of 2.1 at the end of the season (Table 3.2).
However, compared to the solitary, ground-nesting Australian bees Amegilla dawsonii
Rayment, 1951, whose males emerge several weeks before females, hoary squash bee
protandry is very compressed in time (i.e., several days rather than weeks: Alcock,
2013). Another ground-nesting bee, Andrena erythronii (Robertson, 1891) also shows a
very compressed protandry of a few days (Michener & Rettenmeyer, 1956).
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Table 3.2: Emergence data for male (M) and female (F) hoary squash bees from hoop houses in Peterborough County (2019). Cumulative
percentage = running total/total number of emerged bees. Running total sex ratio = running total males/running total females. Functional
sex ratio = running total males/daily female count.
Date
25-Jul
27-Jul
29-Jul
30-Jul
31-Jul
01-Aug
02-Aug
03-Aug
06-Aug
07-Aug
08-Aug
11-Aug
14-Aug
15-Aug
16-Aug
18-Aug
19-Aug
21-Aug
22-Aug
23-Aug
24-Aug
28-Aug
29-Aug
30-Aug
01-Sep
03-Sep

Day
1
3
5
6
7
8
9
10
13
14
15
18
21
22
23
25
26
28
29
30
31
35
36
37
39
41

M
0
0
0
2
1
1
13
11
15
13
8
21
17
3
12
22
7
14
7
5
3
12
3
0
0
0

Counts
F
Total
0
0
0
0
0
0
0
2
0
1
0
1
4
17
2
13
7
22
0
13
2
10
7
28
13
30
2
5
7
19
7
29
3
10
14
28
3
10
6
11
2
5
8
20
2
5
2
2
0
0
0
0

M
0
0
0
2
3
4
17
28
43
56
64
85
102
105
117
139
146
160
167
172
175
187
190
190
190
190

Running Totals
F
Total Sex Ratio
0
0
0
0
0
0
0
2
0
3
0
4
4
21
4.3
6
34
4.7
13
56
3.3
13
69
4.3
15
79
4.3
22
107
3.9
35
137
2.9
37
142
2.8
44
161
2.7
51
190
2.7
54
200
2.7
68
228
2.4
71
238
2.4
77
249
2.2
79
254
2.2
87
274
2.2
89
279
2.1
91
281
2.1
91
281
2.1
91
281
2.1

M
0.0
0.0
0.0
1.1
1.6
2.1
8.9
14.7
22.6
29.5
33.7
44.7
53.7
55.3
61.6
73.2
76.8
84.2
87.9
90.5
92.1
98.4
100.0
100.0
100.0
100.0

Cumulative %
F
Total
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.7
0.0
1.1
0.0
1.4
4.4
7.5
6.6
12.1
14.3
19.9
14.3
24.6
16.5
28.1
24.2
38.1
38.5
48.8
40.7
50.5
48.4
57.3
56.0
67.6
59.3
71.2
74.7
81.1
78.0
84.7
84.6
88.6
86.8
90.4
95.6
97.5
97.8
99.3
100.0
100.0
100.0
100.0
100.0
100.0

Functional
Sex Ratio

4.3
14.0
6.1
32.0
12.1
7.9
52.5
16.7
19.9
48.7
11.4
55.7
28.7
87.5
23.4
95.0
95.0
95.0
95.0
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Figure 3.4: Counts and running totals of newly emerged male and female hoary squash bees
within six hoop houses on each observation day during the 2019 Cucurbita crop season in
Peterborough County, Ontario, Canada. The grey shaded area represents the overlap between the
Cucurbita crop pollination window and the hoary squash bee emergence period. Dashed
horizontal lines indicate the running total numbers of male or female hoary squash bees that have
emerged by the end of the crop pollination window with their associated cumulative percentages
(i.e., 55% males, 41% female).
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3.3.3 Sexual Maturation
Mathewson (1968) reported a 21-day sexual maturation period for female hoary
squash bees in Rhode Island based on observations of bees in flowers and the
beginning of observed nest initiation at an adjacent nesting aggregation. However,
within my study hoop houses where I could account for all female bees and all nests, I
observed a much shorter delay between the beginning of bee activity on flowers and the
start of nest initiation. Although the timing of nest initiation was not evaluated in 2019,
there was only a four-day delay between the beginning of emergence (August 3) and
the first observed active nest (August 7) in 2018 when I was tracking emergence. That
is clear evidence based on direct observations of emergence that sexual maturation
was occurring within 4 days, not 3 weeks as reported by Mathewson (1968).
Mathewson’s conclusions were based on observations of the seasonal beginning of
hoary squash bee activity on flowers compared to the seasonal initiation of nests in a
nesting aggregation. That method is an indirect measure of emergence and the study
easily could have missed nest establishment by bees if those nests were not located in
the observed aggregation. In short, what Mathewson (1968) may have observed were
the nests of female bees that had emerged 4 days earlier, rather than a true lag
between emergence and nest initiation of individuals.
The number of male or female hoary squash bees emerging each day was highly
variable among hoop houses (Appendix 15). Controlling for hoop house variability
(Model: # males or # females emerging = day, random effect of hoop house), neither
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male nor female emergence varied significantly by day (Male: F20,100 = 1.40, p = 0.1426;
Female: F20,100 = 1.16, p = 0.3078). Parent females would have been expected to
produce female offspring deeper in ground nests and earlier in the season (Mathewson,
1968) and male offspring higher in ground nests and later in the season when resources
become more limiting and parents are older and less efficient (Torchio & Tepedino,
1980; Seidelmann, 2006; Seidelmann et al., 2010). Here however, offspring sex ratios
at emergence do not reflect those expectations likely because males and females do
not take the same amount of time to develop, and thus are not likely emerging in the
order in which their eggs were laid the year previous. Furthermore, emergence order
may be affected by environmental cues such as soil temperatures that affect smaller
males in shallower nest cells more than larger females in deeper cells. However,
considering the large variability among hoop house populations, more replication may
be needed as a type two error is possibly being committed here.
3.3.4 Phenological Mismatch
Because hoary squash bees depend on Cucurbita pollen to provision their nest
cells, the availability of that pollen defines the period in which they can reproduce
successfully. Maximizing overlap between crop flowering and adult activity
(phenological synchrony) would contribute to maximum reproductive success for both.
Bees that emerge later in the Cucurbita crop flowering season would have less time to
complete all the activities required for successful reproduction (sexual maturation,
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mating, nest construction, provisioning of nest cells, laying eggs, and sealing the nest
cells) before pollen resources become scarce or unavailable.
Here, by August 16 (day 23) about half (48.4%) of the female hoary squash bee
population had emerged (Table 3.2). Those bees would have at least eighteen days
available during the Cucurbita crop flowering period in which to reproduce. About 75%
of the female population had emerged by August 21 (day 28) with at least 13 days in
which to reproduce, and about 90% of males and 85% of females had emerged by
August 23, with at least 11 days in which to reproduce. However, twelve males and
eight females (20 bees total or ~7% of the total population) emerged with 6 days left in
the season, likely insufficient time to reproduce successfully before crop flowering
ended if sexual maturation takes about four days.
It seems that at this site in Peterborough County, hoary squash bees may not be
able to take advantage of the full flowering season of this crop, which began about the
third week of July. This may be an artefact of the hoop house environment, although
netting is only on the hoop houses from the beginning of June until early November.
Whether 11 days provides sufficient time for ~85% of female hoary squash bees to
engage in all the activities required to maximize reproduction is unknown, but there is
some indication that maximum reproductive success is not being achieved.
There were 48 females introduced into the six hoop houses under study in 2017.
If each female produced five offspring at a sex ratio of ~2.0 (2 males: 1 female) and
assuming no mortality, then 1.67 of those offspring would be expected to be female.
Using that logic, I would have expected to have 80.16 (48 x 1.67) females by 2018 and
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133.87 females by 2019 in the population across all six hoop houses. However, only 91
females (about 67.9% of the expected ~134 number) emerged in 2019. This suggests
that not all females in the hoop houses in 2018 were able to maximize their production
of female offspring, possibly because of phenological asynchrony between Cucurbita
crop flowering and hoary squash bee emergence at this site, although many other
factors, including aging of females, nest parasitism, and other mortality factors are
likely involved.
A partial lack of synchrony between flowering and bee activity periods could
explain year-to-year fluctuations in squash bee populations at a local level because lateemerging females would not be able to provision many (if any) nest cells in some years
when weather or crop pest pressure curtailed the production of flowers in Cucurbita
crops. The lack of synchrony at this site could be an artefact of the initial founding
event or the hoop house environment but might also indicate that the species is close to
the northern edge of its range there. However, hoary squash bees have been found at
more northerly locations in Ontario (see Figure 2.2).
From the crop pollination perspective, my observations indicate that synchrony
between hoary squash bee emergence and timing of flowering in Cucurbita crops at this
location (Peterborough County, Ontario) in 2019 was not ideal because only ~41% of
female and ~55% of male hoary squash bees would have been able to provide
pollination services to the crop within the seasonal pollination window (mid-July to midAugust) (Figure 3.4; Figure 2.3).

95

3.3.5 Sexual Size Dimorphism
On average, the mass of female hoary squash bees (mean ± SE: 0.11 ± 0.002 g;
median: 0.11 g; n = 81) was ~57% larger than the mass of males (mean ± SE 0.07 ±
0.0008 g, median: 0.07 g, n = 171; χ = 157.32, df = 1, p <0.0001; Figure 3.5). One data
2

point was removed from the female data set because it was recorded incorrectly (i.e., 1
female was recorded as weighing 0.93 g). Female size varied more than male size
(male mass range: 0.04-0.13 g, CV = 16.84%; female mass range: 0.01-0.17 g, CV =
76.80%) (Figure 3.5). Males in the 95th percentile by mass (0.084 g) overlapped in size
with females in the 1st percentile (0.080 g).
There are potential advantages to larger size for individual bees, especially for
males that are generally polygynous and particularly in species that experience intense
intra-sexual competition for mates (Alcock, 1980). For example, larger male bumble
bees have greater mating success that smaller ones (Amin et al., 2012). Among
solitary bees, larger male Anthidium spp. control better mating territories (Villalobos &
Shelly, 1991), larger Centris pallida Fox, 1899 males are better able to defend emerging
virgin females from competitors (Alcock, 1980), and larger Diadasia rinconis Cockerell,
1897 males are better able procure mates in scramble competition (Russell et al.,
2018). Because females tend to be monandrous, the benefits accrued to larger size for
them are related to nest provisioning, nest defence, and larger mature oocyte size
(Seidelmann, 2006; Seidelmann et al., 2010; O'Neill et al., 2014). Smaller female
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offspring may result from smaller, less efficient foraging mothers who provide less
pollen for larval

Hoary squash bee mass (g)
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Sex
Figure 3.5: Mass(g) of male (n = 177) and female (n = 81) hoary squash bees illustrating sexual
size dimorphism. Data shown are of live hoary squash bees by sex. In each box the horizontal
line is the sample median, while the lower and upper edges represent the 25% and 75% quartiles
respectively. Whiskers indicate the maximum and minimum values that are not outliers. Data
points above the 3rd quartile or below the 1st quartile are represented by filled circles.

provisions (Seidelmann, 2006; Seidelmann et al., 2010). Knowing the relative sizes of
each sex provides information which may be useful in a more refined evaluation of risk
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from pesticide exposure (see chapter 4) and can be used to test hypotheses about
resource allocation and sex ratios in this species.
Fisher’s sex ratio theory is that “the sex ratio of a population is at equilibrium under
natural selection when the total investment in sons equals the total investment in
daughters” , predicting that natural selection favours equal parental investment of
resources in male and female offspring (Benford, 1978). Trivers & Hare (1976) and
Benford (1978) both demonstrate that Fisher’s theory applies to the haploid-diploid
Hymenoptera, including both social and solitary Hymenoptera. Benford (1978)
proposed that where the sex ratio of a population is at equilibrium as described by
Fisher (1930), the population ratio of investment would equal 1 (i.e., x = yc; where x =
population ratio of investment, y = number of males/number of females and c = cost of
producing a male/cost of producing a female: Benford, 1978). To test that the male
biased sex ratio observed here is in equilibrium as predicted by Fisher’s theory, I used
the mass of each sex as a proxy for investment to calculate the cost ratio of producing
an offspring (i.e., c = mean mass of males/ mean mass of females) and multiplied this
by the population sex ratio (males = 0.68; females = 0.32) and compared this to 1. I
found that the population ratio was not in equilibrium and that parental investment in
males (mean ± SE: 0.046 ± 0.001; median 0.044, n = 177) was significantly larger than
investment in females (mean ± SE: 0.039 ± 0.003; median 0.035, n = 82; Kruskal Wallis
χ2 = 90.68, df = 1, p <0.0001).
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3.3.6 Reproduction
3.3.6.1 Mating behaviour
I hypothesized that land and leave behaviour would be more likely to happen if
there were already another bee inside the flower. The presence of a bee inside the
flower could represent an attractive visual cue stimulating a male to land and investigate
the mating potential of that bee. Perhaps landing briefly on the high perch formed by
the synandrium or gynecium of the flower allows the male to determine visually whether
the bee in the flower is male or female (Figure 3.6). If the latter, further chemical cues
could provide information about her receptivity which might cause the male to descend
into the corolla to attempt to mate with her. Such a quick visual and olfactory evaluation
would save the male time searching for a mate in a population where males experience
a lot of intra-sexual competition for potential mates.
However, statistical analyses showed that the numbers of male bees that
engaged in land and leave behaviour (Model: Land & Leave = Week of the season +
Time of day + Number of bees nectaring in flower + Week*Time; AIC = 200.3; n = 44)
was not affected by time of day (F

4,31

(F

2,31

= 0.74, p = 0.5727), week of the season (August)

= 0.1.11, p = 0.3418), their interaction (F = 0.73, p = 0.6065), nor by the number of

bees already in the flower (F

5,31

1,31

= 0.82, p = 0.3734). Thus, mate searching by males

occurs throughout the day and season and land and leave behaviour does not appear
to be associated with the presence of other hoary squash bees in the flower.
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Figure 3.6: Male hoary squash bee exhibiting land and leave behaviour. The males briefly land on
the central sexual organ of the Cucurbita crop flower (in this case, the synandrium) and then leave
quickly without descending to the base of the flower where the nectaries are located.

The lack of a specific seasonal time frame for mating by males corresponds well with
my findings that emergence of both male and female bees occurred throughout the
season (Figure 3.4), driving continual mate searching by males and acceptance of
mates by females. Although 33.9 ± 5.1% of flower visits by males were land and leave
visits, most male visits to the flowers were for nectar (mean ± SE: 62.8 ± 4.7%; signed
rank test: S = 219; p > |S| = 0.0062).
Prospective female hoary squash bees are usually approached by mate-seeking
males as they collect nectar in the flower. Often the female resists the male’s attempts,
raising her hind legs to push him off, a behaviour known for Bombus spp. (Lloyd, 1981;
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N. Raine, personal communication), Macropis nuda (Provancher, 1882; Cane et al.,
1983), Hesperapis spp. (Stage, 1996), and Anthophora occidentalis Cresson, 1869
(Batra, 1978). The frequent rejection of male hoary squash bee attempts at mating may
indicate that males are not be able to determine receptivity in females and that females
choose their mating partners. When mating does occur, my observations fit the
description of polygynous scramble competition in which many males attempt to mate
with a single female, often resulting in a chaotic ball of bees around that female (Lloyd,
1981; Thornhill & Alcock, 1983).
Although mating by hoary squash bees usually occurs on Cucurbita flowers, I
observed hundreds of male hoary squash bees gathered on the leaves of a maple tree
beside a large nesting aggregation of over 3,000 nests nesting at a farm near Guelph in
2017. Male congregation leks at landmarks close to a nesting aggregation is a
behaviour typical of solitary bees that employ a waiting strategy to find mates rather
than the searching strategy described earlier (Alcock et al., 1978). However, I did not
observe mating on the tree, nor in the vicinity of the nesting aggregation, but did
observe mating on the Cucurbita crop flowers. The purpose of the male congregation
behaviour on the maple tree therefore remains unexplained.
3.3.6.2 Sex Ratios
Because emergence of hoary squash bees occurred over an extended period (~30
days), emergence patterns may partially reflect sex allocation by the female parent in
the previous season. Here I calculated proportions of males and females in the
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emergent population, rather than in the foraging population on Cucurbita flowers, as has
been done in the past (Willis, 1991; Cane et al., 2011; Chapter 2). In 2019, a total of
281 hoary squash bees emerged from nests in the hoop houses, of which 68% (n =
190) were males and 32% (n = 91) were females (sex ratio = 2.1). The male biased
nature of the sex ratio was consistent with other reports from hoary squash bee foraging
populations counted on flowers (Mathewson, 1968; Hurd et al., 1974; Tepedino, 1981;
Willis, 1991, Melendez Ramirirez et al., 2002; Cane et al., 2011; McGrady et al, 2020;).
The natural log transformed running sex ratio of emerging bees in all the hoop
houses decreased linearly over time (Ln Y = 1.08 – 0.005X; F1,137 = 10.29, p = 0.0017;
Figure 3.7). At the beginning of the season, the untransformed sex ratio was 4.7,
decreasing to 2.1 on August 30 when emergence was complete (mean running sex
ratio: 2.92 ± 0.20; median: 2.7; minimum: 2.1; max: 4.7; n = 20 days; Table 3.2).
Many factors likely contribute to sex allocation by females, including resource
availability, female body condition, and pressure from nest parasites (Torchio &
Tepedino; Seidelmann, 2006). Among sexually dimorphic bees with a narrow diet
breadth, more male offspring may be produced when preferred floral resources decline,
because the marginal value of producing small females is less than the marginal value
of producing males (Torchio & Tepedino, 1980). Larger females also tend to produce
large female offspring and smaller females tending to produce males (Seidelmann et al.,
2010). It would be of interest to record the mass and sex of hoary squash bees as they
emerge to determine whether later emerging bees are smaller than earlier emerging
bees.
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In agricultural systems, where hoary squash bees primarily live in Ontario, farm
management practices such as tillage or pesticide use may affect sex investment ratios
by affecting nest initiation and survival of offspring (Willis Chan et al. 2019; Chapter 5).
Taken together, the disproportionate investment in males (see 3.3.2) and the
decrease in running sex ratio over the season suggest that one or more of the
environmental factors listed above may have caused female parents to allocate more
male eggs than female eggs and/or that female mortality was higher than male mortality
after parental sex allocation. Possible causes of disproportionate female mortality could
include disproportionate parasitism of females, flooding of deeper cells in which female
eggs are frequently laid, or greater disease pressure from soil fungi, though none of
these have been verified.
Although the running sex ratio may give some idea of the sex allocation by parent
females in the previous year, the functional sex ratio (running total of males/number of
newly emerged, and as yet unmated, females) is more representative of the intra-sexual
competition that males face in the hoary squash bee polygynous/monandrous mating
system (Figure 3.7; Table 3.2).
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Figure 3.7: Change in the running sex ratio (running total males/running total females; Ln Y = 1.08
– 0.005X) and the functional sex ratio (running total males/newly emerged females; Ln Y = 2.47 +
0.06X) of hoary squash bees emerging from nests in hoop houses at a site in Peterborough
County, Ontario, Canada during the period July 25-September 3, 2019.

The functional sex ratios (mean ± SE: 76.94 ± 9.37; median: 73.5; minimum: 3.5;
maximum: 190; n = 40 observations) were much higher than the running total sex ratio
(mean ± SE: 2.34 ± 0.06; median: 2.16; minimum: 1.74; maximum: 5.5; n = 144
observations; Wilcoxon Signed Rank Test S = -390, Pr > |S| < 0.0001; Figure 3.7). The
minimum functional sex ratio (i.e., 3.5) occurred on the first day of female emergence
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when the 14 males that emerged by that date had access to four early emerging
females (Table 3.2). The most male-biased functional sex ratio (i.e., 95.0) occurred at
the end of the season when the total pool of males would have been competing for just
two late emerging females (Table 3.2). The natural log transformed functional sex ratio
varied significantly by day (F1,33 = 12.98, p =0.0010; Figure 3.7). Thus, male hoary
squash bees that emerged later in the season were less likely to find and mate with a
receptive female because the intra-sexual competition was so much higher than for
early-emerging males.
3.3.7 Pollen Provisioning
3.3.7.1 Pollen Availability
The maximum amount of available pollen on dehisced synandria of staminate
Cucurbita crop flowers was 49,028.25 ± 1,954.66 (mean ± SE, n = 308 synandria from
five farms) grains per synandrium.
3.3.7.2 Wasted Pollen
The amount of waste pollen found in the base of staminate flowers of Cucurbita
crops grown in hoop houses in Peterborough County was 2,752.88 ± 216.91 pollen
grains/flower (mean ± SE, n = 120 staminate flowers). This waste represents 5.6% of
the total amount of pollen initially available on each synandrium and was due to the
activities of mated female hoary squash bees on the flowers, as no other bees were in
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the hoop houses. How the amount of waste pollen might vary if other bees, including
male hoary squash bees, were foraging, remains unknown.
3.3.7.3 Pollen Collection
The mean number of pollen grains harvested from Cucurbita flowers in a single
foraging trip by female hoary squash bees was 3,119.08 ± 374.13 (n = 90 female
bees). Using the average amount of pollen on a full synandrium (as calculated in
3.3.4.1) and deducting the waste pollen (as calculated in 3.3.4.2), the remaining pollen
on a Cucurbita synandrium is enough to support 14.8 foraging trips by female hoary
squash bees, if none is lost to pollination.
3.3.7.4 Pollen Provisions
The mean (± SE) number of pollen grains in a fully provisioned hoary squash bee
nest cell is 62,719.23 ± 7,900.49 (n = 13; Figure 3.8). Thus, if a female can gather
about 3119 pollen grains (or the entire pollen supply of 1.36 Cucurbita flowers after
waste pollen is removed) per trip, she would need to take 20.11 foraging trips to provide
enough pollen to provision one cell. This is more trips than I reported for hoary squash
bees at a field site near Guelph where I calculated that a female would need to take 14
foraging trips (Willis, 1991). However, in that study I did not subtract waste pollen from
the total available pollen and bees had access to many more Cucurbita crop flowers.
Regardless, the number of trips taken by hoary squash bees to provision a nest in
either context is many fewer than reported for the cavity-nesting solitary bee, Osmia
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lignaria which must make 35 and 31 foraging trips to provision a female or male nest
cell, respectively (Phillips & Klostermeyer, 1978). Perhaps the quantity of pollen
produced by Cucurbita crops and their spatial concentration in the hoop houses
exceeded that of plants being visited by O. lignaria in the field. The hoary squash bee is
also a strict pollen specialist and may be very efficient at gathering pollen because of its
behavioural and morphological adaptations to Cucurbita. For example, Lasioglossum
(Shecodogastra) lusorium (Cresson, 1872), another strict pollen specialist on evening
primrose (Oenethera), requires only 3-4 trips to provision a nest cell because of its
morphological and behavioural adaptations to Oenethera and because it provisions
many cells at the same time (Bohart & Youssef, 1976).
3.3.7.5 Provisioning Time
Because an insecticide application treatment (chlorantraniliprole or
thiamethoxam) or an untreated control were each allocated to three of these nine hoop
houses, I tested for any effect of insecticide treatment on both the foraging (Tf) and
nesting (Tn) components of provisioning time. As there was no effect of treatment on
the time spent foraging (χ2 = 1.45, df = 2; p = 0.4853) nor nesting (χ2 = 4.08, df = 2; p =
0.1298), I aggregated the data and tested whether there was an effect of individual bees
on both the times spent foraging or nesting.
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Figure 3.8: Fully provisioned hoary squash bee nest cell showing the pollen, a coating of nectar,
and an egg laid on the surface of the provisions. The nest cell was excavated from a nest in
Peterborough County, Ontario, Canada in 2015.

There was a significant effect of individual bees on both the amount of time spent
foraging (Tf: χ2 = 84.77, df = 50; p = 0.0016) and in the time spent within the nest (Tn: χ2
= 91.03, df = 50; p = 0.0003) during a provisioning cycle. Such variability among
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individuals is expected and there was a noticeable difference among the bees in their
behaviour during the provisioning cycle. As reported by others, some individuals were
very consistent, returning to the nest after foraging within a predictable period, whereas
others foraged for variable periods or never returned to their nest (Appendix 16;
Mathewson, 1968; Hurd et al., 1974). Because all the female bees were contained in
similar sized hoop houses without males (Figure 5.2), individual differences cannot be
explained by differences in flight time to flower patches or by interference by males
seeking mates, suggesting that they were caused by differences in foraging behaviour
within and/or between flowers or by differences in the activities they were undertaking
within the nest.
There was also a significant effect of time of day (hourly intervals from 06:00 to
10:00) on the duration of foraging trips (Tf: χ2 = 12.91, df = 4; p = 0.0117, n = 175), with
a substantial increase between the time spent foraging at 07:00 a.m. (4.32 ± 0.40
minutes; n = 73 observations on 28 nests) and 09:00 a.m. (6.90 ± 1.21 minutes; 18
observations on 11 nests; Wilcoxon Z = -3.2031; DSCF = 4.5304; p = 0.0119; Figure
3.8; Table 3.3; Appendix 17). No other significant pairwise differences were observed.
The increase in foraging duration between 07:00 a.m. and 09:00 a.m. corresponds to a
decrease in the availability of pollen on Cucurbita crop flowers over the day in a
previous study (Willis, 1991; Figure 2.5).
There was a significant effect of time of day on the amount of time spent within the
nest (Tn) (χ2 = 10.52; df = 4; p = 0.0325, n = 174), but the difference could not be
located in pairwise multiple comparisons (Appendix 17). In the nest, females may have
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been engaged in a variety of activities corresponding to the stage they were at in the
nest expansion and nest cell provisioning process. The time (09:00 a.m.) with the
longest foraging trips also had the shortest time spent in nesting activities (Figure 3.9;
Table 3.3). There was no overall change in the duration of the whole provisioning cycle
(Tp) by time interval (χ2 = 4.75 df = 4; p = 0.3143, n = 175 trips).
The overall duration of the provisioning cycle was affected by observation day (χ 2
= 20.36, df = 10; p = 0.0261; Appendix 19). This was attributable to variation in foraging
trip duration (χ2 = 27.42, df = 10; p = 0.0022; n = 175), rather than variation of the
duration of within-nest activities (χ2 = 11.52, df = 10; p = 0.3181; n = 175). There was
no clear trend over the season for the duration of the foraging trips, rather foraging trip
duration varied from day to day, likely in response to weather conditions like
temperature and cloud cover (Table 3.3; Figure 3.5).
Pairwise differences between days in the duration of foraging trips indicated a
significant difference on day 4 (3.25 ± 0.51, n =15; Table 3.3) and day 11 (6.79 ± 1.09, n
= 21; Z = -3.4350, DSCF = 4.87, p = 0.0250; Table 3.3) and between day 6 (3.56 ±
0.34, n =21) and day 11 (Z = -3.5717, DSCF = 5.05, p = 0.0156; Table 3.3), with no
other pairwise differences (Appendix18).

110

Figure 3.9: Duration (mean ± SE) of periods of foraging and within-nest activities for female hoary
squash bees during a single provisioning cycle measured within five sequential hourly periods
(06:00-10:00). Data (n = 175 observations) were collected in 2017 from observations of 49 nests
made by captive females within nine hoop houses in Peterborough, Ontario, Canada.
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Table 3.3: The mean (± SE) duration of nesting and foraging activities of female hoary squash
bees within the provisioning cycle and the duration of the full provisioning cycle for each
observation day (1-11) and time interval (06:00-10:59) in nine hoop houses in Peterborough
County, Ontario, Canada, 2017. Measures are based on observations on 49 nests. For some time
intervals, more than one observation may have been made on a single nest and not all nests
showed activity at all times or on all days.

Time Interval
06:00-06:59
07:00-07:59
08:00-08:59
09:00-09:59
10:00-10:59
Observation Day
(Date: MM.DD)
Day 1 (08.07)
Day 2 (08.08)
Day 3 (08.10)
Day 4 (08.11)
Day 5 (08.14)
Day 6 (08.15)
Day 7 (08.17)
Day 8 (08.18)
Day 9 (08.21)
Day 10 (08.23)
Day 11 (08.24)

Nesting
Duration
(minutes)

Foraging
Duration
(minutes)

Provisioning
Cycle Duration
(minutes)

13
28
16
11
2

3.39 ± 0.13a
5.05 ± 0.63a
4.65 ± 0.80a
3.27 ± 0.35a
5.36 ± 1.01a

4.78 ± 0.50
4.31 ± 0.40a
4.57 ± 0.34ab
6.9 ± 1.21b
6.15 ± 2.67ab

8.17 ± 0.54
9.37 ± 0.78
9.22 ± 0.88
10.17 ± 1.24
11.51 ± 3.68

3
4
9
8
3
11
3
3
1
10
7

3.75 ± 0.24
3.18 ± 0.20
5.03 ± 1.01
4.15 ± 1.24
5.59 ± 1.73
4.58 ± 0.87
6.50 ± 3.01
4.07 ± 0.28
3.75 ± 0.37
4.06 ± 0.31
3.57 ± 0.36

5.40 ± 1.04abc
4.18 ± 1.08abc
6.41 ± 1.04abc
3.25 ± 0.51b
4.07 ± 0.48abc
3.56 ± 0.34bc
5.18 ± 0.70abc
4.02 ± 0.36abc
4.82 ± 1.20abc
4.32 ± 0.45abc
6.79 ± 1.09a

9.15 ± 1.09
7.36 ± 1.15
11.44 ± 1.59
7.40 ± 1.29
9.66 ± 1.74
8.15 ± 0.93
11.69 ± 3.18
8.09 ± 0.54
8.57 ± 1.14
8.38 ± 0.48
10.36 ± 1.15

N
Obs.

Number of
Nests
Observed

31
73
50
18
3

7
10
24
14
14
31
13
7
5
29
21

Day-to-day fluctuations (Figure 3.10) may be attributable to differences in ambient
temperature during the activity period of hoary squash bees (06:00 a.m.-12:00 p.m.)
(min/max temperature: day 4: 15.6/19 oC; day 6: 19.0/19.3 oC; day 11: 11.6/14.8oC),
cloud cover, or to a fluctuating number of flowers in bloom within the hoop houses on
different days. However variation among individual bees may also be a large
contributing factor as observations were made on a different set of nests on each day
(Appendix 14).
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Figure 3.10: Duration (mean ± SE) of periods of nesting and foraging activities within a single
provisioning cycle for female hoary squash bees on 11 observations days (August 7-24, 2017).
Observations were made (n = 175) on 49 nests made by captive populations within hoop houses
at a site in Peterborough, Ontario, Canada during the period 06:00-10:00.

The overall aggregated mean duration of a provisioning cycle (Tp) within the hoop
houses was 9.72 ± 0.33 minutes. The mean time spent within nests (Tn) (4.47 ± 0.352
minutes; n = 175 observations on 49 nests) was not significantly different than time
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spent foraging (Tf) (4.77 ± 0.25 minutes; n = 175 observations on 49 nests; Wilcoxon
signed rank test: S = -1100, p = 0.1014). These results are much lower than the mean
foraging trip times of 9.5 ± 6.1 minutes (mean ± SE) for hoary squash bees in the field in
California (Hurd et al., 1974) or the 15.7 ± 8.0 minutes (mean ± SD) I reported for a field
study in Ontario (Willis, 1991), likely because travel distances to the flower patch were
much lower in the hoop houses than in the field and there was no time spent guarding
nests against the nest parasite T. remigatus. Furthermore, there was no interruption of
foraging by males seeking mates on flowers in the hoop houses because males were
not present and such interference in female foraging activities is common in the field
(personal observation).
Thus, hoary squash bee females in this study spent about 3.26 hours (20.11 trips x
9.72 minutes/trip) to fully provision a single nest cell in circumstances where there were
no interruptions by males and no time spent guarding the nest against nest
parasites. In contrast, some bee species take much longer than a day to provision a
nest cell (Gebhardt & Röhr, 1987; Giovanetti & Lasso, 2005). Variability in provisioning
time may be related to weather conditions, resource availability, and intrinsic limitations
on the production of mature oocytes, and differences among individuals (Danforth et al,
2019).
3.3.7.6 Provisioning Efficiency
Employing a modified version of Strickler’s equation for foraging efficiency
(Equation 3.1), the provisioning efficiency of hoary squash bees is 5.42 x 10-3 offspring
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per minute or 0.33 offspring/hour, which includes both foraging and within-nest
activities. This measure could be used to compare the provisioning efficiency of the
hoary squash bee in a variety of scenarios, both on crops and wild Cucurbita spp., or to
compare the provisioning efficiency of the hoary squash bee with other specialist
solitary bees on their respective host plants, or to determine if there is an effect of
insecticide treatments on foraging activity.
The successful range expansion of hoary squash bees in association with
Cucurbita crops may be linked to an increase in provisioning efficiency because
Cucurbita crop flowers provide more spatially concentrated resources than do wild
Cucurbita spp. However, it is more likely that expansion of Cucurbita cultivation created
new niches that were subsequently occupied by hoary squash bees. Further work is
needed to determine differences in foraging efficiency for male or female offspring, a
challenging undertaking for ground-nesting bees.
3.3.8 Resting Behaviour
For Cucurbita crop flowers, the overall occupancy rate of flowers by resting hoary
squash bees (35.82 ± 16.02%; Table 3.3) suggested that the availability of resting
places far exceeded demand. Occupancy rate varied considerably among farms (min:
9.6% max: 68.5%; Table 3.3) and is likely a function of the number of available flowers
and the number of hoary squash bees at the site. On farm #2, the occupancy rate
(9.6%) was lower than on the other farms (Table 3.3).
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There was a significant difference in the mean number of bees resting per
occupied flower by farm (χ = 94.9015, df = 4, p <0.0001), with farm #3 having
2

significantly more sleeping bees per occupied flower than all the other farms. There
were no other significant differences between pairs of farms (Table 3.4; Appendix 20).
Farm

Date

N Observations

Occupancy Rate of
Flowers (%)
(Mean ± SE)
34.0

Bees / Flower
(Mean ± SE)

1

July 24, 2018

300

2

July 30, 2018

300

9.6

0.09 ± 0.02a

3

July 26, 2018

300

68.5

1.04 ± 0.07b

4

July 26, 2018

300

32.0

0.34 ± 0.03a

5

August 02, 2018

300

35.0

0.42 ± 0.04a

All

-

5 farms

35.82±16.02

0.41 ± 0.02a

0.40 ± 0.04a

Table 3.4: The occupancy rate by resting hoary squash bees in Cucurbita flowers and the number
of bees resting in occupied flowers for each of five farms surveyed during the period July 26August 2, 2018.

Of the 504 flowers occupied by bees across all five farms, 74.0% contained a
single bee, 17.1% had two bees, and 7.3% had three bees resting in them (Table 3.4
Figure 3.11). The percentage of occupied flowers with a single bee resting in it was not
binomially distributed (Ho: frequency of flowers occupied by 1 bee = 0.5; ASE under Ho
= 0.0223, Z = 10.96, p <0.0001). Many more flowers had a single bee resting in them
than did flowers with more than one bee resting in them (i.e., a resting congregation).
Thus, hoary squash bees tended to rest alone in flowers rather than congregating,
contrary to anecdotal reports (Hurd et al, 1974).
However, when the same analysis was repeated on a farm-by-farm basis, one
farm (#3) of the five sampled showed a binomial distribution (ASE = 0.0378, Z = 0.23, p
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= 0.4103), whereas all the others did not (farm #1: ASE = 0.0495, Z = 6.73, p <0.0001;
farm #2: ASE = 0.0981, Z = 4.71, p <0.0001; farm 4: ASE = 0.0510, Z = 8.57, p
<0.0001; ASE = 0.0488, Z = 6.54, p <0.0001). On farm #3, only 50.86% of flowers were
occupied by a single bee and a small percentage (4.43%) of occupied flowers had
clusters of 4-6 bees resting in them, despite the many unoccupied resting sites available
(Figure 3.11). Hurd et al. (1974) suggest that the presence of unmated females resting
in flowers may be driving male congregation behaviour. That idea deserves more
attention but other factors, especially the abundance of male bees may be also be
important.
The abundance of male hoary squash bees (# of bees observed visiting 25
flowers; see 2.3.2.1) was highest on the farm with the most male resting congregation
behaviour (farm #1: 5.98 ± 0.58, n = 84; farm #2: 0.90 ± 0.25; farm, n = 20; farm #3:
8.57 ± 0.76, n =68; farm #4: 3.84 ± 0.62, n = 43; farm #5: 3.63 ± 0.86, n = 24).
Resting is an integral part of insect behaviour and may be required to maintain health
(Kaiser & Steiner-Kaiser, 1983; Helfrich-Förster, 2018), and flowers are common resting
sites for solitary bees (Danforth, 2016). Because Cucurbita flowers wilt and form a
closed chamber within the corolla, they provide protection to resting hoary squash bees
from predators and the weather. As such, resting habitat is another critical piece of the
complex interaction between Cucurbita crops and hoary squash bees. The information
provided here shows that hoary squash bees did not generally congregate within
flowers to rest, although in some circumstances, congregation was occurring. The
reasons for occasional resting congregations are unclear. The study of resting
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Figure 3.11: The percentage frequency for each category of occupation (1, 2, 3, 4, or 6) hoary
squash bees resting in individual Cucurbita flowers. Observations were made on 5 farms in
Ontario, Canada from July 24 to August 2, 2018. Of the 300 flowers surveyed on each farm, farm
#1 had 132 occupied flowers, farm #2 had 29 occupied flowers, farm #3 had 176 occupied flowers,
farm #4 had 96 occupied flowers, and farm #5 had 105 occupied flowers.
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behaviour in this species raises many other associated questions such as (1) what cues
are being used by hoary squash bees to initiate resting behaviour and synchronize it
with Cucurbita flower wilting; (2) what causes bees to congregate in some flowers but
not others; (3) do hoary squash bees prefer to sleep in Cucurbita flowers that close fully
or will they sleep in the flowers of varieties that wilt but do not close; (4) does occupancy
rate of wilted flowers act as a cue to hoary squash bees about the relative number of
conspecifics in a location; and (5) does exposure to systemic pesticides have any effect
on resting behaviour. All these questions deserve more study to better understand the
natural history of this important pollinator species and its close association with
Cucurbita spp. Furthermore, better understanding of the relationship can lead to
improved conservation strategies on farms and help protect the pollination services
provided by hoary squash bees to Cucurbita crops.

3.4 Conclusions
The interactions between Cucurbita crop flowers and hoary squash bees are
integral to the bee’s survival in Ontario as it has no other host plants in this part of its
range. Here I have explored the phenology of the hoary squash bee including sex
ratios of emergent bees, its mating behaviour, its pollen foraging behaviour, and its
resting behaviour, all of which are closely tied to Cucurbita flowers.
Hoary squash bees were protandrous, with the first males emerging several days
before females, and both males and females continuing to emerge over an extended
period of about 30 days. Sex ratios were male biased (M:F >2.0) but fluctuated
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between populations and over the season. Parental investment in males (the smaller
sex) was disproportionately higher than would be predicted by Fisher’s sex investment
theory, likely because after sex had been allocated, environmental factors affected
mortality of the two sexes differently.
As demonstrated here for a site in Peterborough County in 2019, Cucurbita crop
flowering and emergence of hoary squash bees from their ground nests may not always
be as synchronous in Ontario as once believed. At this site, from the perspective of
crop pollination, about 55% of males and 41% of female hoary squash bees emerged
early enough to provide pollination services within the crop pollination window (July 15Aug 15).
From the perspective of bee reproductive success, a quarter of females had
access to Cucurbita crop flowers for less than 13 days after emerging and about 7% of
bees emerged so late in the season that they likely would have insufficient time to
reproduce. This lack of synchrony may have been an artefact of the artificial population
founding event at this site, the product of local weather conditions that drive fluctuations
in populations from year-to-year, and/or environmental conditions at the northern edge
of its range. The lack of synchrony could impact the delivery of pollination services to
Cucurbita crops. Ironically, it has been the presence of cultivated Cucurbita that provide
copious, spatially concentrated, and reliable floral resources to hoary squash bee
populations that has allowed this species to expand its range and thrive across North
America.
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At the Peterborough County site, the population expansion of hoary squash
females was less than expected if synchrony between crop flowering and bee
emergence were high. Nonetheless, the population of females increased by ~90%,
expanding from 48 foundress females in 2017 to 91 females in 2019. This further
demonstrates that the floral resources offered by Cucurbita crops can support hoary
squash bee population expansion even when the number of flowers is quite limited (as
in my enclosed hoop houses) and synchrony is imperfect.
Hoary squash bee females appeared to be constrained to producing a single
offspring per day. This fecundity constraint was related to the number of nest cells that
a female could provision in one day, although intrinsic rates of oocyte maturation may
align with this environmental constraint. Females needed about three hours of
provisioning activity to amass enough pollen from Cucurbita crops to provision a single
nest cell per day.
Cucurbita crop flowers also contribute to reproduction in this species by providing
a reliable place where males can locate a mate. The mate-seeking behaviour of male
bees on Cucurbita flowers appeared to remain consistent throughout the day and
season and was not impacted by the number of other hoary squash bees in the
flower. With a male-biased sex ratio, many male squash bees are unlikely to mate
successfully, making effective mate-finding behaviour of great importance. The
potential number of reproductively successful males (as captured by the functional sex
ratio) was highest at the beginning of the season and then declined over the season.
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After providing floral resources and mating sites when open, wilted Cucurbita
flowers also provide protected resting sites for hoary squash bees during the afternoon
and night when they are inactive. Male bees preferred to occupy and rest in these
flowers alone, although they could sometimes be found resting in groups within a
flower. The cause of such groupings is currently unknown but may be related to the
presence of unmated females within flowers or large population density at some sites.
The contribution of Cucurbita crop flowers to the proliferation of wild hoary squash
bees in Ontario is substantial, as is the known contribution of that species to pollination
of Cucurbita crops. Thus, the best interests of Cucurbita crop growers align well with
protecting these valuable wild bees and the pollination services they provide.
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4 Assessment of Risk to Hoary Squash Bees (Peponapis
pruinosa) and Other Ground-nesting Bees from Systemic
Insecticides in Agricultural Soil
4.1

Introduction
Global insect pollinator declines are being driven by multiple interacting

environmental stressors, including land-use intensification, pathogens, invasive species
and climate change, and may threaten the production of crops that depend directly or
indirectly on the pollination services that bees provide (Calderone, 2012; Vanbergen &
IPI, 2013). For bee populations living in proximity to agricultural production, exposure to
pesticides is likely one of the major environmental stressors affecting population health
(Krupke et al., 2012; Vanbergen & IPI, 2013). Cucurbita crops (e.g., pumpkin, squash,
summer squash, and gourds) are grown globally for their fruits. Because of their
imperfect flowers and heavy, oily pollen, they are dependent upon bees for pollination
(Whitaker & Davis, 2012). The insecticides used to control pests in Cucurbita crops can
also harm beneficial insect pollinators, setting up a tension between the need to control
pests while maintaining healthy bee populations for the essential pollination services
they provide.
In Ontario, three neonicotinoids (imidacloprid, clothianidin, and thiamethoxam) are
commonly used in Cucurbita-crop production to control insect pests (OMAFRA, 2009).
Once applied, thiamethoxam breaks down quickly to clothianidin as one of its
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metabolites (Bonmatin et al., 2015; Hilton et al., 2016). Although they are effective
against pests, neonicotinoid insecticides are of environmental concern because of their
relatively high toxicity to (non-target) insects, their systemic nature, their persistence,
and their extensive use in agriculture (Jeschke et al., 2011; Goulson, 2013). In
agriculture globally, about 60% of neonicotinoids are applied as seed coatings or as soil
applications, with the remaining applied as foliar sprays (Jeschke et al., 2011).
Neonicotinoid residues have been detected in the nectar and pollen of Cucurbita flowers
(Dively & Kamel, 2012; Stoner & Eitzer, 2012) and in agricultural soil (Krupke et al.,
2012; Hilton et al., 2016) where they have been found to persist across seasons
(Goulson, 2013; Jones et al., 2014; MOECC, 2016).
For bees, both adult and larval stages may be exposed to pesticide residues
consumed in nectar and pollen. The extent of exposure is likely greatest for individual
adult female solitary bees because they consume pollen and nectar during sexual
maturation and egg laying, consume nectar to fuel their foraging and nesting activities,
and handle pollen and nectar to feed their offspring (Mathewson, 1968; Cane, 2016).
Male solitary bees consume nectar and pollen during sexual maturation, and nectar
thereafter to fuel flight (Michener, 2007). Solitary bee larvae consume and topically
contact pollen and nectar in their provisions (Michener, 2007). For bees that do not
construct their nests from glandular secretions, exposure may also be via nesting
materials (EFSA Panel on Plant Protection Products and their Residues, 2012;
Sgolastra et al., 2019). For ground-nesting bees, exposure from nesting sites is via soil
contacted during nest excavation for adult females, and via contact with the soil that
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forms nest cells during larval development. However, larval exposure within nest cells
may be precluded because of the water-resistant coating applied to nest cells by many
ground-nesting species (Michener, 2007). Adult male ground-nesting bees have little
exposure to soil as they do not participate in nest construction (Michener, 2007), but
they might have greater exposure to residues on plants than adult females because
they may spend more time in flowers (e.g., residing inside them overnight).
The persistence of neonicotinoids in soil makes both short-term (acute) and longterm (chronic) contact exposure scenarios for ground-nesting bees plausible. Although
neonicotinoid uptake from soil by bees has not yet been quantified, the translocation of
neonicotinoids to bees from residues in dust generated during corn planting is well
documented (Girolami et al., 2013). Although their sublethal impacts on most wild bee
species are unknown, exposure to neonicotinoids can affect the transmission of
information through the nervous system of both adult and larval individual bees. Such
sublethal impacts on the normal physiology and behaviour of individual bees can have
knock-on impacts for the function of social bee colonies and ultimately populations of
both solitary and social species (Godfray et al., 2014; Godfray et al., 2015; Alkassab &
Kirchner, 2017; Baron et al., 2017). Substantial knowledge gaps remain around the
toxicity and effects of neonicotinoids to arthropods, including ground-nesting bees, in
soil. Furthermore, exposure routes relating to nesting materials, including soil for
ground-nesting bees, are not considered as part of current regulatory risk assessments
for pesticide impacts on pollinators (Sgolastra et al., 2019).
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Hoary squash bees (Peponapis pruinosa) are solitary bees that build their nests in
the ground (Figure 4.1) within Cucurbita cropping areas (Julier & Roulston, 2009) and
consume mostly Cucurbita-crop pollen and nectar (Hurd et al., 1974). In eastern North
America, hoary squash bees are one of the most important pollinators of Cucurbita
crops (Willis & Kevan, 1995; Artz & Nault, 2011) and are obligately associated with
these crops because they lack a wild plant host (López-Uribe et al., 2016). In 2014, the
Pesticide Management Regulatory Agency (PMRA) of Health Canada initiated a special
review of registered neonicotinoid insecticides used on cucurbit crops because of
concerns about their potential impacts on hoary squash bees (PMRA, 2014). The hoary
squash bee is common, nests in (sometimes large) aggregations, is a dietary specialist,
has a well-documented natural history (Mathewson, 1968; Hurd et al., 1974; Willis,
1991; Willis & Kevan, 1995) and is easy to maintain in captivity (D.S.W.C. personal
observation), making it a promising candidate as a model species to evaluate risk of
exposure to pesticides in soils for other ground-nesting solitary bee species.
This study is the first to evaluate risk of exposure to pesticides in soil for groundnesting bees. Our aims are (1) to evaluate which pesticides and exposure matrices
(soil, pollen, nectar) pose a potential hazard to hoary squash bees; (2) to determine
which hoary squash bee developmental stage (adult female or larvae) is at greatest
hazard; (3) to evaluate risk from agricultural soil for ground-nesting solitary bees; and
(4) to contribute to risk assessments for hoary squash bees and other solitary bees. As
a first step in assessing risk, we evaluated the concentrations of all pesticides found in
composite samples of soil (n= 29), nectar (n= 25), and pollen (n= 25) taken from 18
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farms growing Cucurbita crops. For each pesticide, we related the geometric mean
concentration of all samples with quantifiable concentrations to the honey bee lethal

Figure 4.1: Nest of a hoary squash bee (Peponapis pruinosa) showing an adult female excavating
a lateral tunnel and four immature stages (larvae) in sealed nest cells. Each nest cell is coated
with a water-resistant lining. Soil from the main vertical tunnel is moved to the soil surface and
soil from lateral tunnels is backfilled into the vertical tunnel. The length of lateral tunnels varies.
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Graphic designed by D. Susan Willis Chan, drawn by Ann Sanderson and reproduced with
permission.

dose endpoint (LD50) of that pesticide to produce a hazard quotient (HQ). Hazard
quotients were summed for each route of exposure, and bee developmental stage
(Table 4.1). Hazard quotients ≥1 flag pesticides or scenarios of concern. For flagged
pesticides, and a single relevant unflagged pesticide, we undertook a probabilistic risk
assessment that included all data values (including those below the limit of
quantification) to determine the probability of exceeding the lethal dose. We developed
Environmental Exposure Distributions (EEDs) for chronic exposure (33.5 g soil over 30
days) and acute exposure (2.23 g soil over 48 h) scenarios using honey bee (LD50) and
solitary bee (HB LD50/10) lethal dose endpoints as benchmarks on the EEDs to
calculate risk. We then applied the same approach to a publicly available data set
(MOECC, 2016) of neonicotinoid concentrations in agricultural soil to determine risk for
ground-nesting bees more generally.

4.2

Materials and Methods

4.2.1 Soil and Pollen Sampling
In 2016, samples of soil (n = 29), nectar and pollen (n = 25 each) were taken from
18 Cucurbita-crop farms in Ontario. Ten soil samples (15 cm deep) per farm were
combined and sub-sampled to produce a single 3 g sample for residue analysis. Pollen
and nectar samples were collected directly from flowers. Nectar was harvested into a
128

single 2 mL tube using a 20 µL micro-pipette. Pollen was collected from staminate
flowers, weighed, and put into 2 mL tubes.
To determine the number of pollen grains per staminate flower, forty full anthers
were placed individually into 2 mL microcentrifuge tubes each containing 0.5 mL of 70%
alcohol. Pollen was dislodged from anthers by centrifuging at 2500 rpm for 3 minutes,
and the tubes were topped up to 2 mL with 50% glycerin solution. The suspension was
mixed with a mini vortex mixer and the number of pollen grains in five 5 µL aliquots
were counted on a grid under 25x magnification. The mean number of pollen grains per
5 µL aliquot was then related back to the full 2 mL volume. The mass of a single
Cucurbita pollen grain was determined by dividing the mean mass of pollen grains per
anther (x ± se = 0.0302 ± 0.00422g; n = 25) by the mean number of pollen grains per
anther (x ± se = 18438 ± 1551; n = 40) (0.0302 g/18438 pollen grains = 1.64 × 10−6
g/pollen grain).
4.2.2 Exposure Amounts
Information from the literature and this study were used to determine the realistic
amount of pollen, nectar, and soil that adult female hoary squash bees would be
exposed to via contact or ingestion, or that larvae would be exposed to via ingestion
(Appendix 21). Males were not included in the evaluation but are likely less exposed
than females because they do not construct or provision nests (Mathewson, 1968).
The amount of pollen consumed by larvae (0.0542 g pollen/nest cell) was
calculated by multiplying the mass of a single pollen grain (as calculated above = 1.64 ×
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10−6 g) by the mean number of pollen grains in hoary squash bee larval provisions
(33045.4 ± 12675.2 pollen grains) (Willis, 1991; Aizen & Harder, 2009). Larval
exposure to pesticide residues via contact with pollen in provisions was not evaluated.
Contact exposure for adult females was assessed to be five times that for each
larva because, on average, female hoary squash bees provision five cells per nest
(Mathewson, 1968). The amount of pollen and nectar ingested by adult females is
unknown. However, for pollen-collecting honey bee workers, which are most like adult
female hoary squash bees in their foraging behaviour, nectar consumption has been
estimated at 10.4 mg sugar/day to fly to and within foraging patches (Rortais et al.,
2005). Based on this assumption, and the knowledge that Cucurbita pepo nectar is
typically 40% sugar by volume (Willis, 1991), we assessed that each female hoary
squash bee would consume 312 mg sugar in 780 mg of Cucurbita nectar to meet their
energy requirements over 30 days. This is likely an over estimation as the foraging
radius of squash bees from nest to flower patch is much smaller than for honey bees
(honey bee foraging radius: mean = 5.5, maximum = 15 km (Beekman & Ratnieks,
2000); oligolectic solitary bee foraging radius <260 m (Gathmann & Tscharntke, 2002).
Using hoary squash bee nest dimensions (Mathewson, 1968), the volume of soil
excavated by a female bee during nest construction is 25.19 cm3 (Appendix 22).
Multiplying the volume by the bulk density (BD) of loam soil, a common agricultural soil
(BDloam = 1.33 g/cm3; USDA Natural Resources Conservation Service, 2008), gives the
mass of soil that a female hoary squash bee contacts as she constructs a nest with 5
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cells over 30 days (25.19 cm3 × 1.33 g/cm3 = 33.51 g). Acute (48 h) exposure was
calculated by dividing chronic exposure by 15 (33.5 g/15 = 2.23 g; Appendix 22).
4.2.3 Lethal Effect Endpoints and Exposure Concentration Benchmarks
All samples collected from Cucurbita farms were submitted for analysis to
University of Guelph Agri-Food Laboratories (ISO/IEC 17025 accredited). Pesticides
were extracted using the QuEChERS Method (Schenck & Hobbs, 2004). Samples were
analyzed using their TOPS-142 LC pesticide screen, modified from the Canadian Food
Inspection Agency (CFIA) PMR-006-V1.0 method including high performance liquid
chromatography paired with electrospray ionization and tandem mass spectrometry and
gas chromatography paired with tandem mass spectrometry. Honey bee lethal effect
endpoints (e.g., the concentration causing 50% mortality, LD50 or LC50) were used for
hoary squash bees because current regulatory standards consider the honey bee to be
an adequate proxy for all bee species (US-EPA, 2014; Sgolastra, et al., 2019). Lethal
doses for larval stages are rarely available (Godfray, et al., 2013; Alkassab & Kirchner,
2017). Honey bee LD50 and LC50 values were obtained from the US-EPA Pesticide
Ecotoxicity Database (US-EPA, 2004) and published literature. A geometric mean of
multiple LC50 values, reported from many sources (Stark et al., 1995; Ruzhong et al.,
1999; Iwasa et al., 2004; Dinter et al., 2009; EFSA, 2013; Sanchez-Bayo & Goka, 2014;
EFSA, 2018; US-EPA., 2019), and the lowest reported LC50 values were used in this
study. For contact with soil and pollen during nest construction and provisioning,
contact honey bee LC50 values were used. Oral honey bee LD50 values were used for
131

adult female hoary squash bee ingestion of nectar, and larval ingestion of pollen. For
probabilistic risk assessment of soil exposure, the same lethal effect endpoints and a
surrogate solitary bee contact LC50 (honeybee LC50/10) (Arena & Sgolastra, 2014; USEPA, 2014) were used. Lethal effect endpoints were converted to soil exposure
concentrations as follows:
𝑬𝒙𝒑𝒐𝒔𝒖𝒓𝒆

𝒏𝒈 𝒂.𝒊.
𝑪𝒐𝒏𝒄𝒆𝒏𝒕𝒓𝒂𝒕𝒊𝒐𝒏 𝑩𝒆𝒏𝒄𝒉𝒎𝒂𝒓𝒌 (
𝒎𝒂𝒕𝒓𝒊𝒙)
𝒈

=

𝒏𝒈 𝒂.𝒊.
)
𝒃𝒆𝒆
𝒈 𝒎𝒂𝒕𝒓𝒊𝒙
𝑨𝒎𝒐𝒖𝒏𝒕 𝒐𝒇 𝒔𝒐𝒊𝒍 𝒆𝒙𝒑𝒐𝒔𝒖𝒓𝒆 (
)
𝒃𝒆𝒆

𝑳𝒆𝒕𝒉𝒂𝒍 𝑫𝒐𝒔𝒆 𝑬𝒇𝒇𝒆𝒄𝒕 𝑬𝒏𝒅𝒑𝒐𝒊𝒏𝒕 (

(4.1)

4.2.4 Hazard Quotients
Hazard quotients (HQ) were calculated for each residue detected in each
exposure matrix as follows:

HQ = (Residue concentration in matrix) x (Amount of exposure to matrix) / Honey bee LD50 (4.2)

An HQ >1 indicates a potential lethal hazard. For HQs, the residue concentrations
were calculated by taking the geometric mean of quantifiable concentrations in samples
only. Concentrations of residue were reported in ng of active ingredient (a.i.) per g
matrix, amount of exposure to a matrix was reported in g matrix/bee, and LD50s or LC50s
were reported in ng a.i./bee.
Hazard quotients were summed for each pesticide type (fungicide or insecticide),
each exposure matrix (soil, pollen, and nectar), and each developmental stage (adult
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female or larvae). Hazard quotients were also calculated based on a solitary bee
surrogate LD50 (HB LD50/10) (Table 4.1).
After determining HQs, the hoary squash bee exposure models for both acute (48
h, 2.23 g soil) and chronic (30 days, 33.5 g soil) scenarios were used to carry out
probabilistic risk assessment for both the hoary squash bee in Cucurbita crop soils
using data from our own samples and for ground-nesting solitary bee species generally
in field crops soils using a publicly-available dataset provided by the Ontario
government (MOECC, 2016).
The government data set reported neonicotinoid residues in soil (15 cm depth)
from 38 agricultural sites in Ontario in 2016, with a limit of detection of 0.05 ng/g for
clothianidin, imidacloprid, and thiamethoxam. Insecticide residues in our samples
represented field-realistic exposure for hoary squash bees on Cucurbita farms in 2016.
Neonicotinoid residues in the government samples represented residues persisting in
soil from a previous cropping cycle, rather than active ingredients applied in 2016.
4.2.5 Environmental Exposure Distributions
Environmental exposure distributions (EEDs) were constructed for each
neonicotinoid in each exposure scenario and each crop type. Chronic exposure
scenarios are reasonable for neonicotinoids because their effect on the nicotinic
acetylcholine receptors (nAChRs) of insects are cumulative and irreversible (SanchezBayo & Goka, 2014). Although an EED for chronic exposure to chlorantraniliprole was
constructed, evidence from honey bees suggests its effects may be transient as honey
133

bees dosed orally or topically under artificial test conditions became lethargic but
recovered within 48-72 hours (Dinter et al., 2009).
EEDs were generated from the sample concentrations by fitting a log-normal or
gamma distribution to the data via maximum likelihood estimation (MLE), using the
fitdistrcens function in the R package fitdistrplus (R Development Core Team, 2008;
Delignette-Muller et al., 2010). This function allows for the fit of censored (right-, left-, or
interval-censored) data enabling the use of the available “non-detect” (samples
containing residues below the limit of detection (LOD)), and interval data (samples
containing residues above the limit of detection (LOD) but below the limit of
quantification (LOQ)). The fitdistrplus function calculates the probability plotting position
using Hazen’s rule, with probability points of the empirical distribution calculated as (1:n
− 0.5)/n, where n is the total number of data points (Delignette-Muller et al., 2010).
Interval data (non-detects, LOD-LOQ) were ranked according to the midpoint of
the interval. Confidence intervals (95%) for the distribution parameters and distribution
estimates were calculated via nonparametric bootstrapping (1000 iterations) with the
bootdiscens function in the fitdistrplus package (Delignette-Muller et al., 2010). The fit
to other distributions (Weibull and Exponential) was also tested, and the best fit was
chosen via comparison of the Akaike information criterion (AIC) supported by visual
inspection of the fit to the data (Appendix 23 provides model parameters for all EEDs).
For Cucurbita crop soils, the best fit to the data was the gamma distribution for
clothianidin and chlorantraniliprole, and the log-normal distribution for imidacloprid.
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EEDs were not constructed for thiamethoxam as there were no quantifiable residue
data. For field crops soils, the best fit for all residue data was the gamma distribution.
Percent exceedance (or the probability of exposure to an exposure concentration
benchmark) is calculated as 1.00 minus the cumulative probability. Exceedance lower
than 5% was considered acceptable risk because it assures 95% protection of the
population. Benchmarks were exposure concentrations associated with the lethal dose
endpoints (geomean honey bee LC50, lowest honey bee LC50, solitary bee surrogate
LC50: Appendix 24) under a scenario assuming 100% translocation of residues from soil
to bees (Appendix 25). As residue translocation from soil to bee is likely lower than
100%, exceedances assuming 10, 25, 50, 75% translocation are also presented
(Appendix 26).

4.3

Results and Discussion

4.3.1 Pesticide Residue Profiles-Cucurbita Crops
Residues of 7 insecticides, 6 fungicides, and 2 herbicides were detected in
samples taken from Cucurbita crops (Appendix 27). We did not assess herbicide
residues further.
The three exposure matrices (pollen, nectar, and soil) show different pesticide
residue profiles (Table 4.1). In soil, 5/7 insecticides and 5/6 fungicides were detected.
Pollen contained residues of 4/7 insecticides and 6/6 fungicides, but residues were
detected much less frequently and at lower concentrations than in soil. Nectar
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contained 3/7 insecticides and 3/6 fungicides, with the lowest concentrations and
frequency of detection. Imidacloprid was the only insecticide detected in all three
matrices (21% of soil samples, 3% of pollen and nectar samples).
Thiamethoxam was present only in a single soil sample, at a concentration below
the limit of quantification (LOQ). Clothianidin was detected in 34% of soil samples but
was not detected in nectar or pollen. The insecticides chlorantraniliprole and carbaryl
were detected in soil (24% and 10% of samples respectively) and pollen samples (3%
and 7% respectively), but not in nectar. The insecticides methomyl and dimethoate
were not detected in soil, but dimethoate was detected in pollen and nectar (3% each),
and methomyl was detected in 7% of nectar samples. The fungicides pyraclostrobin
and propamocarb were detected in all three matrices, whereas boscalid, quinoxyfen and
difenoconazole were detected in soil and pollen only. The fungicide picoxystrobin was
only detected in nectar and pollen.
4.3.2 Hazard Assessment-Hoary Squash Bee
4.3.2.1 Pesticides
Hazard quotients (HQ) for fungicide and insecticide residues in soil, pollen, and
nectar for adult females and larvae based on honey bee LD50 values are presented in
Table 4.1. As expected, the combined HQ for insecticides (HQinsecticide total = 4.92) was
much higher in all exposure matrices than for fungicides (HQfungicide = 0.03).
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Only clothianidin and imidacloprid had HQs ≥1 in soil, and the combined HQ of all
non-neonicotinoid insecticides in soil was low (HQnon-neonicotinoid = 0.06). Although
chlorantraniliprole had an HQ <1, it was included in further probabilistic risk assessment
for comparison because, like neonicotinoids, it is systemic and was present in 24% of
samples.
When we calculated HQs based on a solitary bee surrogate LD50 (honey bee LD50/10),
the same pesticides, routes of exposure and developmental stage were flagged as
hazardous, except for methomyl (HQ= 2.6 for adult bee exposure via nectar; Appendix
27). The physical, chemical, and environmental fate properties of the flagged
neonicotinoids and chlorantraniliprole are presented in Appendix 28.
4.3.2.2 Exposure Matrices
Hazard quotients for pollen (HQadult female and larvae = 0.09) and nectar (HQadult female =
0.45) were low relative to HQs for soil (Table 4.1). However, only adult female
exposure was assessed for nectar as little information exists about the amount of nectar
consumed by larvae. Low HQs for pollen and nectar reflect the low insecticide
concentrations detected in these matrices. Imidacloprid was the largest contributor to
hazard for pollen, and methomyl was the largest contributor for nectar (Table 4.1).
As HQ <1 for pollen and nectar, they were deemed non-hazardous for the lethal dose
endpoint. This does not imply that there are no hazards associated with sublethal
endpoints as these were not evaluated. The combined HQ for insecticides in soil was
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high (HQsoil = 4.38; Table 4.1). Soil HQ was mostly attributable to neonicotinoids
(HQcombined soil neonicotinoids = 4.32; 4.32/4.38 = 99%).
4.3.2.3 Developmental Stage
Hazard is greater for adult females (HQadult female = 4.86) than for larval hoary
squash bees (HQlarvae = 0.06), mostly because of the adult exposure to neonicotinoid
residues in soil during nest construction (HQadult female soil = 4.32: Table 4.1).
4.3.3 Probabilistic Risk Assessment
4.3.3.1 Hoary Squash bees in Cucurbita Crops
For the acute exposure scenario (2.23 g soil, 48 h) in soil, environmental exposure
distributions (EEDs) for clothianidin showed exceedance below 5% for the geometric
mean honey bee LC50 and the lowest honey bee LC50 endpoints. However,
exceedance for the solitary bee surrogate LC50 endpoint (28.3%) was relatively high
(Figure 4.2). Imidacloprid showed exceedance below 5% for the geometric mean honey
bee LC50 (3.5%) and exceedances greater than 5% for both the lowest honey bee LC50
(8.9%) and the solitary bee surrogate LC50 (31.2%: Figure 4.2).
For the chronic exposure scenario (33.5 g soil, 30 days) in soil, exceedance for
clothianidin in soil was above 5% for all exposure endpoints in Cucurbita crops
(geometric mean honey bee LC50 = 35.8%; lowest honey bee LC50 = 44.3%; solitary
bee surrogate LC50 = 68.7%: Figure 4.3). For imidacloprid, exceedance for all lethal
endpoints was also high under the chronic exposure scenario (geometric mean honey
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Table 4.1: Hazard quotients (HQ) for each active ingredient, and pesticide type (insecticide, fungicide) in three exposure matrices
(soil, pollen, nectar) and both developmental stages (adult female or larvae) based on honey bee LD 50 values taken from the
literature (EFSA, 2013) (Stark et al., 1995; Ruzhong et al., 1999; Iwasa et al., 2004; Dinter et al., 2009; EFSA, 2013; Sanchez-Bayo &
Goka, 2014; EFSA, 2018; US-EPA, 2019) and mean residue concentration in the exposure matrices for all pesticide residues found
detected on 18 Cucurbita-crop farms in Ontario in 2016. Numbers shown in bold face are combined hazard quotients for a
pesticide type, an exposure matrix, or a developmental stage. Where “ND” is indicated, residues were not detected, where “NQ” is
indicated, residues were not quantifiable in samples. a.i. = active ingredient. A dash (−) indicates no information.
COMBINED HAZARD
QUOTIENT
Contact
Oral
Mean HQ Adult Mean HQ Larvae HQ Adult
Mean HQ Adult Across Adult Larvae
Conc.
female Conc. in (Oral)
Female Conc. in Female Exposure Female
in
Matrix
(Contact) Matrix
Matrix, All
Matrix
Stages
ng a.i./bee ng a.i./bee ng a.i./g =33.5 ng a.i./g =0.0542 =5*0.0542 ng a.i./g =0.78
∑HQ
∑HQ
∑HQ
or ppb
g/bee
g/bee *
g/bee*
g/bee*
*Matrix
Matrix
Matrix
Matrix
Conc./LD50
Conc./LD50 Conc./LD50
Conc./LD50
4.38
0.06
0.03
0.45
4.92
4.86
0.06
4.32
0.06
0.03
0.18
4.59
4.53
0.06
35.88
—
1.95
1.82
ND
—
0
ND
0
1.82
1.82
0
LD50 (Honey bee)

INSECTICIDE ∑HQ
Neonicotinoid ∑HQ
Clothianidin geomean

SOIL

POLLEN

NECTAR

Imidacloprid geomean

40.03

3.9

2.99

2.50

4.3

0.06

0.03

0.88

0.18

2.76

2.71

0.06

Thiamethoxam geomean

25.64

—

NQ

0

ND

0

0

ND

0

0

0

0

>81500
11200
—
—

>117800
—
56
1.18

36.82
14.2
ND
ND

68
16.47
6.2
ND

—
—
166000
116000
1000000
177000

3.8
ND
46.22
23.03
7.86
18.87

1.69E-5
—
0.006
0
1.24E-4
—
—
5.28E-6
1.04E-3
4.29E-5
5.04E-5

2.26E-4
3.99E-4
—
0
6.18E-4
8.04E-5
6.17E-6
2.41E-5
6.02E-4
2.14E-4
4.46E-5

ND
ND
0.5
0.39

100000
200000
200000
100000
100000
100000

0.02
0.04
0
0
0.03
1.27E-4
0
7.74E-3
7.72E-3
2.63E-3
6.32E-3

0
0
0.007
0.26
9.20E-5
—
—
0
7.52E-5
0
0

0.02
0.04
0.01
0.26
0.03
1.35E-3
6.17E-6
7.77E-3
9.43E-3
2.85E-3
6.37E-3

Chlorantraniliprole
Carbaryl
Dimethoate
Methomyl
FUNGICIDE ∑HQ
Pyraclostrobin
Picoxystrobin
Boscalid
Propamocarb
Quinoxyfen
Difenoconazole

29.65
4.55
17.82
222.06
79.14
16.46

2
0.3
ND
11.18
ND
ND

0.02 2.26E-4
0.04 3.99E-4
0.007 0.006
0.26
0
3.08E-2 1.24E-4
1.35E-3
—
6.17E-6
—
7.77E-3 5.28E-6
8.39E-3 1.04E-3
2.85E-3 4.29E-5
6.37E-3 5.04E-5
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Figure 4.2: Environmental Exposure Distribution (EED) for acute exposure to (a) clothianidin and
(b) imidacloprid concentrations measured in soil samples taken from 0–15 cm depth in Cucurbitacrop fields in Ontario, 2016. Effects benchmark concentrations for acute exposure (48 h, 2.23 g
soil) for the hoary squash bee, Peponapis pruinosa (i.e., honey bee geometric mean LC 50 = red
vertical line, honey bee lowest LC50 = blue vertical dotted line, and the solitary bee surrogate LC 50
= green vertical dashed line), are represented on the EED. Exceedance of these endpoints is
calculated by subtracting the cumulative probability from one. Grey horizontal lines represent
individual soil samples below the analytical limits of detection or quantification, and black dots
indicate samples for which insecticide residues could be quantified. The black line indicates the
line of best fit to the data via maximum likelihood estimation (MLE) with associated 95%
confidence intervals (grey shading).
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bee LC50 = 39.8%; lowest honey bee LC50 = 57.8%; solitary bee surrogate LC50 =
85.4%) (Figure 4.3).
Exceedance under both the acute and chronic exposure scenarios for
chlorantraniliprole in soil was below 5% for all lethal dose endpoints assessed (Figure
4.3). Because high limits of detection and quantification (LOD/LOQ) rendered no
quantifiable residue samples, EEDs could not be fitted to data for thiamethoxam.
4.3.3.2 Ground-Nesting Bees in Field Crops
Clothianidin was detected in 96.34%, imidacloprid was detected in 10.97%, and
thiamethoxam was detected in 81.48% of soil samples taken from Ontario field crops (n
= 82) (MOECC, 2016). Hoary squash bee exposure amounts (2.23 g soil-acute
exposure; 33.5 g soil-chronic exposure) were used as a surrogate for exposure to
determine exceedance for ground-nesting bees generally. In the acute exposure
scenario, no endpoint for imidacloprid (Appendix 29) showed exceedance above 5%,
and only the solitary bee surrogate LC50 endpoint showed exceedance above 5% for
thiamethoxam (25.6%: Figure 4.4). In contrast, for clothianidin the probability of
exceedance was greater than 5% for all exposure endpoints (honey bee geometric
mean LC50 = 11.72%; honey bee lowest LC50 = 27.25%; solitary bee surrogate LC50 =
81.85%), suggesting that the risk to ground-nesting bees is high from clothianidin in field
crops soils, even when exposure is acute (Figure 4.4).
In the chronic scenario, probability of exceedance for clothianidin was very high for
all exposure endpoints (honey bee geometric mean LC50 = 87.68%; lowest honey bee
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Figure 4.3: Environmental Exposure Distribution (EED) for chronic exposure to (a) clothianidin, (b)
imidacloprid, and (c) chlorantraniliprole concentrations in soil samples taken from 0–15 cm depth
in Cucurbita-crop fields in Ontario, 2016. Effects benchmark concentrations for chronic exposure
(30 days, 33.5 g soil) for the hoary squash bee, Peponapis pruinosa (i.e., honey bee geometric
mean LC50 = red vertical line, honey bee lowest LC 50 = blue vertical dotted line, and the solitary
bee surrogate LC50 = green vertical dashed line), are represented on the EED. Exceedance of
these endpoints is calculated by subtracting the cumulative probability from one. Grey horizontal
lines represent individual soil samples below the analytical limits of detection or quantification,
and black dots indicate samples for which insecticide residues could be quantified. The black line
indicates the line of best fit to the data via maximum likelihood estimation (MLE) with associated
95% confidence intervals (grey shading).
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LC50 = 92.4%; solitary bee surrogate LC50 = 98.82%; Figure 4.5). For thiamethoxam,
probability of exceedance was also high (honey bee geometric mean LC50 = 35.7%;
honey bee lowest LC50 = 37.36%; solitary bee surrogate LC50 = 78.42%; Figure 4.5).
Probability of exceedance for imidacloprid under the chronic exposure scenario was
below 5% for the honey bee geometric mean LC50 (4.16%) but exceeded 5% for the
honey bee lowest LC50 (5.89%) and the solitary bee surrogate LC50 (9.24%) (Appendix
30).
Comparing the three exposure matrices, soil had the greatest number of
neonicotinoids (clothianidin, imidacloprid, and thiamethoxam) detected, whereas
imidacloprid was the only neonicotinoid detected in pollen and nectar. The maximum
concentration of imidacloprid detected in soil (41.6 ng/g) was substantially greater than
in pollen (4.3 ng/g) or nectar (1.1 ng/g), because imidacloprid is applied directly to soil
and can bind to soil particles (Selim et al., 2010) (Appendix 27). Although
thiamethoxam is more soluble than imidacloprid, it is quickly metabolized to clothianidin
(EFSA, 2013; Bonmatin, et al., 2015; Hilton et al., 2016), which is much less soluble
than either imidacloprid or thiamethoxam (Appendix 28).
Dively & Kamel (2012) reported higher imidacloprid residue concentrations (60.9
ng/g for pollen, 7.4 ng/g for nectar) and greater frequencies of detection (92% of pollen
samples; 88% of nectar samples) in the pollen and nectar of Cucurbita crops. However,
the interval between application and sampling was shorter in their study (5 weeks) than
in our study (8 weeks). Stoner and Eitzer (2012) also reported higher concentrations of
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Figure 4.4: Environmental Exposure Distribution (EED) for acute exposure to (a) clothianidin and
(b) thiamethoxam in soil from field crops (corn, soybeans, wheat) based on a government dataset
(MOECC, 2016). Soil samples were taken from 0–15 cm depth in southern Ontario, 2016. Effects
benchmark concentrations are for solitary ground-nesting bees based on the hoary squash bee
(Peponapis pruinosa) acute exposure amounts (48 h, 2.23 g soil). Effect benchmarks (i.e., honey
bee geometric mean LC50 = red vertical line, honey bee lowest LC50 = blue vertical dotted line, and
the solitary bee surrogate LC50 = green vertical dashed line) are represented on the EED.
Exceedance of these endpoints is calculated by subtracting the cumulative probability from one.
Grey horizontal lines represent individual soil samples below the analytical limit of detection, and
black dots indicate samples for which insecticide residues could be quantified. The black line
indicates the line of best fit to the data via maximum likelihood estimation (MLE) with associated
95% confidence intervals (grey shading).
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Figure 4.5: Environmental Exposure Distribution (EED) for chronic exposure (30 days, 33.5 g soil)
to (a) clothianidin and (b) thiamethoxam in soil from field crops (corn, soybeans, wheat) based on
a government dataset (MOECC, 2016). Soil samples were taken from 0–15 cm depth in southern
Ontario, 2016. Effects benchmark concentrations are for solitary ground-nesting bees based on
the hoary squash bee (Peponapis pruinosa) exposure model. Effect benchmarks (i.e., honey bee
geometric mean LC50 = red vertical line, honey bee lowest LC50 = blue vertical dotted line, and the
solitary bee surrogate LC50 = green vertical dashed line) are represented on the EED. Exceedance
of these endpoints is calculated by subtracting the cumulative probability from one. Grey
horizontal lines represent individual soil samples below the analytical limit of detection, and black
dots indicate samples for which insecticide residues could be quantified. The black line indicates
the line of best fit to the data via maximum likelihood estimation (MLE) with associated 95%
confidence intervals (grey shading).
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imidacloprid and thiamethoxam in Cucurbita pollen and nectar than found here, likely
because they included anther and nectary tissue in their samples.
The analysis of the hazard of pesticides to hoary squash bees in Cucurbita crops
is based on LD50/LC50 for adult honey bees as this represents current regulatory
standards for testing toxicity in bees (EFSA, 2013). It is possible that differences in
sensitivity exist between these two species as not all bee species are equally sensitive
(Arena & Sgolastra, 2014; Rundlöf et al., 2015; Woodcock et al., 2017). Neonicotinoids
are often more toxic to bees when exposure is via ingestion (Suchail et al., 2001; Iwasa
et al., 2004; Godfray et al., 2014; Godfray et al., 2015), and solitary bees are more
sensitive than either honey bees or bumble bees to oral exposure (Iwasa et al., 2004;
Rundlöf et al., 2015; Woodcock et al., 2017), therefore using oral honey bee LD50
values in this study may under-represent oral toxicity to hoary squash bees. Toxicity via
contact exposure varies much less among species (Decourtye & Devillers, 2010; Arena
& Sgolastra, 2014), thus honey bee contact LC50 values may adequately represent
contact toxicity for adult female hoary squash bees.
The evaluation of hazard to larval squash bees using adult honey bee LD 50 or LC50
values in this study may underestimate hazard because of developmental stage
differences in sensitivity to neonicotinoids (Atkins & Kellum, 1986; Godfray et al., 2014;
Bonmatin et al., 2015; Godfray et al., 2015). Contact lethal doses are higher than oral
lethal doses for the residues we detected (Table 4.1).
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Thiamethoxam appears to pose minimal hazard because residues were only
detected in a single sample at concentrations below the limit of quantification. However,
an absence of thiamethoxam residues may be the result of rapid metabolization to
clothianidin, which was detected in our soil samples (Bonmatin et al., 2015; Hilton et al.,
2016). Both clothianidin (HQ = 1.82) and imidacloprid (HQ = 2.76) pose a hazard in
Cucurbita growing systems in Ontario because they are detected frequently, and their
respective HQs exceed one when summed across all exposure matrices. Imidacloprid
appears to be more hazardous in Cucurbita-crops than clothianidin based on this
approach because it was found at higher concentrations in soil and was present in both
nectar and pollen (Table 4.1). The combined hazard of all neonicotinoids in the system
was also high (HQcombined neonicotinoid = 4.59), suggesting that hoary squash bee
populations may be exposed to lethal concentrations of neonicotinoids in a worst-case
scenario. Combined hazard from chlorantraniliprole in all matrices was low (HQ = 0.02),
likely because it has a much higher LC50 than neonicotinoids (Table 4.1).
There is common agreement that bees can be exposed to neonicotinoids from
nectar and pollen (EFSA Panel on Plant Protection Products and their Residues, 2012;
Godfray et al., 2014; Godfray et al., 2015). Although neither pollen nor nectar were
deemed hazardous here, HQs were higher for adult hoary squash bees via Cucurbita
nectar (HQnectar = 0.45) than via pollen (HQpollen = 0.03 (Table 4.1). This was because
adult exposure to pollen was contact rather than oral (as adult consumption of pollen
was not evaluated), whereas adult exposure to nectar was oral and so likely an
overestimation based on honey bee nectar consumption values. Although no hazard
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from pollen or nectar was found for the lethal dose endpoint, sublethal effects are still
possible at these low HQs (Table 4.1).
Currently, there are no studies that evaluate the risk to ground-nesting bees from
direct exposure to neonicotinoids in soil, although some studies assess effects on other
soil fauna (de Lima e Silva et al., 2017). Because both imidacloprid and thiamethoxam
(which metabolizes to clothianidin) are applied to the soil in Cucurbita crops, and may
persist in the soil for longer than a single growing season in Canada (MOECC, 2016), it
is unsurprising that hazard to ground-nesting hoary squash bees from neonicotinoids in
soil (HQsoil = 4.32) is much higher than even the combined hazard from neonicotinoids
in both pollen and nectar (HQpollen+nectar = 0.27; Table 4.1). Therefore, soil appears to be
the most important route of exposure to systemic pesticides for hoary squash bees.
The combined hazard from insecticides for adult female hoary squash bees from
all exposure matrices (soil, pollen, and nectar) was high, with 93% of this hazard
attributable to neonicotinoids in soil (Table 4.1). Hoary squash bees can construct more
than one nest per season when environmental conditions (e.g., nectar and pollen
resources, weather) permit (Mathewson, 1968). However, female hoary squash bees in
this study were already exposed to doses above lethal levels of both imidacloprid and
clothianidin (HQs >1) during the construction of a single nest, rendering it unlikely they
could construct another. Indeed, under present soil conditions in Ontario Cucurbita
crops, pesticide exposure may preclude the construction of even a single 5-cell nest in a
season, even if all other conditions are favourable.
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Excluding exposure from nectar, which was not evaluated, hazard to larval stages
was low (HQlarvae pollen = 0.06) (Table 4.1). It is reasonable to expect that hazard from
nectar is also low for larval stages because their consumption of nectar is much less
than for adult females as they do not undertake energy-expensive nest construction or
foraging activities. For honey bees, adult pollen foragers consume 150% more nectar
than larvae (Rortais et al., 2005). Here we have assumed that larval hoary squash bees
are protected from direct exposure to neonicotinoids in soil by the waterproof nature of
the nest cell lining (Mathewson, 1968), an assumption that requires further critical
investigation.
The percentage translocation of insecticide residues from soil to bees is currently
unknown. Our initial assumption was translocation at 100% (Appendix 25), but
recognizing the uncertainty around translocation rates, we also present exceedances for
four alternative scenarios with lower rates (Appendix 26).
Using a probabilistic approach for the hoary squash bee in the acute exposure
scenario at 100% translocation(48 h, 2.23 g soil; Figure 4.2; Appendix 25), the
probability of exceedance of the mean honey bee LC50 was below 5% for imidacloprid
and clothianidin. However, for the solitary bee surrogate LC50 endpoint residues of both
imidacloprid (31.2%) and clothianidin (28.3%) in soil exceeded 5% (Figure 4.2;
Appendix 25).
In the chronic exposure scenario, the amount of exposure to soil (33.5 g soil, 30
days) was much greater, and exceedance for imidacloprid and clothianidin was greater
than 5% for all lethal endpoints (Figure 4.3; Appendix 25). It is likely that at least some
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of the clothianidin found in Cucurbita crop soil is from the application of thiamethoxam to
seeds (Bonmatin, et al., 2015). Hilton et al. (2016) found that ~3–46% of the residues
recovered from soil sampled more than 60 days after thiamethoxam application were
the metabolite clothianidin. Further work on the fate of thiamethoxam in Cucurbita crop
fields is needed to determine whether seed-applied thiamethoxam poses a risk to hoary
squash bees via its metabolite, clothianidin.
Exceedance for chlorantraniliprole was not greater than 5% for any exposure
endpoint in either exposure scenario, suggesting that it did not pose a risk in Cucurbitacrop soils in 2016 (Figure 4.3; Appendix 25).
There were at least three issues generating uncertainty during our assessment of
risk to hoary squash bees posed by neonicotinoid residues in soil. The lack of
information about insecticide toxicity for this, or indeed any other solitary ground-nesting
species, is a large knowledge gap. As hoary squash bees are similar in size to honey
bees, they may be well represented by the available toxicity data for honey bees,
especially for contact exposure which tends to vary less among species than oral
exposure (Decourtye & Devillers, 2010).
Secondly, although soil-applied neonicotinoids are known to elicit negative effects
on Lepidoptera pupae (Dilling et al., 2009), Carabid beetles (Kunkel et al., 2001),
Hexapoda, Collembola and Thysanoptera that live in soil (Peck & Olmstead, 2010), we
could find no information on the extent to which insecticide residues in soil can pass
through the cuticle or into spiracles of ground-nesting bees. We have assumed a worstcase scenario in which all the soil residues are translocated during exposure, but this is
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unlikely, although neonicotinoids have relatively low organic carbon-water partition
coefficients (Appendix 28) (Wettstein, et al., 2016).
However, even at 10% translocation, exceedances were greater than 5% for all
imidacloprid endpoints, and for the lowest honey bee LC50 and solitary bee surrogate
LC50 for clothianidin, for chronic exposure in Cucurbita crop soils. In field crops,
exceedances were greater than 5% for all endpoints for clothianidin assuming 10%
translocation in a chronic exposure scenario (Appendix 26).
Lastly, lower residue detection limits for soil are needed to align them with lethal
dose concentrations for some compounds (Appendix 27). Confidence intervals for the
EEDs in Cucurbita-crop soil are large due to limited sample size and high LODs.
Interestingly, even at the extreme high values for confidence intervals (where
exceedance would be lowest), exceedance remains above 5% for the solitary bee
surrogate LC50 for clothianidin and imidacloprid in both acute and chronic scenarios
(Figure 4.3, Figure 4.4).
Despite its limitations, this study is significant because it is the first evaluation of
risk from insecticide residues in soil for any ground-nesting bee species. Because little
information about exposure to soil for most ground-nesting bee species exists, we used
hoary squash bee exposure to soil as a surrogate for other ground-nesting bees. We
estimated soil exposure of 33.5 g for hoary squash bee females, which is comparable to
data for some other ground-nesting bee species. For example, soil exposure for
Andrena prunorum or Nomia melanderi females are estimated as 30.23 g (Miliczky,
2008) and 26.3 ± 5.7 g (Cane, 2003) respectively. The difference between the low-end
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estimate of soil excavated by N. melanderi (20.6 g) and hoary squash bees (33.5 g)
could represent as much as 38.5% of the latter species’ exposure, highlighting the
potential variability in exposure via soil across species and the limitations of the hoary
squash bee model.
Ground-nesting bee species vary greatly in size (Michener, 2007), and many are
much smaller than hoary squash bees. For ground-nesting solitary bees, tunnel
diameter is related to bee size because bees excavate tunnels and nest cells large
enough for them- selves (Michener, 2007). Although other solitary ground-nesting bee
species may be appreciably larger or smaller than squash bees, the ratio of their body
size to the volume of soil they excavate when building a nest may be similar, providing a
possible future basis upon which to compare exposure for different solitary bee species.
Smaller bees may have lower exposure to neonicotinoids in soil because they
construct narrower tunnels and nest cells to fit their smaller bodies (Michener, 2007),
therefore contacting lower soil volumes overall. However smaller bee species may be
more sensitive to insecticide exposure, (Devillers et al., 2003; Arena & Sgolastra, 2014;
Sgolastra, et al., 2018). Bee body size is not necessarily correlated to the depth that
vertical tunnels in nests are excavated in soil (Cane, 1991). Solitary bees are
physiologically limited in their reproductive capacity and generally build 1–8 brood cells
per nest (Michener, 2007).
Until more information emerges, the hoary squash bee is the best model available
to evaluate risk from exposure to pesticide residues in soil for ground-nesting bees in
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general and provides a starting point to understand risk from insecticides residues in
soil for these bees.
Neonicotinoid residues detected in Ontario agricultural soils reflect variation in
usage for different crops. For Cucurbita crops, imidacloprid and clothianidin were the
most detected neonicotinoids, with a single detection of thiamethoxam at an
unquantifiable concentration.
For field crops, clothianidin and thiamethoxam were more commonly detected.
Exposure to clothianidin residues for bees nesting in field crop soils appeared to be
ubiquitous: 96.34% of soil samples taken before spring planting contained clothianidin
applied in the previous season. The probabilities of exceedance were high for all
clothianidin exposure endpoints for both the acute (Figure 4.4) and chronic (Figure 4.5)
scenarios. As clothianidin-treated seeds are planted in a new cropping cycle, releasing
more residues into the soil, these exceedances would likely increase.
About 70% of the solitary bee species in eastern Canada nest in the ground
(Packer et al., 2007), many of which are associated with agriculture, including species in
the genera Agapostemon, Andrena, Anthophora, Colletes, Eucera, Halictus,
Lasioglossum, Megachile and Melissodes (Pindar et al., 2017; USDA, 2017a). Groundnesting bees from 13 genera have been collected in corn and soybean fields in Iowa
(Wheelock & O’Neal, 2016; Wheelock et al., 2016). Although this does not prove that
these species were nesting within fields, the small foraging ranges of solitary bees
suggest that many likely were (Gathmann & Tscharntke, 2002).
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Various bees are active at different times during the season (Packer et al., 2007;
Richards et al., 2011). Those species active in the early spring may be exposed to the
minimum residue concentrations described here, but those active post-planting may be
exposed to much higher concentrations in soil.
Taken together, this evidence suggests the risk to ground-nesting bees from
exposure to clothianidin in field crop soil is high, necessitating action to mitigate such
risks to preserve pollination services. If clothianidin residues found in soil are
metabolites of applied thiamethoxam, then use of thiamethoxam should also be
addressed.
Thiamethoxam is used as a seed treatment on both field corn and soybean crops
in Ontario and was applied to 1.98 million acres (66% of treated acres) in the 2016
season (MOECC, 2017). For the chronic exposure scenario, the risk to ground-nesting
bees from thiamethoxam was high for all exposure endpoints (Figure 4.5). For the acute
exposure scenario, the risk from thiamethoxam was less than 5% for all exposure
endpoints except the solitary bee surrogate LC50 (25.56%: Figure 4.4). The apparently
lower risk to ground-nesting bees from thiamethoxam may be the product of its
tendency to break down quickly into clothianidin in soil (Bonmatin et al., 2015).
Although the risk to ground-nesting bees from acute exposure to imidacloprid in
field crop soil was below the 5% threshold for all exposure endpoints (Appendix 29),
exceedance rose above the threshold for the solitary bee surrogate LC50 (9.24%) under
the chronic exposure scenario (Appendix 30). The lower risk associated with
imidacloprid in field crop soil may be because it is used in only 11% of treated field crop
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acres (MOECC, 2017). One of the main concerns around neonicotinoid insecticide
exposure for ground-nesting bees is their use in soil applications as treated seed. This
has been partially mitigated in Ontario by increased regulation of neonicotinoid-treated
corn and soybean seed (OMAFRA, 2015), but has not yet been addressed for other
crops.
4.3.4 Conclusion

In conclusion, neonicotinoid residues in soil pose a high risk to female hoary squash
bees as they construct their nests in Cucurbita-crop growing systems or in field crop
soils. These demonstrable risks for hoary squash bees seem likely to be applicable to
other species of ground-nesting bees nesting in agricultural soils. Further work is
needed to determine the relative sensitivity of the hoary squash bee to neonicotinoid
exposure compared to honey bees, and to explicitly determine the extent and impacts of
larval exposure in soil. Advances in analytical techniques are also needed to achieve
lower limits of detection in soil that mirror lethal endpoints for solitary bees. Recognition
and mitigation of risks from exposure to neonicotinoids in agricultural soil are urgently
needed to protect these important crop pollinators.
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5 Impacts of Exposure to Systemic Insecticides on Pollen
Foraging, Nest Initiation, and Reproductive Success of
the Hoary Squash Bee (Eucera (Peponapis) pruinosa).
5.1 Introduction
Conserving pollinator biodiversity, including wild and managed bees and other
taxa, is increasingly important with rising human demand for insect-pollinated crops and
increasing threats from a suite of interacting factors, including agricultural pesticides
(Aizen et al., 2008; Aizen & Harder, 2009; Garibaldi et al., 2013; Vanbergen & IPI, 2013;
Potts et al., 2016; Rader et al., 2016). Losses of pollination services will be particularly
detrimental for growers of crops like pumpkin, squash, and gourds (Cucurbita crops)
that are entirely dependent upon pollination by bees to set fruit (Hurd et al., 1971;
Whitaker & Davis, 2012).
One of the most efficient and widely distributed wild pollinators of Cucurbita crops
in North America is the hoary squash bee (Eucera (Peponapis) pruinosa (Say, 1837))
(Hurd & Linsley, 1964; Tepedino, 1981; Artz & Nault, 2011; Cane et al., 2011; Phillips &
Gardiner, 2015; López-Uribe et al., 2016). That solitary bee species exhibits an
unusually high degree of dietary specialization, depending entirely upon Cucurbita crops
(Cucurbitaceae) as its only pollen supply in many parts of its range (Patton, 1879; Hurd
& Linsley, 1964; López-Uribe et al., 2016).
Like other solitary species, hoary squash bee females are individually responsible
for nest construction, foraging, nest-cell provisioning, and egg laying (Hurd et al., 1974).
Hoary squash bees construct their nests in the ground (Mathewson, 1968), commonly
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within cropping areas (Julier & Roulston, 2009), where systemic insecticides are often
applied as soil drenches or seed treatments (Jeschke et al., 2011; Willis Chan et al.,
2019). While all bees that visit flowers of treated crops may be at risk of exposure to
systemic pesticide residues in pollen and nectar (Blacquière et al., 2012; Dively &
Kamel, 2012; Stoner & Eitzer, 2012), there is an additional exposure risk from residues
in soil for ground-nesting bees (Sgolastra et al., 2019; Willis Chan et al., 2019).
Historically almost all information on impacts of pesticide exposure for bees
existed only for honeybees (Apis mellifera (Linneaus, 1758)) as the model species
required in regulatory pesticide risk assessments for insect pollinators (Franklin &
Raine, 2019). More recently, exposure to field-realistic levels of systemic neonicotinoid
insecticides have been shown to have adverse, sublethal effects on learning and
memory (Stanley et al., 2015a; Samuelson et al., 2016), foraging behaviour (Gill et al.,
2012; Gill & Raine, 2014; Stanley et al., 2016), colony establishment (Baron et al., 2017;
Wu-Smart & Spivak, 2018), reproductive success (Whitehorn et al., 2012; Rundlöf et al.,
2015; Woodcock et al., 2017), and the delivery of pollination services (Stanley et al.,
2015b; Switzer & Combes, 2016; Stanley & Raine, 2016) in bumblebees (Bombus
spp.).
While non-social bees have received substantially less attention, results from
studies of cavity-nesting solitary bee species exposed to neonicotinoids include adverse
effects on nest establishment (Rundlöf et al., 2015), homing ability (Jin et al., 2015),
reproductive output (Sandrock et al., 2014), developmental delays (Anderson &
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Harmon-Threatt, 2019), and reduced adult size and longevity (Anderson & HarmonThreatt, 2019).
Although about 70% of solitary bee species are ground nesting, spend most of
their lives developing in soil (Linsley, 1958; Sgolastra, et al., 2019; Danforth et al.,
2019), and are often associated with agriculture, no studies have yet evaluated potential
impacts of pesticide exposure on this highly significant group of insect pollinators
(Garibaldi et al., 2013; Wheelock et al., 2016; USDA, 2017a). Furthermore, regulatory
risk assessments for pollinators currently do not consider pesticide residues in soil
because honeybees rarely come into direct contact with soil (Sgolastra, et al., 2019;
Franklin & Raine, 2019; Schäfer et al., 2019). As such, for ground-nesting bees, the
potential effects of exposure to pesticide residues in soil remains unknown.
This study is the first to evaluate the effects of exposure to a crop treated with one
of three different systemic insecticides (Admire®, A.I. = imidacloprid; FarMoreI400®,
A.I. = thiamethoxam; or Coragen®, A.I. = chlorantraniliprole) on nesting and foraging
behaviour and reproductive success for a solitary, ground-nesting bee in a semi-field
context.

5.2

Materials and Methods:

5.2.1 Study Site
To establish a captive hoary squash bee population and study the potential effects
of exposure to systemic insecticide treatments under controlled conditions, twelve (12)
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hoop houses (Width 4.80m x Length 6.10m x Height 3.05m) were set up on a farm in
Peterborough County, Ontario in 2017 (Figure 5.1).

Figure 5.1: Layout of study site in Peterborough County, Ontario, showing the arrangement and
spacing of 12 hoop houses (grey rectangles: A1-C4), the treatments applied to each one
(Admire®, Coragen® or FarMoreFI400®--described as FarMore®, or untreated control), the two
planted areas in each hoop house (green rectangles), the soil sampling layout (white asterisks),
and the soil texture gradient from most sandy to least sandy at the site.

All hoop houses were covered with 50% shade cloth to prevent introduced hoary
squash bees from escaping and to exclude other bees from entering, while allowing
exterior environmental conditions to prevail within the hoop houses (Figure 5.2). All
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doorways had both an outwards-opening door and a double plastic sheet across them
inside to prevent bees from escaping when researchers entered or left the hoop house.

Figure 5.2: Hoop house at the study site in Peterborough County, Ontario, showing the areas
planted with 28 acorn squash plants, the mulched pathways, and the central bare nesting area
(between the blue and yellow vertical markers). Hoop houses were covered with shade cloth
allowing exterior conditions to prevail inside while preventing introduced hoary squash bees from
escaping or other bees from entering. Hoary squash bees used both the mulched paths and the
bare soil area to excavate nests. Photo by Beatrice Chan. Used with permission.

Before hoary squash bees were introduced, all hoop houses were tested to ensure
they were bee proof by introducing a hive of honey bees and watching for escapees.
Honey bees are similar in size to hoary squash bees and were unable to escape from
the hoop houses, although they actively crawled over the netting. Colonies were
removed from the site at night when all honey bees were back in the hive. Subsequent
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observations of hoary squash bees confirmed that they were not able or even trying to
escape from hoop houses.
5.2.2 Crop and Insecticide Treatments
Inside each hoop house I established two growing areas for 28 plants (14 per
growing area) at spacings recommended by the seed supplier (Rupp Seeds, Inc.) and a
bare soil nesting area surrounded by a mulched path (Figure 5.2). Soil at the study site
was Otonabee loam which provided an excellent substrate for growing Cucurbita crops
and for hoary squash bees to construct their nests below ground. The site had a clear
soil texture gradient of increasing sand from north to south, represented by blocks A, B,
and C, that I knew would affect the productivity of the plants grown within each block
(Figure 5.1). To control for this, each treatment was randomly assigned within block A.
Within block B, treatment 1 was randomly assigned after removing its position in block
A, treatment 2 was then randomly assigned after removing its position in block A and
the position of treatment 1 in block B, treatment 3 was then randomly assigned by
removing its position in block A and the positions of treatment 1 and 2. Treatment 3
was assigned the remaining position. This method was used to assign all treatments so
that each treatment was represented in each block (A, B, or C) and in 3 of the 4 rows
(1-4). Pesticides were then randomly assigned as treatments 1-4. All treatments were
assigned to the same hoop houses in both 2017 and 2018.
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Acorn squash (varieties Table Star® 2017, Celebration® 2018) seeds were
planted into the growing areas in late May each year following normal Ontario farming
practice. Seeds that did not germinate within 5 days were subsequently replanted.
In three hoop houses (A4, B3, C2; Figure 5.1), seeds coated with FarMore FI400®
Technology (Insecticide: Cruiser® 5FS insecticide = 47.6% thiamethoxam, CAS No.
153719-23-4 + Fungicides: Apron XL® = 33.3% mefenoxam, CAS Nos. 70630-17-0 and
69516-34-3; Maxim® 480FS = 40.3% fludioxonil, CAS No. 131341-86-1; and Dynasty®
= 9.6% azoxystrobin, CAS No. 131860-33-8) were planted.
The remaining nine hoop houses were planted with untreated seed and treated as
follows: Hoop houses (A1, B4, C3; Figure 5.1) were treated with Admire® 240 Flowable
Systemic Insecticide (A.I. = 21.4% imidacloprid, 240 g/L, CAS No. 138261-41-3)
sprayed on the soil at seeding at the highest recommended rate for cucumber beetle
control (18 mL product./100 m row; OMAFRA, 2014); Coragen® (A.I. = 21.4%
chlorantraniliprole, 200 g/L, CAS No. 500008-45-7) was applied as a foliar spray at the
5-leaf stage of plant growth at the highest recommended rate under Ontario guidelines
for 2014-2015 (250 mL /ha; OMAFRA, 2014) in another of three hoop houses (A3, B2,
C1; Figure 5.1); and the remaining three hoop houses (A2, B1, C4; Figure 5.1) were not
treated with any pesticides as a control.
Admire® and Coragen® treatments were applied by a licensed pesticide
applicator with a hand-pumped backpack sprayer (Roundup 190367-4 gallon) using a
fan-type nozzle. The sprayer was calibrated before each application. Plants in all hoop
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houses were covered with row cover until the onset of flowering to provide a physical
barrier against the pest, cucumber beetle (Acalymma vittatum Fabricius, 1775).
Observations were made blind with respect to treatment in 2017, but I was aware
of the treatment assignments for logistical reasons in 2018. Squash plants were also
planted in the hoop houses in 2019 to support emerging bees and to facilitate their
capture, but no pesticides were applied in that year.
Squash plants began flowering during the third week of July in all years. At the
start of bloom in 2017, I discovered that the nectary of staminate (male) flowers in the
Table Star® squash variety lacked holes in the base of the stamen tissue covering the
nectary, making the nectar inaccessible to bees. To overcome this problem, team
members created three artificial holes in each staminate flower at the start of every day
by inserting a dissection needle through the stamen tissue above the nectary (Figure
5.3). This effectively mimicked the holes that should have been present and allowed
bees full access to the nectar supply throughout the experiment. I avoided this issue in
2018 by planting a different variety of acorn squash (Celebration®).
5.2.3 Hoary Squash Bee Study Population
To establish a population of hoary squash bees in the hoop houses, I captured 96
mated females (8 for each hoop house) from a farm near Guelph, Ontario that has a
large (3000+ nests) nesting aggregation. To ensure that females were mated, only
female bees entering a nest carrying a pollen load were collected from the source
population (Figure 5.4).
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Figure 5.3: Method used to create artificial slits in staminate flowers of Table Star® acorn squash synandria
with a dissection needle to allow bees access to nectaries. Photo by Beatrice Chan. Used with permission.

Figure 5.4: Hoary squash bee female (Eucera (Peponapis) pruinosa) preparing to enter her nest
with a full load of yellow Cucurbita spp. pollen on her hind legs. Female bees, such as the one
pictured here, were captured for the study as they entered their nests. Photo by Beatrice Chan.
Used with permission.

164

Bees were collected by picking them up gently between my thumb and forefinger
as they approached their nest entrance and introducing them headfirst into an aerated
2-mL microcentrifuge tube. The bees in the microcentrifuge tubes (Figure 5.5) were
kept upright in cool, dark conditions during transport. Upon arrival in Peterborough
County, the bees were transferred to a refrigerator until the following morning when
eight bees were introduced individually into each hoop house.

Figure 5.5: Aerated micro-centrifuge tubes used to transport hoary squash bees (Eucera
(Peponapis) pruinosa) from the site of capture in Guelph, Ontario to the study hoop houses in
Peterborough County. Photo by Beatrice Chan. Used with permission.

Bees were released into the hoop houses in the early morning to coincide with the
opening of squash flowers so that food was immediately available to them. All 96 bees
introduced in 2017 survived the stress of capture, transport, and release into hoop
houses and immediately flew out of the tubes on their own. Females began
establishing nests as early as four days after introduction.
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A second generation of hoary squash bees emerged in the hoop houses in
summer 2018 from nests established by the foundresses introduced in 2017. This
second generation of bees foraged, mated, and established nests in 2018. All 2018
observations were made on this second-generation and no new bees were introduced.
I recorded the number and sex of all bees that emerged in the twelve hoop houses in
2018 from nests established by the foundresses in 2017 and in 2019 from nests
established by second-generation females in 2018.
5.2.4 Nest Initiation
Observations of nesting activity were made when female hoary squash bees were
active, starting from 06:00 until bee activity ceased around 11:00 each day, by four
observers on ten different days (4-24 August) in 2017 and on eight different days (7-23
August) in 2018 (Table 5.1). Each observer was responsible for surveying three hoop
houses per day. At the beginning of every observation day, observers searched for
active nests within the hoop house and uniquely identified them with a marker (Figure
5.5). Active nests were easy to locate as bees with bright yellow pollen entering the
nest were conspicuous (Figure 5.4) and nests tended to be aggregated (Figure 5.6).
5.2.5 Pollen Harvesting
Female squash bees can collect all the nutrients they require to both survive and
provision their offspring from the nectar and pollen from Cucurbita crops (Hurd et al.,
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Table 5.1: Sampling regime for each study including the year of observation, the number of
observation days and the observation dates for the nest establishment, flower counts, and pollen
harvest studies undertaken.

Study
Nest
Establishment

Flower Counts

Pollen Harvest

% Marketable
Fruit

Description
Observers searched for active nests
within each hoop house at the start of
each observation day and marked each
nest with a unique marker (Figure 5.5).

Year
2017

# of
Obs.
Days
10

2018

8

7,9,10,13,14,15,20,23

Counted total numbers of staminate and
pistillate flowers in each hoop house
during the daily flowering period

2017

6

7,11,15,18,21,23

2018

8

7,9,10,13,14,15,20,23

Pollen harvest by the population of
hoary squash bees within each hoop
house was assessed by measuring
quantity of unharvested pollen
remaining on anthers of staminate
flowers at end of daily foraging period
Female flowers were marked each day
for 10 days during the crop flowering
period. At season end, the number of
flowers that had set fruit were counted
and related to total number of flowers

2017

2

17, 23

2017

10

4,7,10,11,15,17,18,21,
23,24

August Observation
Dates
4,7,10,11,15,17,18,21,
23,24

Figure 5.6: Hoary squash bee nests within a study hoop house showing a nest entrance with
tumulus of excavated soil and a marker with an identification number. These markers allowed
observers to accurately keep track of nests over the season. Photo by Beatrice Chan. Used with
permission.
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1974; López-Uribe et al., 2016). Staminate flowers provide both these resources, while
pistillate flowers produce only nectar. To determine any potential variation in resource
availability among treatments, the total number of flowers in each hoop house was
counted on six and eight of the observation days in 2017 and 2018 respectively (Table
5.1).
Although it was not possible to examine pollen loads collected by individual bees
directly without unduly disturbing them, pollen harvesting behaviour by the female
population within a hoop house was evaluated by quantifying the number of
unharvested pollen grains remaining on anthers of staminate flowers at the end of the
foraging period (data were collected on 17 and 23 August 2017: Table 5.1).
To do this, ten anthers were removed from staminate flowers in each hoop house
and placed individually into 2-mL microcentrifuge tubes containing 0.5 mL of 70%
ethanol. Anther samples were centrifuged at 2500 rpm for 3 minutes to dislodge the
pollen grains and the anther was removed. Subsequently, each microcentrifuge tube
was topped up with 1.5 mL of 50% glycerine solution to bring the liquid volume to 2 mL
and increase the viscosity of the solution.
Before removing aliquots, pollen samples were thoroughly mixed in the glycerine
solution using a mini-vortex mixer. I calculated the number of pollen grains remaining
on each anther by averaging counts of pollen grains across five 5-µL aliquots taken
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from each tube and relating this back to the full 2-mL volume of the pollen-glycerinealcohol suspension.
5.2.6 Reproduction
Hoary squash bees are univoltine, producing a single generation of offspring each
year. During the 30 to 45-day period that adults are active, females provision nest cells
and lay eggs that hatch and develop to the pre-pupal stage within several weeks. The
bees remain at the pre-pupal stage throughout the fall, winter, and spring, pupating just
before emerging as adults the following summer (July-August). Because offspring
emerge as adults the year after eggs were laid into nest cells, offspring counts could
only include those individuals that survived the winter and developed to maturity.
To determine the number of bees that emerged from nests established in 2017,
bees in each hoop house were collected at the end of the 2018 season. This approach
was taken because the hoary squash bees emerged over an extended period.
To evaluate the number of unmated females and males from 2017 nests, all the
wilted flowers in each hoop house were examined during the afternoons of August 23
and 24 because unmated females and males rest in them. All bees found in flowers
were counted, sexed, and removed. Mated female bees entering nests or gathering
pollen on flowers were collected in the same way at dawn on the mornings of August 24
and 25. As no bees were found in any hoop houses on the morning of August 25 or
thereafter, I concluded that all the bees had been captured. Although this method may
underestimate offspring emergence if some individuals died before I collected them at
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the end of the season, it provides useful information about the relative numbers of male
and female bees that could not otherwise be quantified.
Bees emerging from nests established in 2018 were collected daily from wilted
flowers from July 30-September 4, 2019, after which no more bees emerged. Upon
collection, each bee was sexed and released outside.
5.2.7 Crop Production
To evaluate fruit set, individual pistillate flowers were marked within each hoop
house with a flag and by scratching the date and hoop house number onto the skin of
the undeveloped fruit (ovary). This process was repeated on ten days (August 4-24
2017; Table 5.1) over the 3-week period during which hoary squash bees were active in
the hoop houses. Pistillate flowers were not always in flower in each hoop house on
any single day. At the end of the season, each marked ovary was evaluated as either
aborted or having set fruit.
Fruit set could not be evaluated in 2018 because the Celebration® variety did not
tolerate the marking technique and aborted all marked fruit. Marketable yield was
evaluated by harvesting, counting, and weighing all fruit from each hoop house and
calculating the percentage of marketable size (≥500 g).
5.2.8 Insecticide Residues
To evaluate soil insecticide residues for each treatment during the period of female
hoary squash bee activity, I took soil samples from the planted areas in each hoop
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house in 2017 and 2018 in August (Figure 5.1; Appendix 30). Samples were taken from
the top 15 cm of soil because hoary squash bees construct their nests at this depth
(Mathewson, 1968). For each planted area, four soil core samples were combined and
subsampled to produce a single 3-g sample. Cross-contamination of samples was
minimised by using disposable gloves, single-use containers and instruments. The soil
corer was cleaned thoroughly with hot soapy water to remove any soil clinging to it and
rinsed twice with clean water between hoop houses. Nectar and pollen samples were
not taken within hoop houses because of concerns about depleting food resources for
the study bees.
All samples were kept frozen at -20°C before submission for analysis to
University of Guelph Agri-Food Laboratories (ISO/IEC 17025 accredited) which used
liquid chromatography/electrospray ionization-tandem mass spectrometry (LC/ESIMS/MS) and gas chromatography-tandem mass spectrometry (GC-MS/MS) (Modified
Canadian Food Inspection Agency (CFIA) PMR-006-V1.0) to detect the presence and
determine the concentrations of imidacloprid, clothianidin, thiamethoxam, and
chlorantraniliprole in samples
5.2.9 Statistical analyses
Data were analysed using SAS® Studio University Edition version 3.8 to check for
normality, generate summary statistics and carry out analyses using generalized linear
mixed model (GLMM) procedures. Models were generated by including all measured
fixed effects, their interactions, and random effects. The model with the lowest Akaike
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Information Criterion (AIC) was chosen as the best fit (Appendix 31). There were no
competing models with AIC differences less than two. Where the random variance
component was estimated to be zero, an alternative model was generated by removing
the random effect term from the model and re-running analyses (Kiernan, 2018). Post
hoc pairwise comparisons were performed for all the significant categorical fixed effects
using differences of least square means, a t-test, and a Tukey-Kramer-adjusted p >|t|
for multiple comparisons with the SAS software package. The significance level used in
all tests was α = 0.05.

5.3

Results and Discussion
The impacts of pesticide exposure were measured directly on three important

aspects of hoary squash bee life history: nest initiation, pollen harvesting behaviour, and
reproduction (number and sex of offspring); and indirectly on the production outcomes
(fruit set and fruit quality) associated with pollination services they provide.
5.3.1 Nest Initiation
The number of nests initiated was significantly affected by insecticide treatment
and year (Model: Nest Establishment = Treatment + Year + Treatment*Year, with a
random effect of block; Treatment F3,14 = 7.33; p = 0.0034; Year F1,14 = 6.75; p = 0.0210;
Treatment*Year F3,14 = 0.67; p = 0.5833; Table 5.2; Appendix 32). Fewer nests were
established by females in Admire®-treated hoop houses compared to both other
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insecticide treatment groups and the untreated control (Figure 5.7). No significant
difference was detected between any of the non-Admire® treatments (Table 5.3).
There were no significant differences in the numbers of nests initiated by females
among the control, Coragen®, and FarMoreF1400® treatments (Table 5.3). In fact, the
mean number of nests established by bees in the Control, Coragen® and Farmore
FI400® treatments combined over two years was identical (9.83 nests), though there
were differences between hoop houses and between years reflected in differences in
standard errors among treatments (Table 5.4).
Nest initiation by female hoary squash bees exposed to Admire®-treated squash
crops was reduced by 76% in 2017 (mean ± SE: Admire®: 0.33 ± 0.33; Control: 8.67 ±
2.60; Coragen®: 8.00 ± 0.58; FarMoreF1400®: 6.00 ± 2.00) and 96% in 2018 (mean ±
SE: Admire®: 2.67 ± 2.67; Control: 11.00 ± 4.04; Coragen®: 11.67 ± 1.20;
FarMoreF1400®: 13.67 ± 2.33) compared to untreated controls (Figure 5.7; Table 5.4).
These results are consistent with studies indicating neonicotinoid-exposure can
reduce nesting activity in stem-nesting solitary bees (Sandrock et al., 2014; Rundlöf et
al., 2015) and delay or reduce the likelihood of nest establishment in bumblebees
(Baron et al., 2017; Wu-Smart & Spivak, 2018; Leza et al., 2018). My study is the first
to report an impact of neonicotinoid exposure on nesting in any solitary ground-nesting
species, arguably the most ecologically important and biodiverse group of bees. The
86% reduction in nest establishment (over 2 years) for squash bee females exposed to
Admire®-treated squash plants in real agricultural conditions incorporates both contact
with soil and consumption of contaminated nectar and pollen as potential routes of
173

Table 5.2: Test statistics for each fixed effect associated with the model of best fit (Appendix 31) for each dependent variable
(total nests established, total offspring, sex ratio, unharvested pollen, % fruit set, and % marketable fruit). Where a dash is
placed in a table cell, the effect was not included in the best fit model. See Appendix 32 for model information.
Model

Fixed Effects
Treatment

Year

Treatment*Year

Number of
Flowers
--

Total Nests Initiated
= Treatment + Year +
Treatment*Year, random effect of
Block
Unharvested Pollen
= Treatment, Repeated effect of
Observation Day, random effect of
Block
Total Offspring
= Treatment + Year + Treatment*Year
+ Flowers, random effect of Block
Sex Ratio
= Treatment + Year

F(3,14) = 7.33
p = 0.0034

F(1,14) = 6.75
p = 0.0210

F(3,14) = 0.67
p = 0.5833

F(3,114) = 37.82
p <0.0001

--

--

--

F(3,13) = 14.19
p = 0.0002

F(1,13) = 11.79
p = 0.0044

F(3,13) = 3.81
p = 0.0368

F(1,13) = 10.44
p = 0.0066

F(3,14) = 0.08
p = 0.9679

F(1,14) = 6.73
p = 0.0212

--

--

% Fruit Set
= Treatment

F(3,8) = 0.16
p = 0.9194

--

--

--

% Marketable Fruit
= Treatment + Year +
Treatment*Year, random effect of
Block

F(3,14) = 0.14
p = 0.9360

F(1,14) = 9.22
p = 0.0089

F(3,14) = 1.17
p = 0.3547

--

174

Table 5.3: Post-hoc pairwise comparisons between treatments (Admire®, or Coragen®, or FarMore F1400®) and untreated
control for dependent variables (Number of nests initiated, total offspring, unharvested pollen) showing significant effects in
best fit models (Appendix 31). Adjustments were applied to p-values to account for multiple pairwise comparisons using a
Tukey-Kramer adjustment. Identical t-values for total nest comparisons reflect identical mean values of control, Coragen®,
and FarMore F1400® treatments (see Table 5.4) over both years.
Dependent Variable
Number of Nests
Initiated

Total Offspring

Unharvested
Pollen

Treatments Compared
Admire® vs Control

DF
13

t-Value
-3.83

p > |t|
0.0018

Adj p
0.0088

Admire® vs Coragen®

13

-3.66

0.0029

0.0088

Admire® vs FarMore F1400®

13

-3.68

0.0028

0.0088

Control vs Coragen®

13

-0.00

0.9880

>0.9999

Control vs FarMore F1400®

13

-0.00

0.9984

>0.9999

Coragen® vs FarMore F1400®

13

-0.00

0.9996

>0.9999

Admire® vs Control

15

-5.98

<0.0001

0.0002

Admire® vs Coragen®

15

-5.33

0.0001

0.0007

Admire® vs FarMore F1400®

15

-3.55

0.0035

0.0163

Control vs Coragen®

15

0.80

0.4393

0.8542

Control vs FarMore F1400®

15

2.59

0.0223

0.0910

Coragen® vs FarMore F1400®

15

1.82

0.0924

0.3094

Admire® vs Control

114

9.38

<0.0001

<0.0001

Admire® vs Coragen®

114

6.72

<0.0001

<0.0001

Admire® vs FarMore F1400®

114

9.02

<0.0001

<0.0001

Control vs Coragen®

114

-2.65

0.0091

0.0443

Control vs FarMore F1400®

114

-0.36

0.7215

0.9843

Coragen® vs FarMore F1400®

114

2.30

0.0234

0.1047
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Table 5.4: Mean ± standard error (SE) for all variables evaluated in 2017 and 2018 for each
systemic insecticide treatment applied and an untreated control (n = 3 hoop houses per treatment
per year). Significant difference among treatments within a variable are noted with different
letters for each column. No letters are assigned in the year columns for the variable total nests
because there was no significant effect of year in the statistical model and for the variable sex
ratio because there was no effect of a treatment*year interaction. *significant difference is
marginal (p = 0.0585). No standard error could be calculated for the sex ratio of Admire® in 2017
and 2018 because n = 1 in each year.
Variable

Treatment

Total Nests

Admire®
Control
Coragen®
FarMore F1400®

2017
Mean ± SE
0.33 ± 0.33
8.67 ± 2.60
8.00 ± 0.58
6.00 ± 2.00

Unharvested Pollen

Admire®
Control
Coragen®
FarMore F1400®
Admire®
Control
Coragen®
FarMore F1400®
Admire®
Control
Coragen®
FarMore F1400®
Admire®
Control
Coragen®
FarMore F1400®
Admire®
Control
Coragen®
FarMore F1400®
Admire®
Control
Coragen®
FarMore F1400®

13662.0 ± 1179.6a
2168.0 ± 461.5b
5422.0 ± 1075.4c
2606.0 ± 457.0bc
3.33 ± 1.45a
23.00 ± 10.69b
18.00 ± 3.21ab
21.67 ± 4.18ab
45.44 ± 3.40
42.83 ± 8.22
48.06 ± 4.84
54.61 ± 4.57
0.5
1.17 ± 0.31
0.51 ± 0.18
0.89 ± 0.29
55.92 ± 11.30a
54.60 ± 7.80a
45.83 ± 4.16a
54.17 ± 17.81a
67.46 ± 9.58a
61.93 ± 9.30a
62.56 ± 4.11a
68.37 ± 4.24a

Total Offspring

Total Flowers

Sex Ratio

% Fruit Set

% Marketable Fruit
(fruit >500 g)

2018
Mean ± SE
2.67 ± 2.67
11.00 ± 4.04
11.67 ± 1.20
13.67 ± 2.33

Combined
Mean ± SE
1.50 ± 1.31a
9.83 ± 2.21b
9.83 ± 1.01b
9.83 ± 2.20b

3.33 ± 3.33a
42.00 ± 8.19b
42.67 ± 13.37b
20.00 ± 7.09b*
54.42 ± 0.87
46.46 ± 3.88
45.42 ± 7.30
40.21 ± 2.99
4
2.27 ± 0.46
4.42 ± 3.42
3.89 ± 1.84

3.33 ± 1.63a
35.00 ± 8.30b
32.33 ± 9.07b
22.17 ± 4.69b
49.93 ± 2.55
44.65 ± 4.15
46.74 ± 3.96
47.41 ± 4.04
1.67 ± 1.67a
1.59 ± 0.27a
2.01 ± 1.31a
1.73 ± 0.67a

76.46 ± 3.33a
84.54 ± 2.10a
76.73 ± 9.08a
70.77 ± 3.68a
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Figure 5.7: Numbers of hoary squash bee (Eucera (Peponapis) pruinosa) nests constructed over
the 2017 and 2018 seasons in hoop houses in which one systemic insecticide treatment (either
Admire®-imidacloprid, applied to soil at seeding; or Coragen®-chlorantraniliprole applied as a
foliar spray; or FarMoreFI400®-thiamethoxam applied as a seed treatment) was applied to the
Cucurbita acorn squash (Varieties: TableStar® (2017), Celebration® (2018)) crop 8-weeks before
bee active period, or the crop remained untreated as a control. Data presented are means ± SE
across three hoop houses per treatment in each year.
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exposure, whilst previous studies have focused solely on oral exposure (Sandrock, et
al., 2014; Rundlöf et al., 2015; Baron et al., 2017; Wu-Smart & Spivak, 2018; Leza et
al., 2018).
5.3.2 Pollen Harvesting
During nest construction, hoary squash bees also begin to amass pollen to
provision their nest cells (Mathewson, 1968). The reproductive success of a female
solitary bee is limited by the number of nest cells she can provision (Sandrock et al.,
2014) and the amount of pollen she harvests affects the subsequent reproductive
success of her offspring (Klostermeyer et al., 1973; Roulston & Cane, 2000; Bosch &
Vicens, 2006). Pollen collection was significantly affected by insecticide treatment
(F3,114 = 37.82; p <0.0001: Model: Unharvested Pollen = Treatment, with repeated
measure of Day and random effect of Block; Table 5.2; Appendix 32), and 5.3 time
more pollen remained unharvested on anthers in the Admire®-treated than in the
control hoop houses (Admire®: 13662.0 ± 1179.6; Control: 2168.0 ± 461.5; Coragen®:
5422.0 ± 1075.4; FarMoreF1400®: 2606.0 ± 457.0; Figure 5.8; Table 5.4). Hoary
squash bees in the Coragen®-treatment also harvested significantly less pollen than
bees in the control (t114 = -2.65, p = 0.0443), but this reduction was not reflected in fewer
nests initiated (Table 5.3). Thus, hoary squash bees exposed to Admire®-treated crops
constructed fewer nests and collected less pollen than unexposed bees or bees
exposed to Coragen® or FarMoreF1400®.
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Figure 5.8: Number of pollen grains remaining unharvested on each squash flower anther
(Cucurbita pepo, var. TableStar®) at the end of the daily foraging period (dawn to 11 am) of the
squash bee (Eucera (Peponapis) pruinosa) in 2017. Bees were kept in hoop houses in which one
systemic insecticide treatment (either Admire®-imidacloprid, applied to soil at seeding; or
Coragen®-chlorantraniliprole applied as a foliar spray; or FarMoreFI400®-thiamethoxam applied
as a seed treatment) was applied to the crop 8-weeks before the bee active period, or the crop
remained untreated as a control. Data presented are means ± SE across three hoop houses per
treatment. Bars with different letters are significantly different.

5.3.3 Reproduction
5.3.3.1 Offspring
The number of offspring produced by hoary squash bee females was significantly
affected by insecticide treatment, the year, their interaction, and the number of flowers
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in the hoop houses (Model: Offspring = Treatment + Year + Treatment*Year + Flowers,
with a random effect of Block; Treatment: F3,13 = 14.19, p = 0.0002; Year: F1,13 = 11.79,
p = 0.0044; Treatment*Year: F3,13 = 3.81, p = 0.0368; Flowers: F1,13 = 10.44, p = 0.0066;
Table 5.2; Appendix 32).
The Admire® treatment (3.33 ± 1.63) resulted in 89% fewer offspring than in the
untreated control hoop houses (35.00 ± 8.30; t13 = -5.98, p = 0.0002; Table 5.3, Table
5.4). Under the combined negative effect of exposure to Admire®-treated crops on both
nest initiation and pollen collection reported earlier, a reduction in the number of
offspring produced is not surprising (Klostermeyer et al., 1973; Roulston & Cane, 2000;
Bosch & Vicens, 2006).
The FarMoreF1400® treatment (22.17 ± 4.96) produced 36% fewer offspring than
the control, but this difference was not statistically significant (t13 = 2.59, p = 0.0910;
Table 5.3). Because the sample size was necessarily small (n = 6 hoop houses; 3 hoop
houses for 2 years for each treatment), it is possible that the effect of exposure to
FarMoreF1400® on offspring production could not be detected statistically. An
additional comparison of the impacts of FarMoreF1400® treatment with an untreated
control using an increased sample size could more effectively rule out lingering
concerns about this insecticide treatment having a measurable impact on squash bee
reproduction. Besides the direct effects of thiamethoxam, its metabolite clothianidin, is
of concern because it is known to be highly toxic to bees as a topical application (ScottDupree et al., 2009; Sandrock et al., 2014; Bonmatin et al., 2015; Rundlöf et al., 2015;
Hilton et al., 2016).
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There was no significant difference in offspring production between Coragen®
(32.33 ± 9.07; Table 5.4) and the untreated control (35.00 ± 8.30; t13 = 0.08, p = 0.8542;
Table 5.3).
The significant increase in offspring production between 2017 (mean ± SE: 0.79 ±
0.14) and 2018 (mean ± SE: 2.82 ± 0.76) is unsurprising as there were more female
parents in most hoop houses in 2018 than in 2017 (Table 5.2). However, the lack of
increase in the Admire® and FarMoreFI400® treatments is notable (Figure 5.9; Table
5.4) and contributed to the significant interaction between treatment and year (Appendix
33). I found a positive relationship between number of flowers in hoop houses and
offspring production (Effect size: 1.02 ± 0.31, t13 = 3.23, p = 0.0066; Y = 1.157 +
0.467X), but the correlation between the number of flowers and the number of offspring
was low (r2 = 0.0423).
5.3.3.2 Sex Ratios
Although solitary bees may shift towards male-biased offspring sex ratios after
exposure to sublethal doses of neonicotinoids (Sandrock et al., 2014), I found no effect
of exposure to systemic insecticide treatments (Admire®, Coragen®, FarMoreF1400®)
on the sex ratio of hoary squash bees under field conditions (Model: Sex Ratio =
Treatment + Year; Treatment: F3,14 = 0.08, p = 0.9679), although there was a significant
effect of year (F1,14 = 6.73, p = 0.0212; Table 5.2; Appendix 32).
For all treatments, offspring sex ratios varied substantially from year-to-year (mean
± SE: Admire® 2017: 0.50, 2018: 4.00; Control 2017: 1.17 ± 0.31, 2018: 2.27 ± 0.46;
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Coragen® 2017: 0.51 ± 0.18, 2018: 4.42 ± 3.42; FarMoreF1400® 2017: 0.89 ± 0.29,
2018: 3.89 ± 1.84; Table 5.4), and became substantially more male-biased between
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Figure 5.9: Number of hoary squash bee offspring from nests established by mated female bees in
2017 and 2018. In 2017, eight mated foundress hoary squash bee females were introduced into
each hoop house in which one systemic insecticide treatment (either Admire®-imidacloprid,
applied to soil at seeding; or Coragen®-chlorantraniliprole applied as a foliar spray; or
FarMoreFI400®-thiamethoxam applied as a seed treatment) was applied to the squash crop
(Varieties: TableStar® (2017), Celebration® (2018)) 8-weeks before bee active period, or the crop
remained untreated as a control. Data presented are means ± SE across three hoop houses per
treatment in each year.
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2017 and 2018 for all treatments combined (2017: 0.79 ± 0.14; 2018: 3.52 ± 1.05). Sex
ratios in the Admire® treatment are from a single hoop house, thus no standard error
could be calculated within a year.
The year effect is unlikely to be caused by weather differences which would be
expected to have impacted shallower (male-bearing) nest cells more severely than
deeper (female-bearing) nest cells (Stephen et al., 1969). However, pollen supplies in
the hoop houses may have become limiting as populations increased from the initial
eight foundress bees in 2017 to about 16.5 bees per hoop house in 2018, perhaps
causing females to put restricted pollen resources into male offspring that require less
pollen to develop (Seidelmann et al., 2010).
5.3.4 Summary of Nesting Phase Effects
For all hoary squash bee behavioural and population effects in this study (i.e., nest
establishment, pollen harvesting, and offspring production), there was strong evidence
of negative impacts of exposure to an Admire®-treated crop under ecologically and
agriculturally realistic field conditions. There are also negative impacts on offspring
production associated with exposure to FarMoreFI400®-treated crops (though these are
not statistically significant in the current study) and negative impacts on pollen
harvesting with exposure to Coragen®-treated crops. Potential routes of exposure to
systemic insecticides in this system include topical exposure to soil-applied
neonicotinoids (Admire® applied in-furrow at seeding or FarMoreFI400® applied as
seed coating) during nest construction, topical exposure to chlorantraniliprole applied to
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crop leaves, and topical and oral exposure to all three systemic insecticides in the
nectar and pollen of the squash crop. Which route(s) contributed most to the observed
effects could not be discriminated in this study, representing an important knowledge
gap for future research. For hoary squash bees exposed to an Admire®-treated squash
crop, the number of nests being produced was strongly reduced (Figure 5.7), with
considerably lower levels of pollen collection (Figure 5.8) and fewer offspring being
produced (Figure 5.9).
These reductions in the number of hoary squash bee offspring produced in
Admire®-treated hoop houses were substantial and should be of concern to growers,
pesticide regulators, and those engaged in pollinator conservation. It is notable that
exposure to Coragen®-treated crops (chlorantraniliprole applied as a foliar spray)
seemed to have had little measurable negative impact on the reproduction parameters
assessed. As such Coragen® may offer a viable crop protection alternative to Admire®.
Although it appears to be less harmful than soil applied Admire® for squash bees,
further work is needed before concluding FarMoreF1400® (thiamethoxam applied to
seed) represents a low impact plant protection product for squash growers.
5.3.5 Crop Production
From an economic perspective, growers value pollinators for their contribution to
yield and quality. For squash crops, bees are especially important because the pollen is
too large and heavy to be moved between the separate male and female flowers by
wind (Whitaker & Davis, 2012). The pollen load deposited on the stigmas of female
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flowers affects both the number of seeds set per fruit, and the subsequent fruit quality
(Winsor et al., 1987). Therefore, I evaluated the effect of exposure to crops treated with
systemic insecticides (Admire®, Coragen®, FarMoreF1400®) on the hoary squash
bee’s ability to deliver pollination services as measured by percent fruit set and percent
marketable fruit (fruit >500g) in the crop.
I found no measurable effect of treatment on either fruit set (Model: % Fruit Set =
Treatment; Treatment: F3,8 = 0.16, p = 0.9194) or marketable fruit yield (Model: %
Marketable Fruit = Treatment + Year + Treatment*Year, random effect of Block;
Treatment: F3,14 = 0.14, p = 0.9360; Table 5.2; Appendix 32). These results are
surprising considering that hoary squash bees in the Admire®-treated crops removed
much less pollen from squash flowers than hoary squash bees in other treatments.
Nonetheless, enough pollen was moved in all treatments to achieve the crop’s
physiological fruit set limit of about 50% (Table 5.4; Winsor et al., 1987; Whitaker &
Davis, 2012). There was an effect of year on percent marketable fruit (F1,14 = 9.22, p =
0.0089), but that is likely because of varietal differences.
Thus, although hoary squash bees may not reproduce when exposed to an
Admire®-treated squash, within a season the bees may still provide effective crop
pollination services. However, those services could be severely reduced in subsequent
seasons unless hoary squash bees disperse into the crop from other locations such as
nesting aggregations outside of production areas that are not exposed to neonicotinoids
(e.g., on lawns, see Kevan et al., 1989). Regardless, depending on yearly repopulation
from another location is a poor long-term strategy for achieving stable pollinator
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populations in squash crops. Clearly, the issue of pollinator population health and
stability would be opaque to growers if they determine the health of their growing
system based on pollination success within a single season.
Although honey bees can provide pollination services to squash crops, replacing
wild pollinators with managed honey bees may not be sustainable because global
pollination demand for managed hives has already substantially outstripped supply
(Aizen et al., 2008; Aizen & Harder, 2009). Furthermore, in many crops, yield and
quality are improved by the pollination services of many diverse pollinator taxa (Kremen
et al., 2002; Garibaldi et al., 2013).
5.3.6 Insecticide Residues
Although clothianidin was not applied as a treatment, it is a common, persistent
metabolite of thiamethoxam (Bonmatin et al.,2015; Hilton et al., 2016) and was detected
at low mean concentrations in many of the hoop house soils in both 2017 (0.32-6.36
ppb) and 2018 (1.0-3.6 ppb) (Appendix 31).
In 2017, imidacloprid residues were found at mean concentrations ranging from
7.1-28.8 ppb in the Admire®-treated hoop houses and in one FarMoreF1400®-treated
hoop house. In 2018, the mean concentrations of imidacloprid residues in the Admire®treated hoop houses were higher (44.6-142.6 ppb) (Appendix 30). Imidacloprid
residues were not detected at quantifiable levels in non- Admire®-treated hoop houses
in 2018. The higher 2018 levels of imidacloprid may be the result of accumulation in the
soil over two years of application.
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Thiamethoxam residues were detected in one control hoop house (5.4 ppb) and
one FarMoreF1400®-treated hoop house in 2017 and were detected at in all
FarMoreF1400®-treated hoop houses in 2018 (1.1-16.6 ppb). Thiamethoxam is quickly
broken down in soil to it metabolites, one of which is clothianidin (Bonmatin et al., 2015;
Hilton et al., 2016).
The mean concentration of chlorantraniliprole residues only exceeded the
minimum quantifiable limit in one hoop house in 2017 but was detected above that limit
in all three Coragen®-treated hoop houses in 2018 (8.1-23.8 ppb).

5.4 Conclusions
I have demonstrated the negative impacts on nest initiation, pollen harvesting, and
offspring production of exposure to Admire®-treated squash crops for the hoary squash
bee, one of the most important native pollinators of Cucurbita crops. The negative
implications for the hoary squash bee may be an indication of a wider negative impact
on many other ground-nesting, solitary bee species that forage on or nest around a
wide variety of other neonicotinoid-treated crops. The potential impacts for
neonicotinoid insecticides that are applied to soil as drenches or seed treatments,
should be further scrutinized to ensure that they are not impacting ground-nesting bees
before registrations are granted or renewed. As such, the importance of my findings
should resonate with regulatory agencies seeking to ensure the environmental safety of
pesticides, growers who depend on the pollination services of ground-nesting bees to
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produce a crop, and conservationists seeking to understand the mechanisms for
pollinator decline.
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6 Conclusions and Recommendations
6.1 Summary
Cucurbita crop growers benefit from the pollination services of wild (including
hoary squash bee, bumble bees, and other wild bees) and managed (honey bees)
bees. They are mindful of the dilemma that they are in, caught between their complete
dependence upon bees to produce marketable fruit and their need to control the pest
insects that harm their crop. It is the role of the Pest Management Regulatory Agency
(PMRA) of Health Canada to scrutinize evidence of efficacy and environmental safety of
new (or previously registered) pesticides before registering (or re-registering) them for
use on agricultural crops in Canada. Assessing the potential risks to pollinators from
pesticide exposure is part of that mandate. The Ontario Ministry of Agriculture, Food,
and Rural Affairs (OMAFRA) has a role to advise growers with respect to the pollination
and production aspects of their crops and to make clear, best practice
recommendations regarding pesticides use patterns from the suite of registered
pesticides in Canada.
In Ontario, the hoary squash bee is obligately associated with pumpkin, squash,
and gourds grown as agricultural crops because there are no wild Cucurbita in this part
of its range. This creates a unique situation in which the hoary squash bee benefits
from a concentration of habitat resources (pollen, nectar, and resting, mating and
nesting sites) within agricultural contexts. However, the species is also more likely to be
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exposed to systemic pesticides used to control crop pests than bees that nest and
forage in natural habitats.

6.2 Conclusions
My thesis has established four broad conclusions to inform evidence-based
decision making by the PMRA and OMAFRA: (1) wild bees (especially hoary squash
bees) are more important than managed honey bees for pollination of Cucurbita crops
in Ontario (Chapter 2); (2) the behaviour and life history of hoary squash bees supports
Cucurbita crop pollination and is likewise well supported by Cucurbita crops (Chapter 3);
(3) there is a high risk of lethal exposure to neonicotinoids in agricultural soil for the
hoary squash bee and ground-nesting bees more generally (Chapter 4); and (4) there
are clear negative impacts on pollen harvesting, nest initiation and offspring production
for hoary squash bees from exposure to crops treated with systemic insecticides,
especially the neonicotinoid imidacloprid applied to soil (Chapter 5).
Conclusion 1: Wild bees (especially hoary squash bees) are more important than
managed honey bees for pollination of Cucurbita crops in Ontario.
Insect visitors to the Cucurbita crop flowers in Ontario include hoary squash bees,
honey bees, bumble bees and other solitary bees. Within the daily and seasonal
pollination windows of Cucurbita crops, more than 75% of the flower visits were made
by hoary squash bees, followed by honey bees, bumble bees, and other wild bees in
decreasing order.
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The relative abundance of the various taxa visiting Cucurbita crop flowers differed
between Ontario and other locations in the northeastern United States, indicating that
pollination guidelines need to be developed locally rather than across jurisdictions. The
relative paucity of bumble bees and other wild solitary bees on Cucurbita crop flowers in
Ontario compared to other jurisdictions may be an indication of a lack of sufficient
suitable pollinator habitat in Ontario’s agro-ecosystems.
The community of bee visitors to Cucurbita crop flowers varied from farm to farm,
although all farms had hoary squash bees and most also had honey bees. Generally,
the abundance of hoary squash bees and bumble bees peaked early in the daily
pollination window and remained the same throughout the daily flowering period,
allowing maximum opportunity to provide pollination services. The abundance of honey
bees and other wild bees visiting the crop flowers peaked after the daily pollination
window.
Among a suite of bees, hoary squash bees appear to be the primary flower visitors
(and pollinators) to Cucurbita crops in Ontario because of their ubiquity and abundance.
This finding should be reflected in provincial pollination guidelines and in policies or
incentives to protect the nesting and foraging habitat of hoary squash bees on farms in
Ontario.
I have provided benchmarks that can be used by growers in Ontario to compare
the abundance of bee visitors to Cucurbita crops on their farms to provincial means and
medians. Presently in Ontario to qualify for crop insurance, Cucurbita crop growers
must follow pollination guidelines set out by the provincial government which do not
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reflect the pollination services provided by wild bees, especially hoary squash bees. My
benchmarks represent a more appropriate, cost-saving, and effective alternative to the
current pollination guidelines that recommend a set number of managed honey bee
hives per acre of crop.
Conclusion 2: The behaviour and life history of hoary squash bees supports
Cucurbita crop pollination and is likewise well supported by Cucurbita crops.
Understanding the behaviour and life history of the most abundant bee visitors
(hoary squash bees) becomes critical to protecting and enhancing the pollination
services they provide for growers.
Emergence of adult hoary squash bees from their ground nests occurred over an
extended period that aligns well with Cucurbita crop flowering. However, at my study
site in Peterborough County, I found some evidence of a partial phenological mismatch
between hoary squash bee emergence and the seasonal crop pollination window (midJuly to mid-August). From the bee perspective the observed phenological mismatch is
much less significant because bees that emerge after the seasonal pollination window
are still supported with nectar and pollen resources from the crop as well as mating and
resting sites. However, it is likely that a small proportion of hoary squash bee females
emerge too late in the season to reproduce before flowering ceases.
Male hoary squash bees are substantially smaller than females. I found many
more male than female hoary squash bees overall (seasonal sex ratio >2.0), although
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the sex ratio changed from day-to-day and between locations. Intra-sexual competition
for receptive females was high and increased over the season.
Female hoary squash bees were able to gather enough pollen to provision a single
nest cell within one Cucurbita crop flowering cycle, enabling them to produce a
maximum of one offspring per day.
Hoary squash bees use Cucurbita flowers for mating. About one-third of male
hoary squash bee visits to flowers were spent searching for mates, with the remaining
spent gathering nectar. Mate searching by males occurred throughout the daily and
seasonal Cucurbita crop flowering period.
Males and unmated females seek out wilting Cucurbita flowers in which to rest
during the afternoon and night. The low occupancy rate of wilted flowers by resting
bees suggested resting places were not limiting for hoary squash bees, although there
were differences among farms.
Conclusion 3: There is a substantial risk of exposure to lethal levels of
neonicotinoids in agricultural soil for the hoary squash bee and ground-nesting
bees more generally.
Hoary squash bees, and likely other ground-nesting bee species, are exposed to
pesticide residues in soil during the process of nest construction in Ontario’s agricultural
soil. Female hoary squash bees move about 200 times their own mass in soil (i.e., 33.5
g) to construct a single five-cell nest. This soil quantity can be considered a model for
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the extent of exposure to pesticides in soil for other ground-nesting bees until more
information becomes available.
For hoary squash bees, and other ground-nesting bees, agricultural soil poses a
much higher risk of exposure to neonicotinoids than do nectar or pollen because
residues are present in soil in higher concentrations, are more ubiquitous, and the
amount of soil the bees are exposed to during nest construction is much higher than the
amount of nectar or pollen they either handle or consume.
Although honey bees are not generally directly exposed to soil, future pollinator
pesticide risk assessments should include an assessment of risk of direct exposure
from soil as about 70% of bee species nest in the ground, many of which are found in
association with agriculture and provide essential pollination services.
When a female hoary squash bee builds a complete 5-cell nest in the ground, the
risk of chronic exposure to lethal doses of neonicotinoids is often higher (in some cases
much higher) than the acceptable risk threshold of 5%. There are differences in
pesticide residue profiles between Cucurbita crop soils and agricultural soils more
generally which reflect pesticide use patterns between crop types. Recognition and
mitigation of the risks of chronic cumulative exposure to neonicotinoids in agricultural
soil for ground nesting bees are urgently needed to protect these important crop
pollinators.
Advances in analytical techniques are also needed to achieve lower limits of
detection in soil that better align with sublethal endpoints for solitary bees.
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Conclusion 4: There are clear negative impacts on pollen harvesting, nest
initiation and offspring production for hoary squash bees when exposed to
Cucurbita crops treated with systemic insecticides, especially imidacloprid.

Exposure to sublethal doses of pesticides can cause detrimental effects for
individuals and populations. Here I have demonstrated clear negative impacts on pollen
harvesting, nest initiation, and offspring production by female hoary squash bees
exposed to Cucurbita crops that were treated with soil-applied imidacloprid as
compared with an untreated control.
I could detect no measurable effects on nest initiation and offspring production for
female hoary squash bees exposed to Cucurbita crops treated with thiamethoxam
(FarMoreI400® as a seed treatment) or chlorantraniliprole (Coragen® as a foliar spray
at the 5-leaf stage). However, the effects of thiamethoxam exposure warrant further
investigation because of the 35% reduction in offspring production associated with
exposure to it. Exposure to chlorantraniliprole (Coragen®) caused a reduction in pollen
harvesting compared to the untreated control.
Taking these substantial sublethal impacts together with the appreciable risks of
exposure in agricultural soil, future pollinator risk assessments should consider
agricultural soil as a route of exposure for the large segment of wild bees that nest in
the ground.
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6.3 Recommendations
The following are recommendations that I put forward based on my research:
• Pollination guidelines for Cucurbita crops in Ontario should recognize that a
suite of bees visits the crop flowers, providing pollination services. Among
those, of primary importance is the hoary squash bee.
• Rather than using a recommended honey bee stocking rate, pollination services
should be evaluated by counting all the bees on crop flowers using the method
described in this thesis (see 2.2.3) and comparing results to the provincial
benchmarks I have outlined. Evaluations could be done by crop scouts or
growers and provincial benchmarks could be updated every 5 years.
• More work is needed to understand the behaviour and life history of the hoary
squash bee fully. Filling these knowledge gaps will allow for better conservation
measures and guidelines for Cucurbita crop growers to protect their most
important pollinator.
• Pollinator risk assessments should consider soil, as well as pollen and nectar,
as a route of exposure for bees. The hoary squash bee represents an excellent
model organism to represent ground-nesting bees because it is common,
abundant, and easy to maintain in semi-field conditions.
• Imidacloprid application to soil should be avoided due to the serious negative
impacts it has on foraging, nest initiation, and offspring production of the hoary
squash bee and likely other ground-nesting bees. Indeed, all soil persistent
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agricultural pesticides should be scrutinized for their effects on ground nesting
bees before registration or renewal.

6.4

Limitations
The following are important limitations on my work:
• In my census of bee visitors to Cucurbita crops (chapter 2), I was unable to
sample all farms, years, and times equally because of travel distances and
changing access to private property from year to year.
• Much of my work on the phenology of hoary squash bees (chapter 3) was
carried out in hoop houses that were being used for my other experimental work
with pesticides. I was careful to check results from hoop houses for an effect of
treatment, but if treatment effects were small, they may not have been detected.
• Not all parts of my work on hoary squash bee nest cell provisioning (chapter 3)
could be carried out at the same site (i.e., some data were from the hoop
houses and some data were collected from farms), thereby increasing variability
of results.
• My work on the risk to ground nesting bees from neonicotinoid residues in
Cucurbita crop soil (chapter 4) was hampered by limits of detection in analytical
testing that were higher than the least observable effects concentrations.
• A lack of knowledge about the percent of soil residues that can penetrate the
cuticle of ground-nesting bees made it difficult to evaluate exposure (chapter 4).
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I compensated by presenting exposure scenarios that reflected penetration
rates of 10-100%.
• Because of financial limitations, I was only able to erect 12 hoop houses to
study the effects of exposure to systemic insecticides (chapter 5). Despite the
small sample size, the results for imidacloprid were clear because effects were
large. However, for thiamethoxam or chlorantraniliprole with much smaller
effects, the lack of statistical power may permit a type II error (declaring no
effect when there is one). Thus, the lack of effects of those insecticides should
be interpreted with great care.

6.5

Knowledge gaps
The hoary squash bee is one of the most studied ground-nesting solitary bee

species. Here, progress has been made in elucidating the implications of the close
relationship between hoary squash bees and Cucurbita crops in Ontario. However,
knowledge gaps include the following:
• To date we know nothing about the effect on hoary squash bee larvae of
developing in agricultural soils that contain pesticide residues.
• We also lack certainty about whether thiamethoxam applied as a seed
treatment can be considered an acceptable risk for ground-nesting bees.
• The northern range limit of the species remains unknown, and we do not have
sufficiently good data to determine whether emergence times vary across the
province, although I strongly suspect they do.
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• We have not yet developed reliable techniques to attract hoary squash bees to
protected, designated nesting areas, and almost no information exists about
how nesting aggregations develop.
• Empirical confirmation of monandry among female hoary squash bees and
more information about male behaviour in flowers is needed.
• The rates of nest parasitism and brood diseases are unknown as are the
differential effects of each on developing males and females.
• Lastly, although I have successfully introduced and raised hoary squash bees in
captivity in hoop houses, work remains to be done on developing smaller, less
expensive systems that could be used in labs to study this species particularly
with respect to pesticide exposure.

Because of its special relationship with Cucurbita crops, the hoary squash bee is
important. However, it is doubly important as a model organism to represent the many
overlooked ground nesting bee species that are more difficult to study. It is my hope that
my research makes clear the primary contribution of wild bees to the Cucurbita cropping
system in Ontario. Perhaps an increased understanding of one ground nesting bee
species that provides important crop pollination services may act as an impetus for
growers, agricultural advisors, and pesticide regulatory agencies to better protect wild
bees in agricultural environments generally.
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APPENDICES

Appendix 1: Sampling details for pollen counts from Cucurbita crop flowers including sampling
time, number of sampling days, number of synandrium samples and frequency of sampling for
each sampling time.

Sampling Time
Pre-dawn
06:00
07:00
08:00
09:00
10:00
11:00
12:00

Number of
Sampling Days
3
12
12
12
12
12
4
1

Number of Synandrium
Samples
28
104
102
110
108
107
45
10

Sampling Frequency
0.05
0.17
0.17
0.18
0.18
0.17
0.07
0.02
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Appendix 2: Summary of bee census sampling details broken down by farm, year, period within
the season, and time of day collected. The number of bees 25-flower counts and sampling
frequency for each categorical effect and effect level are presented for the full data set (spanning
the entire seasonal and daily flowering period) and benchmark data set (seasonal window
samples from mid-July to mid-August (period 1 and 2) and daily samples from 06:00-08:00
pollination windows only).
Full Data Set
Effect
Farm

Year

Period

Time

Effect Level
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
2015
2016
2017
2018
0 (July 01-15)
1 (July 16-31)
2 (Aug 01-15)
3 (Aug 15-31)
06:00 a.m.
07:00 a.m.
08:00 a.m.
09:00 a.m.
10:00 a.m.
11:00 a.m.
12:00 p.m.

Number of 25Flower Counts
88
165
313
173
131
68
124
108
10
16
28
12
29
210
39
33
5
13
16
96
306
618
561
13
682
602
166
146
314
342
348
223
160
148

Sampling
Frequency
0.06
0.10
0.20
0.11
0.08
0.04
0.08
0.07
0.01
0.01
0.02
0.01
0.02
0.13
0.02
0.02
<0.01
0.01
0.01
0.06
0.19
0.39
0.35
0.08
0.43
0.38
0.10
0.09
0.20
0.22
0.22
0.14
0.10
0.09

Benchmark Data Set
Number of 25Flower Counts
34
84
120
62
61
44
53
56
6
12
8
8
4
52
7
23
4
7
10
36
173
200
246
347
308
120
259
276
-

Sampling
Frequency
0.05
0.13
0.18
0.09
0.09
0.07
0.08
0.09
0.01
0.02
0.01
0.01
0.01
0.08
0.01
0.04
0.01
0.01
0.02
0.05
0.26
0.31
0.38
0.53
0.47
0.18
0.40
0.42
-
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Appendix 3: Pollen count per Cucurbita synandrium (estimates of least squares means ±
standard error) for each time of day for the dependent variable. Model: Pollen count = Time (AIC =
13795.9, N = 614, F7,606 = 32.99, p <0.0001). Pre-dawn counts were made on flowers that had not
been visited by bees and represent the maximum pollen load on a synandrium.
Time (24 h format)
Pre-dawn
06:00
07:00
08:00
09:00
10:00
11:00
12:00

LSMeans ± SE
33850.00 ± 3901.19
34533.00 ± 2024.23
11719.00 ± 2043.98
6188.23 ± 1968.25
2248.52 ± 1986 .39
1635.22 ± 1995.65
486.22 ± 3077.30
1132.00 ± 6527.94
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Appendix 4: Pairwise comparisons for the variable pollen count per Cucurbita synandrium by
time. Model: Pollen count = Time (F7,606 = 32.99, p <0.0001). P-value is Tukey-Kramer adjusted.
Times are expressed using a 24-hour clock.
Effect
Time
Time
Time
Time
Time
Time
Time
Time
Time
Time
Time
Time
Time
Time
Time
Time
Time
Time
Time
Time
Time
Time
Time
Time
Time
Time
Time
Time

Comparison of Times
Pre-dawn
Pre-dawn
Pre-dawn
Pre-dawn
Pre-dawn
Pre-dawn
Pre-dawn
06:00
06:00
06:00
06:00
06:00
06:00
07:00
07:00
07:00
07:00
07:00
08:00
08:00
08:00
08:00
09:00
09:00
09:00
10:00
10:00
11:00

06:00
07:00
08:00
09:00
10:00
11:00
12:00
07:00
08:00
09:00
10:00
11:00
12:00
08:00
09:00
10:00
11:00
12:00
09:00
10:00
11:00
12:00
10:00
11:00
12:00
11:00
12:00
12:00

Diff. LSMeans
-684
22131
27661
31601
32214
33363
32718
22814
28345
32285
32898
34047
33401
5531
9470
10084
11233
10587
3940
4553
5702
5056
613
1762
1117
1149
503
-668

SE
4395.09
4404.22
4369.59
4377.79
4382.00
4968.81
7604.82
2876.69
2823.38
2836.06
2842.55
3683.38
6834.58
2837.58
2850.19
2856.65
3694.27
6840.45
2796.38
2802.96
3652.91
6818.21
2815.73
3662.72
6823.47
3667.75
6826.17
7216.91

DF
606
606
606
606
606
606
606
606
606
606
606
606
606
606
606
606
606
606
606
606
606
606
606
606
606
606
606
606

t value
-0.16
5.02
6.33
7.22
7.35
6.71
4.30
7.93
10.04
11.38
11.57
9.24
4.89
1.95
3.32
3.53
3.04
1.55
1.41
1.62
1.56
0.74
0.22
0.48
0.16
0.31
0.07
-0.09

Adj. p
>0.9999
<0.0001
<0.0001
<0.0001
<0.0001
<0.0001
0.0005
<0.0001
<0.0001
<0.0001
<0.0001
<0.0001
<0.0001
0.5175
0.0211
0.0105
0.0501
0.7810
0.8532
0.7355
0.7734
0.9957
>0.9999
0.9997
>0.9999
>0.9999
>0.9999
>0.9999
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Appendix 5: Pairwise comparisons of the abundance of bee taxa (hoary squash bees, bumble
bees, other wild bees, and honey bees) visiting 25 Cucurbita crop flowers in Ontario, Canada,
2015-2018. Model: Abundance = Bee Taxa, AIC = 33890.6. P-value is Tukey-Kramer adjusted.
Effect
Abundance

Comparison of Taxa

Abundance

Hoary Squash
Bees
Hoary Squash
Bees
Hoary Squash
Bees
Bumble Bees

Abundance

Bumble Bees

Abundance

Honey Bees

Abundance
Abundance

Bumble
Bees
Other
Wild Bees
Honey
Bees
Other
Wild Bees
Honey
Bees
Other
Wild Bees

Diff.
LSMeans
3.9570

SE

DF

t value

Adj. p

0.1256

6316

-31.51

<0.0001

3.9728

0.1256

6316

31.63

<0.0001

2.6764

0.1256

6316

-21.31

<0.0001

0.0158

0.1256

6316

0.13

0.8997

-1.2806

0.1256

6316

-10.19

<0.0001

2.6764

0.1257

6316

10.32

<0.0001
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Appendix 6: Model information for each bee taxon variable (hoary squash bees, bumble bees,
other wild bees, honey bees, total bees) for the full data set (19 farms, 4 years, 4 periods, and 7
time intervals) in Ontario, Canada, 2015-2018.
Model
Total Hoary Squash Bees =
Year + Time + Honey Bees +
Bumble Bees + Other Wild
Bees
Male Hoary Squash Bees =
Year + Time + Honey Bees +
Bumble Bees + Other Wild
Bees
Female Hoary Squash Bees =
Year + Time + Honey Bees +
Bumble Bees + Other Wild
Bees

Bumble Bees = Year + Time +
Hoary Squash Bees + Other
Wild Bees + Honey Bees

Other Wild Bees = Year +
Time + Hoary Squash Bees +
Bumble Bees + Honey Bees +
Year*Hoary Squash Bees

Honey Bees = Year + Time +
Hoary Squash Bees + Other
Wild Bees + Bumble Bees

Total Bees = Year + Time

N Obs.

AIC

Effect

F value

p value

1577

9793.9

Year
Time
Bumble Bees
Other Wild Bees
Honey Bees

F3,1529 = 16.11
F6,1547 = 0.66
F1,1555 = 2.07
F1,1561 = 4.11
F1,1559 = 0.83

<0.0001
0.6791
0.1500
0.0429
0.3613

1577

9062.4

Year
Time
Bumble Bees
Other Wild Bees
Honey Bees

F3,1502 = 3.54
F6,1549 = 1.21
F1,1558 = 2.20
F1,1563 = 3.07
F1,1562 = 1.61

0.0142
0.2976
0.1384
0.0798
0.2041

1577

6665.4

Year
Time
Bumble Bees
Other Wild Bees
Honey Bees

F3,1544 = 67.47
F6,1546 = 2.98
F1,1553 = 0.52
F1,1559 = 3.15
F1,1557 = 0.08

<0.0001
0.0068
0.4699
0.0763
0.7753

1577

4898.9

Year
Time
Hoary Squash
Bees
Other Wild Bees
Honey Bees

F3,1153 = 28.38
F6,1551 = 2.97

<0.0001
0.0069

F1,1502 = 1.90
F1,1541 = 6.49
F1,1553 = 0.20

0.1688
0.0109
0.6544

Year
Time
Hoary Squash
Bees
Bumble Bees
Honey Bees

F3,1454 = 17.88
F6,1551 = 5.17

<0.0001
<0.0001

F1,1558 = 4.30
F1,1560 = 7.16
F1,1564 = 1.40

0.0383
0.0075
0.2375

Year
Time

F3,1397 = 64.12
F6,1551 = 14.30

<0.0001
<0.0001

F1,1554 = 0.82
F1,1561 = 0.27
F1,1563 = 1.41
F3,1516 = 3.33
F6,1515 = 3.99

0.3649
0.6060
0.2352
0.0188
0.0006

1577

1577

1581

5070.5

7669.9

10205.9

Hoary Squash
Bees
Bumble Bees
Other Wild Bees
Year
Time

236

Appendix 7: Pairwise comparisons of the abundance by year of total bees and hoary squash
bees, including total counts and counts broken down by sex, visiting 25 Cucurbita crop flowers in
Ontario, Canada, 2015-2018. P-values are Tukey-Kramer adjusted. See Appendix 6 for model
information.

Variable
Total bees

Total hoary squash bees

Male hoary squash bees

Female hoary squash
bees

Comparison of
Years
2015
2016
2015
2017
2015
2018
2016
2017
2016
2018
2017
2018

Diff
LSMeans
-2.3132
-2.0245
-2.5637
0.2888
-0.2504
-0.5392

SE
0.8610
0.7855
0.8172
0.5324
0.5262
0.4387

DF
1446
1523
1497
1518
1478
1568

t value
-2.69
-2.58
-3.14
0.54
-0.48
-1.23

Adj. p
0.0366
0.0493
0.0094
0.9486
0.9644
0.6084

2015
2015
2015
2016
2016
2017
2015
2015
2015
2016
2016
2017

2016
2017
2018
2017
2018
2018
2016
2017
2018
2017
2018
2018

-3.4068
-0.3745
-2.3596
3.0322
1.0472
-1.9850
-1.3892
-0.9106
-1.6676
0.4786
-0.2784
-0.7570

0.7670
0.7043
0.7272
0.4905
0.4786
0.4166
0.6050
0.5565
0.5742
0.3875
0.3777
0.3296

1473
1542
1516
1534
1494
1564
1419
1521
1479
1510
1451
1561

-4.44
-0.53
-3.24
6.18
2.19
-4.76
-2.30
-1.64
-2.90
1.24
-0.74
-2.3

<0.0001
0.9513
0.0066
<0.0001
0.1269
<0.0001
0.0993
0.3584
0.0195
0.6045
0.8821
0.0993

2015

2016

-2.0126

0.2827

1507

-7.12

<0.0001

2015
2015
2016
2016
2017

2017
2018
2017
2018
2018

0.5246
-0.7003
2.5372
1.3123
-1.2249

0.2593
0.2679
0.1806
0.1764
0.1532

1554
1537
1548
1521
1564

2.02
-2.61
14.05
7.44
-7.99

0.1799
0.0447
<0.0001
<0.0001
<0.0001
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Appendix 8: Pairwise comparisons of the abundance by year of bumble bees, other wild bees,
and honey bees visiting 25 Cucurbita crop flowers in Ontario, Canada, 2015-2018. P-values are
Tukey-Kramer adjusted. See Appendix 6 for model information.
Variable
Bumble bees

Other wild bees

Honey bees

Comparison of
Years
2015
2016
2015
2017
2015
2018
2016
2017
2016
2018
2017
2018
2015
2016
2015
2017
2015
2018
2016
2017
2016
2018
2017
2018
2015
2016
2015
2017
2015
2018
2016
2017
2016
2018
2017
2018

Difference
LSMeans
-0.0251
0.0544
-0.6559
0.0795
-0.6308
-0.7103
0.6848
0.4244
0.0059
-0.2605
-0.6789
-0.4185
0.4837
-2.1699
0.2199
-2.6536
-0.2638
2.3898

SE
0.1561
0.1445
0.1477
0.1015
0.0961
0.0851
0.1679
0.1544
0.1600
0.1087
0.1036
0.0919
0.3858
0.3503
0.3662
0.2402
0.2401
0.2034

DF
882
1213
1017
1154
1037
1441
1322
1486
1410
1447
1386
1550
1241
1421
1349
1377
1319
1529

t value
-0.16
0.38
-4.44
0.78
-6.56
-8.35
4.08
2.75
0.04
-2.40
-6.56
-4.56
1.25
-6.19
0.60
-11.05
-1.10
11.75

Adj. p
0.9985
0.9818
<0.0001
0.8619
<0.0001
<0.0001
0.0003
0.0308
>0.9999
0.0783
<0.0001
<0.0001
0.5926
<0.0001
0.9319
<0.0001
0.6904
<0.0001
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Appendix 9: Pairwise comparisons of the abundance by time of total bees visiting 25 Cucurbita
crop flowers in Ontario, Canada, 2015-2018. P-values are Tukey-Kramer adjusted. See Appendix 6
for model information. Times are expressed as 24-hour clock.
Variable
Total Bees

Comparison of
Times
06:00
07:00
06:00
08:00
06:00
09:00
06:00
10:00
06:00
11:00
06:00
12:00
07:00
08:00
07:00
09:00
07:00
10:00
07:00
11:00
07:00
12:00
08:00
09:00
08:00
10:00
08:00
11:00
08:00
12:00
09:00
10:00
09:00
11:00
09:00
12:00
10:00
11:00
10:00
12:00
11:00
12:00

Difference
LSMeans
-0.1038
-0.219
-1.0401
-1.9448
-1.6463
-2.6278
-0.1151
-0.9363
-1.841
-1.5425
-2.524
-0.8212
-1.7258
-1.4273
-2.4088
-0.9047
-0.6062
-1.5877
0.2985
-0.683
-0.9815

SE
0.6248
0.6172
0.618
0.6566
0.7027
1.0342
0.472
0.4708
0.5431
0.6069
0.9685
0.4588
0.5314
0.5963
0.9616
0.5315
0.5968
0.9632
0.6297
0.9815
1.0092

DF
1556
1556
1556
1557
1557
1556
1556
1556
1555
1555
1555
1554
1554
1555
1555
1554
1555
1555
1554
1555
1554

t value
-0.17
-0.35
-1.68
-2.96
-2.34
-2.54
-0.24
-1.99
-3.39
-2.54
-2.61
-1.79
-3.25
-2.39
-2.51
-1.7
-1.02
-1.65
0.47
-0.7
-0.97

Adj. p
>0.9999
0.9998
0.6276
0.0486
0.2243
0.1455
>0.9999
0.4222
0.0127
0.1453
0.1248
0.5553
0.0203
0.2018
0.1581
0.6147
0.9505
0.6507
0.9992
0.9928
0.9599
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Appendix 10: Pairwise comparisons of the abundance by time of female hoary squash bees
visiting 25 Cucurbita crop flowers in Ontario, Canada, 2015-2018. P-values are Tukey-Kramer
adjusted. See Appendix 6 for model information. Times are expressed as 24-hour clock.
Variable
Female hoary
squash bees

Comparison of
Times

Diff.
LSMeans

SE

DF

t value

Adj. p

06:00
06:00
06:00
06:00
06:00
06:00
07:00
07:00
07:00
07:00
07:00
08:00
08:00
08:00
08:00
09:00
09:00
09:00
10:00
10:00

07:00
08:00
09:00
10:00
11:00
12:00
08:00
09:00
10:00
11:00
12:00
09:00
10:00
11:00
12:00
10:00
11:00
12:00
11:00
12:00

0.33
0.3670
0.4100
0.5457
0.9051
0.7929
0.0370
0.0800
0.2157
0.5751
0.4629
0.0430
0.1787
0.5381
0.4259
0.1357
0.4951
0.3829
0.3594
0.2471

0.2033
0.2013
0.2030
0.2173
0.2315
0.3392
0.1532
0.1536
0.1790
0.1991
0.3170
0.1492
0.1742
0.1947
0.3138
0.1733
0.1941
0.3136
0.2047
0.3191

1546
1546
1547
1547
1547
1547
1547
1547
1546
1546
1546
1545
1545
1546
1546
1545
1546
1546
1545
1546

1.62
1.82
2.02
2.51
3.91
2.34
0.24
0.52
1.2
2.89
1.46
0.29
1.03
2.76
1.36
0.78
2.55
1.22
1.76
0.77

0.6674
0.5326
0.4022
0.1559
0.0019
0.2268
>0.9999
0.9986
0.8924
0.0599
0.7685
>0.9999
0.9481
0.0840
0.8245
0.9866
0.1424
0.8863
0.5786
0.9873

11:00

12:00

-0.1123

0.3272

1545

-0.34

0.9999
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Appendix 11: Pairwise comparisons of abundance by time of bumble bees visiting 25 Cucurbita
crop flowers in Ontario, Canada, 2015-2018. P-values are Tukey-Kramer adjusted. See Appendix 6
for model information. Times are expressed as 24-hour clock.
Variable
Bumble
bees

Comparison of Times

Diff.
LSMeans

SE

DF

t value

Adj. p

06:00
06:00
06:00
06:00
06:00
06:00

07:00
08:00
09:00
10:00
11:00
12:00

-0.3695
-0.3116
-0.4356
-0.3228
-0.2176
-0.0658

0.1160
0.1150
0.1156
0.1240
0.1322
0.1939

1552
1552
1553
1556
1556
1555

-3.19
-2.71
-3.77
-2.6
-1.65
-0.34

0.0247
0.0962
0.0032
0.1254
0.6527
0.9999

07:00
07:00
07:00
07:00
07:00
08:00
08:00
08:00
08:00
09:00
09:00
09:00
10:00
10:00

08:00
09:00
10:00
11:00
12:00
09:00
10:00
11:00
12:00
10:00
11:00
12:00
11:00
12:00

0.0579
-0.0661
0.0467
0.1519
0.3037
-0.1240
-0.0111
0.0940
0.2459
0.1128
0.2180
0.3698
0.1052
0.2570

0.0876
0.0878
0.1024
0.1138
0.1811
0.0853
0.0997
0.1114
0.1794
0.0991
0.1109
0.1791
0.1171
0.1824

1551
1553
1551
1552
1553
1548
1549
1551
1552
1549
1551
1552
1549
1551

0.66
-0.75
0.46
1.33
1.68
-1.45
-0.11
0.84
1.37
1.14
1.97
2.06
0.9
1.41

0.9946
0.9891
0.9993
0.8355
0.6317
0.7725
>0.9999
0.9802
0.8176
0.9162
0.4369
0.3744
0.9729
0.7971

11:00

12:00

0.1518

0.1871

1550

0.81

0.9839
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Appendix 12: Pairwise comparisons of the abundance by time of other wild bees visiting 25
Cucurbita crop flowers in Ontario, Canada, 2015-2018. P-values are Tukey-Kramer adjusted. See
Appendix 6 for model information. Times are expressed as 24-hour clock.
Variable
Other
wild
bees

Comparison of
Times

06:00
06:00
06:00
06:00
06:00
06:00
07:00
07:00
07:00
07:00
07:00
08:00
08:00
08:00
08:00
09:00
09:00
09:00
10:00
10:00
11:00

07:00
08:00
09:00
10:00
11:00
12:00
08:00
09:00
10:00
11:00
12:00
09:00
10:00
11:00
12:00
10:00
11:00
12:00
11:00
12:00
12:00

Diff.
LSMeans

-0.0636
-0.1794
-0.3837
-0.4891
-0.4049
-0.5019
-0.1159
-0.3202
-0.4255
-0.3413
-0.4384
-0.2043
-0.3097
-0.2255
-0.3225
-0.1053
-0.0212
-0.1182
0.0842
-0.0129
-0.0971

SE

0.1225
0.1213
0.1219
0.1303
0.139
0.2038
0.0922
0.0921
0.1073
0.1196
0.1906
0.0897
0.1047
0.1171
0.1888
0.1043
0.1169
0.1888
0.1233
0.1921
0.1970

DF

1551
1551
1552
1554
1554
1552
1551
1552
1551
1552
1551
1549
1550
1551
1551
1550
1551
1551
1550
1550
1550

t value

-0.52
-1.48
-3.15
-3.75
-2.91
-2.46
-1.26
-3.48
-3.97
-2.85
-2.3
-2.28
-2.96
-1.92
-1.71
-1.01
-0.18
-0.63
0.68
-0.07
-0.49

Adj. p

0.9986
0.7571
0.0279
0.0034
0.0561
0.1739
0.8716
0.0094
0.0015
0.0659
0.2444
0.2555
0.0492
0.4640
0.6108
0.9519
>0.9999
0.9960
0.9935
>0.9999
0.9990
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Appendix 13: Pairwise comparisons of the abundance by time of honey bees visiting 25 Cucurbita
crop flowers in Ontario, Canada, 2015-2018. P-values are Tukey-Kramer adjusted. See Appendix 6
for model information. Times are expressed as 24-hour clock.
Variable
Honey
bees

Comparison of
Times

Diff.
LSMeans

SE

DF

t value

Adj. p

06:00
06:00
06:00
06:00
06:00
06:00

07:00
08:00
09:00
10:00
11:00
12:00

-0.5351
-0.8679
-1.2333
-1.8464
-2.0535
-2.6846

0.2813
0.2781
0.2794
0.2971
0.3162
0.4645

1552
1551
1552
1553
1552
1552

-1.90
-3.12
-4.41
-6.21
-6.49
-5.78

0.4789
0.0303
0.0002
<0.0001
<0.0001
<0.0001

07:00
07:00
07:00
07:00
07:00
08:00
08:00
08:00
08:00
09:00
09:00
09:00
10:00
10:00

08:00
09:00
10:00
11:00
12:00
09:00
10:00
11:00
12:00
10:00
11:00
12:00
11:00
12:00

-0.3328
-0.6982
-1.3113
-1.5184
-2.1495
-0.3655
-0.9785
-1.1857
-1.8168
-0.6131
-0.8202
-1.4513
-0.2071
-0.8382

0.2120
0.2119
0.2456
0.2729
0.4354
0.2064
0.2401
0.2679
0.4320
0.2394
0.2679
0.4326
0.2834
0.4412

1551
1552
1551
1551
1551
1549
1550
1550
1550
1549
1551
1551
1550
1550

-1.57
-3.3
-5.34
-5.56
-4.94
-1.77
-4.08
-4.43
-4.21
-2.56
-3.06
-3.35
-0.73
-1.90

0.7017
0.0174
<0.0001
<0.0001
<0.0001
0.5680
0.0009
0.0002
0.0005
0.1391
0.0363
0.0143
0.9907
0.4806

11:00

12:00

-0.6311

0.4527

1550

-1.39

0.8052
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Appendix 14: Sampling info for day of observation and hourly time interval, showing which nests
were observed, the total number of nests observed by day and time, and the total number of
observations by day and time and overall (n = 175). Nest numbers are in italics. Frequency of
observation for each nest is also provided.
Day

Time of Observation

06:00
1
2
3
4

30,31
11,23,33,
34,43
33,34,43

5
6

44,48
6,7,31

7
8
9
10

11

1,10
2,23,
26,43,
46
26,43,46

N
nests
by
day
3
4
9

N obs.
by day

43

8

14

14,20,37,42

24,41

41

3
11

14
31

15,16,17

17

17
22,23,32,
43,46

17
8,32,43,
46

8

3
3
1
10

13
7
5
29

22,26,43, 46

22,43,46

8,9

7

21

3

07:00
25
30,31,49
12,23.33,
34,43
13,27,28,
33,34,35, 43
44,45,48
6,20,29,31,
36
15,16,17
10,19
17
2,3,4,22,
23,26,43, 46

08:00
18
21,23.34,39,
43
34,40,43

09:00
18
38
21,43

N nests by
time
N obs.by
time

13

28

16

5,8,9,43,
46
11

31

73

50

18

Number of
times a
nest was
observed
1

Freq. of
Observatio
n (%)

Number of
nests

Nest ID#

6.27

11

2

14.82

13

3
4
5
6
7
8
9
12
15

8.55
18.32
14.30
3.43
4.00
4.57
10.28
6.86
8.57

5
8
5
1
1
1
2
1
1

4,5,7,10,11,27,29,35,47,
49
2,3,9,13,18,19,24,31,32,
36,37,40,41
6,8,12,21,33
14,15,30,34,38,39,42,44
1,20,25,45,48
16
23
26
17,22
46
43

10:00

7
10
24

2
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Appendix 15: Seasonal sex ratio and summary statistics by hoop house (#1-6) for each sex of hoary squash bee emerging in 2019 from
nests established in 2018 over 22 observation days (not including observation days before emergence had begun and after emergence
was complete). Observations were made in Peterborough, Ontario, Canada.
Hoop house 1
Male

Hoop house 2

Female

Male

Hoop house 3

Female

Male

Hoop house 4

Female

Male

Hoop house 5

Female

Male

Hoop house 6

Female

Male

Female

Mean

2.14

0.82

1.64

1.27

0.95

0.59

2.32

0.27

0.36

0.5

1.23

0.68

Standard error

0.61

0.25

0.67

0.55

0.28

0.23

0.64

0.13

0.17

0.33

0.4

0.29

1

0

0

0

0.5

0

1

0

0

0

1

0

47

18

36

28

21

13

51

6

8

11

27

15

Minimum

0

0

0

0

0

0

0

0

0

0

0

0

Maximum

12

4

10

10

5

4

9

2

3

7

7

6

1.26

0.52

1.4

1.15

0.59

0.49

1.32

0.28

0.35

0.68

0.83

0.6

22

22

22

22

22

22

22

22

22

22

22

22

Median
Total

95% CI
N days
Seasonal sex ratio
(M:F)

2.6

1.3

1.6

8.5

0.7

1.8
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Appendix 16: Summary statistics including number of observations and mean ± standard error for
the duration of nesting activities, foraging activities, and the total provisioning cycle by hoary
squash bee nest (#1-49) observed in nine hoop houses at a site in Peterborough County, Ontario,
Canada in 2017. Provisioning duration = nesting duration + foraging duration.
Nest

N

Nesting
Duration

#

Foraging
Duration

Provisioning
Duration

Mean ± SE

Nest

N

Nesting
Duration

#

Foraging
Duration

Provisioning
Duration

Mean ± SE

1

5

2.90±0.44

4.82±0.25

7.72±0.32

26

8

3.74±0.26

4.06±0.53

7.80±0.68

2

2

3.93±0.36

5.59±2.76

9.52±2.40

27

1

2.57±1.03

1.03

3.60

3

2

6.39±0.53

2.41±0.04

8.8 ±0.48

28

1

2.67±2.15

2.15

4.82

4

1

5.52

2.57

8.08

29

1

4.55

5.45±0.63

7.73±2.91

5

1

3.48

4.22

7.70

30

4

3.89±0.32

11.37±3.99

15.26±3.96

6

3

2.96±0.14

7.94±1.21

10.90±1.22

31

2

3.19±0.33

6.23±2.71

9.42±3.03

7

1

3.6

9.50

13.10

32

2

0.51±0.14

8.17±5.52

8.68±5.66

8

3

5.48±1.17

8.33±2.46

13.81±2.79

33

3

2.80±0.53

6.26±2.55

9.06±3.08

9

2

3.83±0.76

3.19±0.43

7.02±1.18

34

4

2.07±0.27

3.75±0.40

5.82±0.56

10

1

3.90

3.92

7.82

35

1

3.15

9.70

12.42

11

1

3.92

4.42

8.33

36

2

2.47±0.18

3.06±0.16

5.53±0.03

12

3

9.53±6.14

3.49±0.07

13.02±6.07

37

2

3.72±0.50

3.89±1.93

7.61±1.43

13

2

3.29±0.38

3.12±0.07

6.41±0.44

38

4

2.63±0.11

8.68±4.81

11.31±4.91

14

4

3.81±0.44

4.30±0.34

8.11±0.72

39

4

3.97±0.22

3.78±0.28

7.75±0.44

15

4

4.08±0.33

4.10±0.17

8.18±0.49

40

2

3.93±0.74

6.44±2.83

10.37±2.08

16

6

5.83±2.82

5.55±2.39

11.38±5.17

41

2

3.68±0.45

3.97±0.62

7.65±0.17

17

9

3.12±0.28

3.58±0.25

6.69±0.26

42

4

4.65±0.29

6.10±1.16

10.75±1.22

18

2

22.74±19.74

10.05±3.55

32.79±16.19

43

15

4.83±1.13

2.87±0.24

7.69±1.17

19

2

4.71±0.18

7.32±4.20

12.03±4.03

44

4

11.51±5.20

2.91±0.30

14.42±5.50

20

5

9.16±5.23

3.05±0.26

12.21±5.31

45

5

4.15±0.91

4.13±0.44

8.28±1.12

21

3

2.44±0.16

9.02±1.75

11.46±1.87

46

12

4.87±0.54

4.45±0.65

9.33±0.67

22

9

3.32±0.40

3.10±0.49

6.42±0.74

47

1

5.15

2.27

7.42

23

7

2.94±0.18

3.04±0.65

5.99±0.72

48

5

2.98±0.53

3.52±0.50

6.50±0.85

24

2

3.72±0.33

8.57±2.00

12.28±1.67

49

1

4.07

10.75

14.82

25

5

4.11±0.52

5.49±1.78

9.60±1.36
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Appendix 17: Pairwise comparisons of the effect of hourly time intervals (06:00-10:00) on the
duration of foraging trips and nesting activities within a single provisioning cycle using the
Dwass, Steel, Critchlow-Fligner method. Observations were made on 11 days during August 7-24,
2017 in nine hoop houses in Peterborough, Ontario, Canada.
Variable

Foraging trip

Nestiing Activities

Comparison of Time
Intervals
06:00 vs 07:00
06:00 vs.08:00
06:00 vs.09:00
06:00 vs 10:00
07:00 vs 08:00
07:00 vs 09:00
07:00 vs 10:00
08:00 vs.09:00
08:00 vs 10:00
09:00 vs.10:00
06:00 vs 07:00
06:00 vs 08:00
06:00 vs.09:00
06:00 vs 10:00
07:00 vs.08:00
07:00 vs.09:00
07:00 vs.10:00
08:00 vs.09:00
08:00 vs.10:00
09:00 vs.10:00

Wilcoxon
Z
DSCF Value Pr > DSCF
1.3290
1.8795
0.6731
0.1555
0.2199
0.9999
-1.4518
2.0531
0.5940
-0.5769
0.8158
0.9785
-2.3224
3.2843
0.1377
-3.2035
4.5304
0.0119
-1.2539
1.7733
0.7195
-1.9394
2.7428
0.2964
-0.2888
0.4084
0.9985
0.4020
0.5685
0.9945
-1.0980
1.5528
0.8077
-1.9727
2.7898
0.2794
1.2030
1.7014
0.7497
-2.4594
3.4782
0.1000
-0.7595
1.0741
0.9421
1.7885
2.5293
0.3803
-1.6140
2.2825
0.4883
2.2174
3.1358
0.1732
-1.6168
2.2865
0.4865
-2.1106
2.9848
0.2154
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Appendix 18: Pairwise comparison of the effect of observation day (11 days between August 7
and 24, 2017) on the length of time spent foraging within a single provisioning cycle using the
Dwass, Steel, Critchlow-Fligner method. Observations were made during the period 06:00-10:00
a.m. in nine hoop houses in Peterborough County, Ontario.
Day
1 vs. 2
1 vs. 3
1 vs. 4
1 vs. 5
1 vs. 6
1 vs. 7
1 vs. 8
1 vs. 9
1 vs. 10
1 vs. 11
2 vs. 3
2 vs. 4
2 vs. 5
2 vs. 6
2 vs. 7
2 vs. 8
2 vs. 9
2 vs. 10
2 vs. 11
3 vs. 4
3 vs. 5
3 vs. 6
3 vs. 7
3 vs. 8
3 vs. 9
3 vs. 10
3 vs. 11

Wilcoxon
Z
1.2687
0.1890
2.2381
1.3811
1.9772
0.5153
1.2139
0.5684
1.6590
-0.0265
-1.8333
0.1171
-0.8494
-0.3340
-1.6749
-0.9759
-0.7348
-1.2063
-2.1551
2.5722
1.3620
2.6647
-0.0954
0.7087
0.4619
1.2241
-0.6598

DSCF
Value
1.7942
0.2673
3.1652
1.9531
2.7962
0.7287
1.7167
0.8038
2.3462
0.0375
2.5926
0.1656
1.2012
0.4723
2.3686
1.3801
1.0392
1.7060
3.0478
3.6377
1.9261
3.7685
0.1350
1.0022
0.6532
1.7311
0.9331

Pr > DSCF
0.9740
1.0000
0.4773
0.9532
0.6650
1.0000
0.9811
1.0000
0.8563
1.0000
0.7603
1.0000
0.9989
1.0000
0.8486
0.9966
0.9997
0.9820
0.5372
0.2633
0.9574
0.2161
1.0000
0.9998
1.0000
0.9799
0.9999

Day
4 vs. 5
4 vs. 6
4 vs. 7
4 vs. 8
4 vs. 9
4 vs.10
4 vs.11
5 vs. 6
5 vs. 7
5 vs. 8
5 vs. 9
5 vs.10
5 vs.11
6 vs. 7
6 vs. 8
6 vs. 9
6 vs.10
6 vs.11
7 vs. 8
7 vs. 9
7 vs.10
7 vs.11
8 vs. 9
8 vs.10
8 vs.11
9 vs.10
9 vs.11
10 vs.11

Wilcoxon
Z
-1.6543
-0.3678
-2.7911
-1.9777
-1.4813
-2.3458
-3.4350
1.0178
-1.2135
-0.5224
-0.3705
-0.0130
-2.0379
-2.8686
-1.6383
-1.2124
-1.8419
-3.5717
0.5153
0.3947
1.2926
-0.7089
-0.2436
0.4598
-1.1410
0.4135
-0.8133
-2.0937

DSCF
Value
2.3396
0.5202
3.9472
2.7968
2.0949
3.3175
4.8578
1.4394
1.7162
0.7388
0.5240
0.0183
2.8820
4.0568
2.3169
1.7146
2.6049
5.0512
0.7287
0.5582
1.8280
1.0025
0.3445
0.6503
1.6136
0.5847
1.1501
2.9610

Pr > DSCF
0.8585
1.0000
0.1612
0.6647
0.9263
0.4023
0.0250
0.9952
0.9812
1.0000
1.0000
1.0000
0.6221
0.1331
0.8660
0.9813
0.7550
0.0156
1.0000
1.0000
0.9703
0.9998
1.0000
1.0000
0.9881
1.0000
0.9993
0.5818
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Appendix 19: Pairwise multiple comparison of the effect of observation day (11 days between
August 7 and 24, 2017) on the duration of a provisioning cycle (including both the duration of
foraging trips and activities within the nest) using the Dwass, Steel, Critchlow-Fligner method to
compare. Observations were made during the period 06:00-10:00 a.m. in nine hoop houses in
Peterborough, Ontario, Canada.
Day
1 vs. 2
1 vs. 3
1 vs. 4
1 vs. 5
1 vs. 6
1 vs. 7
1 vs. 8
1 vs. 9
1 vs. 10
1 vs. 11
2 vs. 3
2 vs. 4
2 vs. 5
2 vs. 6
2 vs. 7
2 vs. 8
2 vs. 9
2 vs. 10
2 vs. 11
3 vs. 4
3 vs. 5
3 vs. 6
3 vs. 7
3 vs. 8
3 vs. 9
3 vs. 10
3 vs. 11

Wilcoxon Z
1.4639
0.3307
1.8657
0.4476
1.9017
0.4358
0.8305
0.2436
0.7797
0.0265
-2.3625
0.4100
-1.0540
-1.1993
-1.8605
-1.4639
-1.3472
-1.6730
-2.1129
3.1776
0.8322
2.0451
0.2227
0.3307
0.4331
1.3760
-0.0455

DSCF
Value
2.0702
0.4677
2.6385
0.6330
2.6894
0.6164
1.1746
0.3445
1.1027
0.0375
3.3410
0.5798
1.4905
1.6960
2.6312
2.0702
1.9053
2.3660
2.9881
4.4938
1.1770
2.8922
0.3149
0.4677
0.6124
1.9460
0.0643

Pr > DSCF
0.9316
<0.9999
0.7399
<0.9999
0.7164
<0.9999
0.9991
<0.9999
0.9995
<0.9999
0.3911
<0.9999
0.9936
0.9827
0.7432
0.9316
0.9604
0.8496
0.5679
0.0566
0.9991
0.6169
<0.9999
<0.9999
<0.9999
0.9543
<0.9999

Day
4 vs. 5
4 vs. 6
4 vs. 7
4 vs. 8
4 vs. 9
4 vs. 10
4 vs. 11
5 vs. 6
5 vs. 7
5 vs. 8
5 vs. 9
5 vs. 10
5 vs. 11
6 vs. 7
6 vs. 8
6 vs. 9
6 vs. 10
6 vs. 11
7 vs. 8
7 vs. 9
7 vs. 10
7 vs. 11
8 vs. 9
8 vs. 10
8 vs. 11
9 vs. 10
9 vs. 11
10 vs. 11

Wilcoxon Z
-1.7922
-1.8757
-2.6693
-2.1642
-1.8525
-2.2039
-2.6939
1.0543
-0.5338
>0.0001
-0.2777
-0.0259
-0.8418
-1.6722
-1.2617
-0.9378
-1.4005
-2.0982
0.5943
0.2959
0.5035
-0.3012
-0.2436
0.4598
-0.7693
0.1703
-0.7482
-1.1599

DSCF
Value
2.5346
2.6527
3.7750
3.0607
2.6198
3.1167
3.8098
1.4910
0.7549
>0.0001
0.3928
0.0367
1.1905
2.3648
1.7843
1.3262
2.0506
2.9673
0.8405
0.4184
0.7120
0.4260
0.3445
0.6503
1.0880
0.2408
1.0581
1.6404

Pr > DSCF
0.7852
0.7334
0.2138
0.5306
0.7483
0.5019
0.2024
0.9936
<0.9999
<0.9999
<0.9999
<0.9999
0.9990
0.8500
0.9750
0.9975
0.9356
0.5786
<0.9999
<0.9999
<0.9999
<0.9999
<0.9999
<0.9999
0.9996
<0.9999
0.9997
0.9866
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Appendix 20: Pairwise comparison of the mean number of resting hoary squash bees per
occupied flower by farm for five farms surveyed once each during the period July 19 to August 02,
2018 using the Dwass, Steel, Critchlow-Fligner method.
Comparison of Farms
Farm 1 vs 2

Wilcoxon Z
1.6760

DSCF Value
2.3702

Pr > DSCF
0.4489

Farm 1 vs 3

-5.7863

8.1830

<0.0001

Farm 1 vs 4

2.2931

3.2429

0.1470

Farm 1 vs 5

-0.2965

0.4194

0.9983

Farm 2 vs 3

4.2440

6.0019

0.0002

Farm 2 vs 4

0.4656

0.6585

0.9904

Farm 2 vs 5

-1.8086

2.5578

0.3684

Farm 3 vs 4

7.1966

10.1776

<0.0001

Farm 3 vs 5

5.5780

7.8884

<0.0001

Farm 4 vs 5

-2.5593

3.6194

0.0781
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Appendix 21: Summary of pesticide exposure routes, exposure types, exposure amount, and
exposure period for the hoary squash bee (Peponapis pruinosa). * = present study.
Exposure
Route
Soil

Developmental
Stage
Adult Female

Exposure
type
Contact

Exposure amount

Soil

Larva

Contact

Nectar

Adult Female

Oral

Putatively not
exposedMathewson, 1968
<<780 mg; based on pollenforaging honey beeRortais et al,

33.51 g* Mathewson,1968

Period of
Exposure
Construction of 1
nest
~30 days
10 months
30+ days

2005

Nectar
Nectar
Pollen
Pollen
Pollen

Adult Male
Larva
Larva
Larva
Adult Female

Oral
Oral
Oral
Contact
Contact

Pollen

Adult Female

Oral

Unknown, <adult female
Unknown, <adult females
54.2 mg*Willis, 1991
Unknown
246 mg (5x larval exposure)*

30+ days
15 days
15 days
15 days
30 days

Willis, 1991

Unknown

During oocyte
maturationMichener,
2007
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Appendix 22: Calculations of the volume, and therefore, mass of soil excavated by a female hoary
squash bee (Peponapis pruinosa) to construct an underground nest, from which to determine
potential insecticide exposure via soil. Nest dimensions follow data from Mathewson (1968).
Part of Nest

Soil volume/ mass

a. Main vertical shaft
(7 mm diameter x 18 cm long)

6.92 cm3

b. Antechamber
(7 mm diameter x 6 cm long)

2.31 cm3

c. 5 brood cells
(7 mm diameter x 7.3 cm long = 2.81 cm3 each)

14.04 cm3

d. 5 brood caps
(7 mm diameter x 1 cm thick = 0.3847 cm3 each)
Estimated from our own observations
Total volume of soil excavated
(a + b + c + d)
Total mass of soil excavated
(Total volume x Bulk density (BD) of loam; BD = 1.33
g/cm3)

1.92 cm3

25.19 cm3

33.51 g
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Appendix 23: Parameters (shape and rate) and associated 95% confidence interval for the gamma (clothianidin, chlorantraniliprole in
Cucurbita crops; all residues in field crops) or log-normal (imidacloprid, thiamethoxam in Cucurbita crops) model that was fit to the
distribution of measured concentrations of each insecticide and the Akaike Information Criterion (AIC) for each model.
Crop
type

shape

shape_2.5

shape_97.
5

rate

rate_2.5

rate_97.5

AIC

Clothianidin

Sample
depth/
cm
0-15

Cucurbita

0.34304

0.14723

0.66789

0.22847

0.13871

0.39616

76.905

Imidacloprid

0-15

Cucurbita

-0.05037

-2.51720

0.91093

1.58923

0.21634

3.15571

56.837

Chlorantraniliprole

0-15

0.09636

0.03414

0.20079

0.00521

0.00285

0.01329

107.633

Clothianidin

0-15

1.06754

0.75564

1.53303

0.15031

0.09975

0.23856

508.432

Imidacloprid

0-15

0.02543

0.01082

0.04471

0.10976

0.04719

0.39991

91.718

Thiamethoxam

0-15

Cucurbita
Field
crops
Field
crops
Field
crops

0.53550

0.39736

0.73792

0.64797

0.43633

1.09491

205.267

Insecticide
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Appendix 24: Exposure endpoints for amounts of soil handled by the hoary squash bee in acute
(48h, 2.23 g soil) and chronic (30 days, 33.5 g soil) exposure scenarios based on various effect
endpoints in the scientific literature. HB = honey bee, SB = solitary bee.
Insecticide
with sources
for LD50
Clothianidin
1,2,3,4

Exposure
type

Acute

Chronic

Imidacloprid
5,6,7,8

Acute

Chronic

Thiamethoxam
9,10,11

Acute

Chronic

Chlorantraniliprole12,13,14

Effect
endpoint
LD50
Geomean
HB
Lowest HB
SB
Surrogate
Geomean
HB
Lowest HB
SB
Surrogate
Geomean
HB
Lowest HB
SB
Surrogate
Geomean
HB
Lowest HB
SB
Surrogate
Geomean
HB
Lowest HB
SB
Surrogate
Geomean
HB
Lowest HB
SB
Surrogate

Acute

Lowest HB

Chronic

SB
Surrogate
Lowest HB
SB
Surrogate

Effect
endpoint
(ng a.i./bee)
A

Exposure
amount (g
soil/bee)
B

Exposure
endpoint
(ng a.i./g
soil) (A/B)

Source for
effect
endpoint

35.88

2.23

15.16

15-17

22

2.23

9.29

16

3.588

2.23

1.52

18

35.88

33.5

1.01

15-17

22

33.5

0.62

16

3.588

33.5

0.10

18

40.03

2.23

16.91

15-19

18

2.23

7.61

16

4.003

2.23

1.69

18

40.03

33.5

1.13

15-19

18

33.5

0.51

16

4.003

33.5

0.113

18

25.64

2.23

10.83

15,17,19,20

24

2.23

10.14

15

2.564

2.23

1.08

18

25.64

33.5

0.722

15,17,19,20

24

33.5

0.676

15

2.564

33.5

0.072

18

>87,500

2.23

36547.09

13

>8750

2.23

3654.71

12,18

>87,500

33.5

2432.84

12

>8750

33.5

243.28

12,18

Sources
1IUPAC,

2019a; 2NCBI, 2019a; 3TOXNET, 2019a; 4US-EPA, 2003; 5NPIC, 2019; 6TOXNET, 2019b;
et al., 1999; 8Suchail et al., 2001; 9NCBI, 2019b; 10TOXNET, 2019b; 11IUPAC, 2019b;
12Dinter, et al. 2009; 13NCBI, 2019c; 14IUPAC, 2019c; 15US-EPA, 2019; 16Iwasa et al.,2004; 17SanchezBayo & Goka, 2014; 18Arena & Sgolastra, 2014; 19Stark et al., 1995; 20EFSA, 2013
7Ruzhong
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Appendix 25: Exceedance probabilities (i.e., the frequency that effect endpoints were exceeded) for 100% translocation of residues from
soil to bee, with upper and lower limits of the 95% confidence interval and the exposure concentrations associated with each effect
endpoint, for all systemic insecticides detected in soil of Cucurbita and other agricultural field crops in Ontario for both chronic (30
days, 33.5 g soil) and acute (48h, 2.23 g soil) exposure scenarios. HB = honey bee, SB = solitary bee. Data for field crop soils from
MOECC data (MOECC, 2016).

Insecticide
Clothianidin
Clothianidin
Clothianidin
Clothianidin
Clothianidin
Clothianidin
Imidacloprid
Imidacloprid
Imidacloprid
Imidacloprid
Imidacloprid
Imidacloprid
Chlorantraniliprole
Chlorantraniliprole
Chlorantraniliprole
Chlorantraniliprole
Clothianidin
Clothianidin
Clothianidin
Clothianidin

Exposure
type
Chronic
Chronic
Chronic
Acute
Acute
Acute
Chronic
Chronic
Chronic
Acute
Acute
Acute
Chronic
Chronic
Acute
Acute
Chronic
Chronic
Chronic
Acute

Crop
system
Cucurbita
Cucurbita
Cucurbita
Cucurbita
Cucurbita
Cucurbita
Cucurbita
Cucurbita
Cucurbita
Cucurbita
Cucurbita
Cucurbita
Cucurbita
Cucurbita
Cucurbita
Cucurbita
Field crops
Field crops
Field crops
Field crops

Effect endpoint
Lowest HB LC50
Geomean LC50
SB Surrogate LD50
Lowest HB LC50
Geomean LC50
SB Surrogate LD50
Lowest HB LC50
Geomean LC50
SB Surrogate LD50
Lowest HB LC50
Geomean LC50
SB Surrogate LD50
Lowest HB LC50
SB Surrogate LD50
Lowest HB LC50
SB Surrogate LD50
Lowest HB LC50
Geomean LC50
SB Surrogate LD50
Lowest HB LC50

%
Exceedance
44.3
35.8
68.7
2.4
0.5
28.3
57.8
39.8
85.4
8.9
3.5
31.2
0.0
1.6
0.0
0.0
92.4
87.7
98.8
27.3

Lower limit
of 95% CI
65.9
54.9
89.1
4.6
1.4
44.5
100
99.9
100
17.0
9.0
95.6
0.0
3.4
0
0.0
97.0
94.0
99.8
35.3

Upper limit
of 95% CI
24.5
17.7
41.5
0.4
0.04
14.2
26.2
17.2
45.4
0.0
0.0
13.7
0.0
0.12
0
0
86.0
80.1
96.5
19.1

Effect
concentration
ng ai/g soil
0.6
1.0
0.1
9.3
15.2
1.5
0.5
1.1
0.1
7.6
16.9
1.7
2432.8
243.3
36547.1
3654.7
0.6
1.0
0.1
9.3
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Insecticide
Clothianidin
Clothianidin
Imidacloprid
Imidacloprid
Imidacloprid
Imidacloprid
Imidacloprid
Imidacloprid
Thiamethoxam
Thiamethoxam
Thiamethoxam
Thiamethoxam
Thiamethoxam
Thiamethoxam

Exposure
type
Acute
Acute
Chronic
Chronic
Chronic
Acute
Acute
Acute
Chronic
Chronic
Chronic
Acute
Acute
Acute

Crop
system
Field crops
Field crops
Field crops
Field crops
Field crops
Field crops
Field crops
Field crops
Field crops
Field crops
Field crops
Field crops
Field crops
Field crops

Effect endpoint
Geomean LC50
SB Surrogate LD50
Lowest HB LC50
Geomean LC50
SB Surrogate LD50
Lowest HB LC50
Geomean LC50
SB Surrogate LD50
Lowest HB LC50
Geomean LC50
SB Surrogate LD50
Lowest HB LC50
Geomean LC50
SB Surrogate LD50

%
Exceedance
11.7
81.9
5.9
4.2
9.2
0.8
0.2
3.3
37.4
35.7
78.4
0.0
0.0
25.6

Lower limit
of 95% CI
17.6
89.7
9.7
7.1
15.3
1.8
0.7
5.6
45.8
44.0
85.8
0.3
0.2
33.1

Upper limit
of 95% CI
5.8
73.6
2.1
1.3
3.9
0.0
0.0
0.9
29.4
27.8
69.7
0.0
0.0
17.8

Effect
concentration
ng ai/g soil
15.2
1.5
0.5
1.1
0.1
7.6
16.9
1.7
0.7
0.7
0.1
10.1
10.8
1.1

256

Appendix 26: Exceedance of 3 effect endpoints (honey bee geometric mean LD 50, honey bee lowest LD50, solitary bee surrogate LD50) for
less than 100% translocation (75%, 50%, 25%, 10%) of neonicotinoid insecticide (clothianidin, imidacloprid, thiamethoxam) residue from
soil to female ground-nesting bees as they construct nests in either an acute (48 h, 2.23 g soil) or chronic (30 days, 33.5 g soil) exposure
scenario for two crop types (Cucurbita crops, field crops) based on exposure for the hoary squash bee (Peponapis pruinosa). Data for
field crop soils from MOECC data (MOECC, 2016).
Crop type

Compound

Exposure
Scenario

Cucurbita

Clothianidin

Acute

Effect Endpoint
LC50

Residue
Translocation

Honey bee Geo-mean

10%

Honey bee Lowest

Solitary bee Surrogate

Chronic

Honey bee Geo-mean

Honey bee Lowest

Solitary bee Surrogate

Exceedance
(%)
0

Lower
95% CI

Effect
Concentration
(ng ai/g soil)

Upper
95% CI

0

0

151.6052

25%

0

0

0

60.6421

50%

0.01

0.1

0

30.3210

75%

0.15

0.52

0.01

20.2140

10%

0

0

0

92.9577

25%

0

0.03

0

37.1831

50%

0.22

0.71

0.01

18.5915

75%

1.07

2.39

0.12

12.3944

10%

0.53

1.35

0.04

15.1607

25%

6.08

10.14

1.80

6.0643

50%

15.88

25.77

7.21

3.0321

75%

23.01

36.46

11.10

2.0214

10%

1.96

3.85

0.31

10.1070

25%

11.33

18.80

4.45

4.0428

50%

23.01

36.46

11.10

2.0214

75%

30.48

47.55

15.21

1.3476

10%

5.84

9.75

1.72

6.1972

25%

19.35

31.18

9.19

2.4789

50%

32.03

49.68

15.92

1.2394

75%

39.37

59.67

19.62

0.8263

10%

35.78

54.90

17.68

1.0107

25%

51.13

73.42

29.67

0.4043
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Crop type

Compound

Exposure
Scenario

Cucurbita

Clothianidin

Chronic

Cucurbita

Imidacloprid

Acute

Effect Endpoint
LC50

Residue
Translocation

Solitary bee Surrogate

50%

60.79

82.91

35.58

0.2021

75%

65.60

86.87

39.11

0.1348

10%

0.09

1.19

0

169.1370

25%

0.47

2.80

0

67.6548

50%

1.38

4.99

0

33.8274

75%

2.43

7.00

0

22.5516

10%

0.38

2.51

0

76.0563

25%

1.61

5.50

0

30.4225

50%

4.04

9.82

0

15.2113

75%

6.49

13.38

0

10.1408

10%

3.54

8.96

0

16.9137

25%

9.96

18.47

0

6.7655

50%

18.74

32.09

3.37

3.3827

75%

25.59

66.38

12.06

2.2552

10%

5.76

12.43

0

11.2758

25%

14.64

25.79

0.18

4.5103

50%

25.59

66.38

12.06

2.2552

75%

33.57

98.77

14.41

1.5034

10%

13.17

23.72

0.03

5.0704

25%

27.58

81.16

12.64

2.02817

Honey bee Geo-mean

Honey bee Lowest

Solitary bee Surrogate

Chronic

Honey bee Geo-mean

Honey bee Lowest

Exceedance
(%)

Lower
95% CI

Effect
Concentration
(ng ai/g soil)

Upper
95% CI

50%

42.10

100.00

18.75

1.0141

Honey bee Lowest

75%

51.29

100.00

23.08

0.6761

Solitary bee Surrogate

10%

39.76

99.98

17.24

1.1276

25%

60.38

100.00

27.55

0.4510

50%

74.52

100.00

36.09

0.2255

75%

81.36

100.00

41.47

0.1503

258

Crop type

Compound

Exposure
Scenario

Field crops

Clothianidin

Acute

Effect Endpoint
LC50

Residue
Translocation

Honey bee Geo-mean

10%

0

0

0

151.6052

25%

0.02

0.14

0

60.6421

50%

1.31

3.33

0.21

30.3210

75%

5.65

10.03

1.91

20.2140

10%

0

0

0

92.9577

25%

0.48

1.62

0.04

37.1831

50%

7.14

12.04

2.74

18.5915

75%

17.47

24.31

10.26

12.3944

10%

11.72

17.73

5.64

15.1607

25%

43.23

51.81

34.93

6.0643

50%

66.33

75.23

57.83

3.0321

75%

76.35

84.49

67.76

2.0214

10%

24.26

31.72

16.49

10.1070

25%

57.56

66.27

48.77

4.0428

50%

76.35

84.49

67.76

2.0214

75%

83.76

90.73

75.71

1.3476

10%

42.42

50.97

34.05

6.1972

25%

71.65

80.37

63.01

2.4789

50%

85.00

91.72

77.12

1.2394

75%

89.89

95.21

82.99

0.8263

10%

87.68

93.67

80.20

1.0107

25%

95.06

98.30

90.03

0.4043

50%

97.57

99.40

93.98

0.2021

75%

98.40

99.68

95.54

0.1348

10%

0

0

0

169.1370

25%

0

0

0

67.6548

Honey bee Lowest

Solitary bee Surrogate

Chronic

Honey bee Geo-mean

Honey bee Lowest
Honey bee Lowest
Solitary bee Surrogate

Field crops

Imidacloprid

Acute

Honey bee Geo-mean

Exceedance
(%)

Lower
95% CI

Effect
Concentration
(ng ai/g soil)

Upper
95% CI
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Crop type

Compound

Exposure
Scenario

Field crops

Imidacloprid

Acute

Effect Endpoint
LC50

Residue
Translocation

Honey bee Geo-mean

50%

0.02

0.19

0

33.8274

75%

0.08

0.43

0

22.5516

Honey bee Lowest

Solitary bee Surrogate

Chronic

Honey bee Geo-mean

Honey bee Lowest

Solitary bee Surrogate

Field crops

Thiamethoxam

Acute

Honey bee Geo-mean

Honey bee Lowest

Exceedance
(%)

Lower
95% CI

Effect
Concentration
(ng ai/g soil)

Upper
95% CI

10%

0

0

0

76.0563

25%

0.03

0.24

0

30.4225

50%

0.23

0.81

0

15.2113

75%

0.51

1.39

0

10.1408

10%

0.18

0.70

0

16.9137

25%

0.94

2.14

0.03

6.7655

50%

1.97

3.85

0.24

3.3827

75%

2.75

5.01

0.47

2.2552

10%

0.43

1.24

0

11.2758

25%

1.53

3.16

0.13

4.5103

50%

2.75

5.01

0.47

2.2552

75%

3.56

6.25

0.84

1.5034

10%

1.33

2.83

0.09

5.0704

25%

2.94

5.28

0.54

2.0282

50%

4.37

7.50

1.16

1.0141

75%

5.25

8.81

1.58

0.6761

10%

4.16

7.19

1.07

1.1276

25%

6.14

10.16

2.00

0.4510

50%

7.69

12.70

2.65

0.2255

75%

8.60

14.26

2.95

0.1503

10%

0

0

0

108.3263

25%

0

0

0

43.3305

50%

0

0

0

21.6653

75%

0

0.04

0

14.4435

10%

0

0

0

101.4084
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Crop type
Field crops

Compound
Thiamethoxam

Exposure
Scenario

Effect Endpoint
LC50

Residue
Translocation

Acute

Honey bee Lowest

25%

0

0

0

40.5634

50%

0

0

0

20.2817

75%

0

0.05

0

13.5211

10%

0.02

0.18

0

10.8326

Solitary bee Surrogate

Chronic

Honey bee Geo-mean

Honey bee Lowest

Solitary bee Surrogate

Exceedance
(%)

Lower
95% CI

Effect
Concentration
(ng ai/g soil)

Upper
95% CI

25%

2.02

4.65

0.400

4.3331

50%

10.37

15.91

4.87

2.1665

75%

18.71

25.68

11.15

1.4444

10%

0.26

1.07

0.02

7.2218

25%

5.93

10.26

2.12

2.8887

50%

18.71

25.68

11.15

1.4444

75%

28.48

36.27

20.02

0.9629

10%

0.36

1.37

0.03

6.7606

25%

6.83

11.45

2.63

2.7042

50%

20.20

27.31

12.46

1.3521

75%

30.14

38.01

21.58

0.9014

10%

35.70

43.76

27.11

0.7222

25%

56.88

65.80

48.07

0.2889

50%

69.26

77.86

60.10

0.1444

75%

74.98

83.11

66.36

0.0963
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Appendix 27: All residues detected in soil, pollen, and nectar of Cucurbita-crop growing systems in Ontario, Canada, 2016, showing
limits of detection and quantification (LOD/LOQ), maximum concentrations, geometric mean concentrations, and frequency of detection
for each residue (n = 29 samples, nd = not detected, dnq=detected, not quantifiable). Frequency of detection is based on samples in
which residues were detectable but not necessarily quantifiable (>LOD).
Soil
Type of
pesticide

Insecticide

Fungicide

Active
ingredient

LOD/
LOQ

Max
Conc.

%
34
21

ppb
2/8
2/8

Nectar

Mean
Conc.

Freq.
Detection

LOD/
LOQ

Max
Conc.

ng a.i./g
matrix
nd
4.3

ng a.i./g
matrix
nd
4.3

%
0
3

ppb
1/4
1/4

ng a.i./g
matrix
nd
1.1

Mean
Conc.
ng
a.i./g
matrix
nd
0.9

Freq.
Detection

LOD/
LOQ

Max
Conc.

Clothianidin
Imidacloprid
Thiamethoxam
Chlorantraniliprole
Carbaryl

ppb
1/4
3/9

ng a.i./g
matrix
5.9
41.6

Mean
Conc.
ng
a.i./g
matrix
2.0
3.0

5/20

dnq

-

3

2/8

nd

nd

0

0.6/2

nd

nd

0

6/20

148.5

36.8

24

3/10

68

68

3

2/6

nd

nd

0

1/4

352.8

14.2

10

2/7

31.1

16.5

7

nd

nd

0

Methomyl

7/20

nd

-

0

2/6

nd

nd

0

0.5

0.4

7

Dimethoate
Pyraclostrobin

2/6

nd

-

0

0.5/2

6.2

6.2

3

0.6/2
0.3/0.
9
0.4/1

0.5

0.5

3

4/10

16.7

3.8

10

1/4

399.6

29.6

7

0.4/1

2

2

3

0.4/1

nd

nd

0

0.7/2

110.2

4.6

10

0.3

0.3

3

3/9

374.9

46.2

31

2/6

25

17.8

7

nd

nd

0

Propamocarb

20/50

64.4

23.0

10

0.9/3

402.6

222.1

14

74.5

11.2

17

Quinoxyfen
Difenoconazole

5/10

14.7

7.9

3

3/8

94.9

79.1

7

0.2/0.
7
2/8
0.2/0.
5
1/3

nd

nd

0

4/10

40.7

18.9

14

2/5

22.4

16.5

7

0.7/2

nd

nd

0

Napropamide

1/4

59.4

2.8

7

0.4/1

5.0

5.0

3

nd

nd

0

Linuron

5/10

0.8

0.8

0

1/4

nd

nd

0

nd

nd

0

Picoxystrobin
Boscalid

Herbicide

Pollen
Freq.
Detection

0.1/0.
4
0.8/2

%
0
3
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Appendix 28: Physical, chemical, and environmental fate properties of imidacloprid,
clothianidin, thiamethoxam and chlorantraniliprole. Koc = organic carbon-water partition
coefficient; Kow = n-Octanol/Water Partition Coefficient; DT50 = Disappearance Time 50.
Active
Ingredient
IUPAC
name

Imidacloprid

Clothianidin

Thiamethoxam

Chlorantraniliprole

(NE)-N-[1-[(6chloropyridin-3yl)methyl]imidazoli
din-2ylidene]nitramide1

1-[(2-chloro-1,3thiazol-5-yl)methyl]3-methyl-2nitroguanidine4

(NE)-N-[3-[(2-chloro1,3-thiazol-5-yl)
methyl]-5-methyl-1,3,5oxadiazinin-4ylidene]nitramide8

Insecticide
class

Neonicotinoid1

Neonicotinoid4

Neonicotinoid8

5-bromo-N-[4-chloro2-methyl-6(methylcarbamoyl)ph
enyl]-2-(3chloropyridin-2yl)pyrazole-3carboxamide12
Anthranilic diamide12

Formula

C9H10ClN5O21

C6H8ClN5O2S4

C8H10ClN5O3S8

C18H14BrCl2N5O212

CAS No.
Molecular
Weight
(g/mol)
Mode of
action

138261-41-31
255.6621

210880-92-54
249.6736

153719-23-48
291.718

500008-45-712
483.14712

nicotinic
acetylcholine
receptor agonist1
6.1X10 2 mg/L at
20°C1
156-8002

nicotinic
acetylcholine
receptor agonist4
327 mg/L at 20°C4,5

nicotinic acetylcholine
receptor agonist8

ryanodine receptor
activator12

4.1X103 mg/L at 25°C8

607

56.2-68.49,10

0.9-1.0 mg/L at 20°C,
pH 712,13
153-52612,14

7X10-12 mmHg at
25°C1

9.8X10-13 mmHg at
25°C4

4.95X10-11 mmHg at
25°C9,10

1.2X10-14 mmHg at
25°C12

0.57 at 21°C1
69-9973

0.7 at 25°C4
277-13864

-0.13 at 25°C9,10
7-7211

2.7612
123-56113

Solubility in
water
Adsorption
to Particles
(soil) Koc
Volatility
(air)
Vapour
pressure
Log Kow
Biodegradation
DT50 (days)
Sources

1.NCBI. https://pubchem.ncbi.nlm.nih.gov/compound/86287518
2 TOXNET https://toxnet.nlm.nih.gov/cgi-bin/sis/search/a?dbs+hsdb:@term+@DOCNO+7373
3.NPIC http://npic.orst.edu/factsheets/archive/imidacloprid.html
4.NCBI https://pubchem.ncbi.nlm.nih.gov/compound/Clothianidin
5 TOXNET https://toxnet.nlm.nih.gov/cgi-bin/sis/search/a?dbs+hsdb:@term+@DOCNO+7281
6.USEPA https://www3.epa.gov/pesticides/chem_search/reg_actions/registration/fs_PC-044309_30-May03.pdf
7.IUPAC https://sitem.herts.ac.uk/aeru/iupac/Reports/171.htm
8.NCBI https://pubchem.ncbi.nlm.nih.gov/compound/5821911
9.TOXNET https://toxnet.nlm.nih.gov/cgi-bin/sis/search/a?dbs+hsdb:@term+@DOCNO+7938
10.IUPAC https://sitem.herts.ac.uk/aeru/iupac/Reports/631.htm
11.NCBI https://sitem.herts.ac.uk/aeru/iupac/Reports/631.htm
12.IUPAC https://pubchem.ncbi.nlm.nih.gov/compound/Chlorantraniliprole
13.USEPA https: //sitem.herts.ac.uk/aeru/iupac/Reports/1138.htm
14.USEPA https://www3.epa.gov/pesticides/chem_search/reg_actions/registration/fs_PC-090100_01-Apr08.pdf
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Appendix 29: Environmental Exposure Distribution (EED) for acute exposure to imidacloprid in soil for solitary ground-nesting bees based
on MOECC data (MOECC, 2016) taken from field crop soils in southern Ontario, 2016. Soil samples taken from 0-15 cm depth. Effects
benchmark concentrations (i.e., honey bee geometric mean LC50, solitary bee surrogate LC50) for acute exposure using the hoary squash
bee (Peponapis pruinosa) model (30 days, 33.5 g soil) are represented by vertical lines on the EED. Exceedance of these endpoints is
calculated by subtracting the cumulative probability from 1.0. Grey horizontal lines represent the range of possible concentrations for
samples between the limit of quantitation and the limit of detection or those below the limit of detection. Red line indicates the line of best
fit to the data via maximum likelihood estimation (MLE) with associated confidence intervals (pink shading).
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Appendix 30: Environmental Exposure Distribution (EED) for chronic exposure to imidacloprid in soil for solitary ground-nesting bees
based on MOECC data (MOECC, 2016) taken from field crop soils in southern Ontario, 2016. Soil samples taken from 0-15 cm depth. Effects
benchmark concentrations (i.e., honey bee geometric mean LC50, solitary bee surrogate LC50) for chronic exposure using the hoary squash
bee (Peponapis pruinosa) model (30 days, 33.5 g soil) are represented by vertical lines on the EED. Exceedance of these endpoints is
calculated by subtracting the cumulative probability from 1.0. Grey horizontal lines represent the range of possible concentrations for
samples between the limit of quantitation and the limit of detection or those below the limit of detection. Red line indicates the line of best
fit to the data via maximum likelihood estimation (MLE) with associated confidence intervals (pink shading).
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Appendix 31: Mean concentration (ppb) of residues in soil from hoop houses treated with Admire® or FarMoreFI400® or Coragen® or an
untreated control. All treatments were applied to squash (2017: Table Star®; 2018: Celebration®) in net-covered hoop houses before
hoary squash bees were active. The concentration of residues in cells marked with a dash were below the minimum quantifiable limits.

Imidacloprid
Treatment

Admire®
Control
Coragen®
Control
Coragen®
FarMoreF1400®
Coragen®
FarMoreF1400®
Admire®
FarMoreF1400®
Admire®
Control

Hoop
House
ID
1A
1B
1C
2A
2B
2C
3A
3B
3C
4A
4B
4C

2017
n = 10
15.4
18.9
28.8
7.1
-

2018
n=5
142.6
88.8
44.6
-

Mean residue concentration detected (ppb)
Clothianidin
Thiamethoxam
Chlorantraniliprole
2017
n = 10
0.3
3.5
6.4
0.6
3.2
3.0
1.0
3.4
3.2
1.1
1.6
3.5

2018
n=5
1.6
1.3
3.6
1.0
1.2
2.2

2017
n = 10
5.4
0.1
-

2018
n=5
1.1
16.6
1.9
-

2017
n = 10
0.3
-

2018
n=5
23.8
8.1
11.3
-
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Appendix 32: Model comparisons including descriptions and associated Akaike Information Criterion (AIC)s for each model. Treatment
effects refer to systemic insecticide treatment applied (Admire®, FarMore F1400® or Coragen®) or an untreated control. Flower effects
refer to the number of flowers per hoop house in which the treatment was applied. Where data were collected over two years, a fixed
effect of year was included in the model. Models for each dependent variable with lowest AIC values (highlighted with bold font) were
used for statistical analyses.
Dependent
Variable
Nests

Model
Iteration

Model Description

AIC

1

Total Nests Established = Treatment + Year + Treatment*Year + Flowers, Random effect of Block

104.3

2

Total Nests Established = Treatment + Year + Treatment*Year, Random effect of Block

101.8

3

Total Nests Established = Treatment + Year + Flowers, Random effect of Block

119.5

4

Total Nests Established = Treatment + Year, Random effect of Block

117.4

Unharvested
Pollen

1

Unharvested Pollen = Treatment, Repeated effect of Observation Day, Random effect of Block

2307

Total Offspring

1

Total Offspring = Treatment + Year + Treatment*Year + Flowers, Random effect of Block

132.5

2

Total Offspring = Treatment + Year + Treatment*Year, Random effect of Block

163.5

3

Total Offspring = Treatment + Year + Flowers, Random effect of Block

163.5

4

Total Offspring = Treatment + Year, Random effect of Block

167.7

1
2
1

Sex Ratio = Treatment + Year + Treatment*Year +Flowers, Random effect of block
Sex Ratio = Treatment + Year
% Fruit Set = Treatment

80.9
76.7
3.2

1

% Marketable Fruit=Treatment + Year + Treatment*Year, Random effect of Block

-14.1

Sex Ratio
% Fruit Set
% Marketable
Fruit
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Appendix 33: Multiple pairwise comparisons of the total number of offspring produced by hoary
squash bees for the effects of treatment (Admire®, control, Coragen®, FarMoreF1400®), year
(2017, 2018), and their interaction in study hoop houses in Peterborough, Canada using
differences of least squares means with test statistics and a Tukey-Kramer adjusted p-value.

Effect Comparison
Admire®
Admire®
Admire®
Control
Control
Coragen®
2017
Admire® 2017
Admire® 2017
Admire® 2017
Admire® 2017
Admire® 2017
Admire® 2017
Admire® 2017
Admire® 2018
Admire® 2018
Admire® 2018
Admire® 2018
Admire® 2018
Admire® 2018
Control 2017
Control 2017
Control 2017
Control 2017
Control 2017
Control 2018
Control 2018
Control 2018
Control 2018
Coragen 2017
Coragen 2017
Coragen 2017
Coragen 2018
Coragen 2018
Farmore 2017

vs
vs
vs
vs
vs
vs
vs
vs
vs
vs
vs
vs
vs
vs
vs
vs
vs
vs
vs
vs
vs
vs
vs
vs
vs
vs
vs
vs
vs
vs
vs
vs
vs
vs
vs

Control
Coragen®
Farmore®
Coragen®
Farmore®
Farmore®
2018
Admire® 2018
Control 2017
Control 2018
Coragen® 2017
Coragen® 2018
Farmore® 2017
Farmore® 2018
Control 2017
Control 2018
Coragen® 2017
Coragen® 2018
Farmore® 2017
Farmore® 2018
Control 2018
Coragen® 2017
Coragen® 2018
Farmore® 2017
Farmore® 2018
Coragen® 2017
Coragen® 2018
Farmore 2017
Farmore 2018
Coragen 2018
Farmore 2017
Farmore 2018
Farmore 2017
Farmore 2018
Farmore 2018

Difference of
LSmeans
Estimate
-37.04 ± 6.20
-32.25 ± 6.05
-21.40 ± 6.02
4.79 ± 6.01
15.64 ± 6.03
10.85 ± 5.97
-14.55 ± 4.24
9.12 ± 8.90
-22.32 ± 8.48
-42.64 ± 8.45
-12.01 ± 8.48
-43.36 ± 8.44
-9.02 ± 8.92
-24.66 ± 8.60
-31.44 ± 9.20
-51.76 ± 8.81
-21.13 ± 8.68
-52.48 ± 8.90
-18.14 ± 8.44
-33.78 ± 9.55
-20.32 ± 8.52
10.31 ± 8.60
-21.04 ± 8.48
13.31 ± 9.22
-2.34 ± 8.48
30.62 ± 8.46
-0.73 ± 8.45
33.62 ± 8.82
17.98 ± 8.67
-31.35 ± 8.48
3.00 ± 8.69
-12.64 ± 8.80
34.35 ± 8.92
18.71 ± 8.60
-15.64 ± 9.58

DF

t Value

13
13
13
13
13
13
13
13
13
13
13
13
13
13
13
13
13
13
13
13
13
13
13
13
13
13
13
13
13
13
13
13
13
13
13

-5.98
-5.33
-3.55
0.8
2.59
1.82
-3.43
1.02
-2.63
-5.05
-1.42
-5.14
-1.01
-2.87
-3.42
-5.88
-2.44
-5.89
-2.15
-3.54
-2.38
1.2
-2.48
1.44
-0.28
3.62
-0.09
3.81
2.07
-3.7
0.34
-1.44
3.85
2.18
-1.63

Pr > |t|
<0.0001
0.0001
0.0035
0.4393
0.0223
0.0924
0.0044
0.3243
0.0207
0.0002
0.1802
0.0002
0.3307
0.0132
0.0046
<0.0001
0.0300
<0.0001
0.0511
0.0037
0.0330
0.2521
0.0276
0.1726
0.7874
0.0031
0.9329
0.0022
0.0585
0.0027
0.7357
0.1742
0.0020
0.0487
0.1266

Adj P
0.0002
0.0007
0.0163
0.8542
0.0910
0.3094
0.0044
0.9619
0.2275
0.0040
0.8350
0.0034
0.9645
0.1592
0.0646
0.0010
0.3007
0.0010
0.4358
0.0530
0.3224
0.9186
0.2825
0.8226
>0.9999
0.0459
>0.9999
0.0331
0.4752
0.0404
>0.9999
0.8253
0.0310
0.4219
0.7256
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