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Abstract

Honey bees (Apis mellifera) dominate crop pollination worldwide and are often
considered the most important pollinator of agricultural crops. As pollinators, honey bees
are likely to encounter insecticides in the field. Neonicotinoids are widely used
insecticides that have been at the center of the pollinator-pesticide debate. Hormesis is a
biphasic dose response whereby exposure to low doses of a stressor can stimulate
biological processes. Insecticide-induced hormesis has been recorded in insects and bees.
My thesis examined the idea of hormesis within honey bees. Specifically, I examined
whether low doses of a neonicotinoid would stimulate honey bee longevity. Groups of
honey bees were individually treated with doses of imidacloprid and kept in bee cages.
Their survival was recorded every day until the end of the experiments to determine
longevity. In this thesis, I also examined the shifting focus of honey bee toxicology over
the decades in an attempt to observe how research has changed, and determine how
prevalent insecticide-induced hormesis is within the honey bee literature. I conducted a
search using Web of Science to broadly examine pesticide toxicology research on
pollinators and then specifically 4Apis species from 1950-2019. Another, more
comprehensive search was done where I examined a total of 73 papers from three specific
journals, published between 2000 and 2019, all of which examined honey bees and
neonicotinoids. Exposure to low doses of imidacloprid did not result in stimulation of
honey bee longevity. I found that most toxicology research surrounding pollinators and
Apis species, alike, was published after 2010. I found there to be a focus on harmful
sublethal effects and less of a focus on stimulatory effects or hormesis. In studies
examining honey bees and neonicotinoids, I found the number of studies that used
probable exposure scenarios was consistent throughout the years. Studies that found
neonicotinoids to have no and negative effects on honey bees was another consistent
pattern over the time span I examined. The possibility of hormetic responses in honey
bees has been overlooked in the literature. By studying hormesis new information into
how bees adapt to exposure to neonicotinoids could be revealed. This could provide
impactful insights for those involved in the pesticide-pollinator debate.
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Chapter 1: General Introduction
1.1 Pollination, Bees, and Insecticides
Pollination is an ecosystem service and production practice that is widely used and
depended upon by many farmers around the world for crop production (Gallai et al.,
2009; Jaffé et al., 2009). Pollination services are provided by wild, free-living animals as
well as managed bees. Insects have been estimated to supply pollination services worth
up to US $215 billion per year (Gallai et al., 2009). Social and solitary bees, wasps, flies,
beetles, butterflies, and moths comprise the vast majority of the world’s pollinators
(Vanbergen et al., 2013). However, bees are the main driving force behind the successful
pollination of the vast majority of agricultural crops and wild plants (Potts et al., 2010).
They are estimated to be responsible for 35% of global food production (Klein et al.,
2007). Given mounting concerns of alleged declines in managed and wild pollinator
populations, and considering their economic importance, studies surrounding the
potential effects of insecticides on pollinators have increased rapidly in the past ten years.
The European honey bee (4pis mellifera Linneaus (Hymenoptera: Apidae)) is the
most common managed pollinator in North America and is capable of increasing yield in
96% of animal-pollinated crops (Aguilar et al., 2006). Honey bees dominate crop
pollination worldwide and are often considered the most important pollinator of
agricultural and horticultural crops (Abrol, 2012; Potts et al., 2010). When wild bees do
not visit agricultural fields, or their populations are inadequate to visit all flowers,
managed honey bees are often the best solution for farmers to ensure crop pollination.

Therefore, over time farmers have incorporated honey bees into their pollination



programs (Klein et al., 2007). The body size and proboscis length of honey bees enables
them to forage on and pollinate many types of flowers and crops (Abrol, 2012).

European honey bees are eusocial, holometabolous insects of the family Apidae.
They live in large colonies that typically include one queen and all her offspring, which
typically includes ~20,000-40,000 female worker bees and ~200-300 male drones
(Elekonich and Roberts, 2005). Being haplodiploid, females (queens and workers) arise
from diploid (fertilized) eggs, and males (drones) arise from haploid (unfertilized) eggs.
The dynamics within a colony are very complex, but the division of labour between
worker bees assures things run as smooth as possible. A worker bee can have between
five to eleven different duties to perform throughout their lifespan; this is called temporal
polytheism (Elekonich and Roberts 2005; Winston, 1987). In most cases, foraging is the
duty of the older worker bees (~15+ days old; Elekonich and Roberts, 2005). The
transition from an “in hive” bee to a foraging bee is quite drastic, as the conditions within
the hive differ greatly from those outside of it. Transitioning takes place from a dark,
stable, safe, and warm environment where they are surrounded by their sisters to the
bright and busy outdoors where they are susceptible to predators, weather changes,
parasites, and pesticides (Vanbergen et al., 2013; Winston 1987).

Due to the eusocial nature of honey bee hives, stressors that foragers are exposed
to could be brought back into the hive, including insecticides (Schneider et al., 2012).
This may be problematic because when a forager returns to the hive, it “unloads” what it
has collected to an in-hive worker bee and the substance (pollen or nectar), along with the
insecticide, will then be integrated into the hive in one way or another (Colin et al.,

2004). Pollen and nectar are the two primary food sources that honey bees rely on, with



pollen providing protein and essential amino acids, and nectar providing the
carbohydrates required to meet energy needs (Rodney and Purdy, 2020). Regardless of
the substance that is returned to the hive, it is highly likely there will be some pesticidal
residue or contamination as pesticides are so widely used. Depending on the
concentration or dose of the chemical that is brought in, there may be observable effects
at the individual or colony level. The majority of research on insecticides and honey bees
examines adverse effects, which is appropriate as there is ample evidence that at certain
doses insecticides can be harmful to honey bees.

1.2 Development of Insect Toxicology

The study of insect toxicology and insecticide dose-response has a rich scientific history.
Papers dating as far back as 1956 examine a wide variety of research topics on these
subjects (Brann, 1956; Cutler, 2013; Gunther and Blinn, 1956; Hoskins and Gordon,
1956; Kearns, 1956; Martin, 1956). This trend continues today with hundreds of papers
published every year on these same subjects and more in emerging related fields.
However, studies in insect toxicology with pest and beneficial insects have traditionally
focused mostly on high doses and lethal effects (Calabrese, 2005b; Guedes et al., 2016).
The traditional laboratory method for estimating the side effects of pesticides on different
insects was to determine a median lethal dose (LDso) or lethal concentration (LCso). This
measure is the median dose or concentration that kills 50% of individuals over a set
period of time, typically 24 or 48 hours. Arguably, the reason why high doses have
dominated toxicology testing has been rooted in the strong underlying assumption of a

threshold dose—response model (discussed in section 1.4; Calabrese, 2005b). However,



focusing solely on high doses and acute mortality is a large oversimplification of the
potential consequences associated with pesticide exposure.

The importance of examining lower doses has long been realized and different
methods have been employed to account for this (Calabrese, 2005b; Croft and Brown,
1975; Haynes, 1988; Ripper, 1956; Stark and Banks, 2003). In particular, the highest
concentration where no effects are observed is referred to as the no observable effects
concentration (NOEC) or level (NOEL; Calabrese, 2005b; Calabrese and Baldwin, 2003;
Figure 1.1)). This measure is broadly used when examining sublethal effects as it
determines the concentration or level below which no effects will be observed (Calabrese
and Baldwin, 2003). It is important to employ this method and examine sublethal effects
because although pesticides are typically applied to cause rapid death of pest species,
residues degrade over time on plants and animals, as well as in water and soils (Badji et
al., 2007; Desneux et al., 2005; Guedes et al., 2016). This results in sublethal exposures.
Further, nontarget species, including secondary insect pest species, and beneficial insects
can be exposed to sublethal concentrations of pesticides, leading to unforeseeable
consequences (Cordeiro et al., 2013; Cutler et al., 2022; Desneux et al., 2007; Guedes et
al., 2016; Haddi et al., 2015).

Natural enemies are a group of beneficial insects that have arguably received the
most interest when examining sublethal effects. These include insects that kill, and/or
consume pest species. For this reason, they are important in pest management, providing
biological control. This group of insects spend a significant amount of their life searching
for hosts or prey, making navigation and orientation very important (Desneux et al.,

2007). Therefore, when exposed to an insecticide that targets the nervous system they



may be particularly impeded as navigation depends on nervous transmissions. In
examining sublethal effects, Longley and Jepson (1996) found that when exposed to field
realistic doses of deltamethrin on filter paper, an aphid parasitoid wasp (Aphidius
rhopalosiphi deStefani-Perez (Hymenoptera: Braconidae)) reduced the time spent
searching for a host, spent significantly more time grooming, and were found to actively
avoid insecticide treated vegetation. Many beetles also act as natural enemies; for
example, coccinellid species (ladybird beetles) are used as a biological control of aphids
and have been shown to alter their feeding behaviours after exposure to insecticides
(Signh et al., 2004). Further, natural enemies are exposed to pesticides by direct or
indirect contact with sprayed areas or through ingestion of contaminated prey (Santos-
Junior et al., 2019). Exposure to pesticides could cause mass death in natural enemy
populations, which can directly affect the agroecosystem, potentially causing an
imbalance in favor of pest infestation and resurgence, thereby decreasing crop quality
(Cutler et al., 2022; de Castro et al., 2015; Guedes et al., 2022a; Serrao et al., 2022).
Therefore, fully investigating the sublethal effects associated with different pesticides is
imperative to maintaining agroecosystems.

Pollinators have also become one of the most studied groups of insects regarding
sublethal effects. Pollinators are another large group of beneficial insects as they provide
us with pollination services. They are susceptible to sublethal exposure as they are very
likely to interact directly with crops that have been treated with pesticide. Pesticides that
affect pollinator physiology, such as neurotoxic insecticides, can cause acute or chronic

toxicity. These include the insecticides organophosphates (Dorneles et al., 2017),



neonicotinoids (Tosi et al., 2016), and pyrethroids (Mokkapati et al., 2021; Peterson et
al., 2021), among others (Barbosa et al., 2015a; Barbosa et al., 2015b; Tomé et al., 2015).

Many studies have demonstrated that pesticides can cause negative chronic or
sublethal effects in bees. For example, Henry et al. (2012, 2015) demonstrated that field
exposure to sublethal amounts of insecticides can have negative effects on honey bees
including decreased survival and foraging success at both the colony and individual level.
Tsvetkov et al. (2017) showed that bees chronically exposed to a neonicotinoid had
shorter foraging times, a decrease in hygienic behaviour, and a higher proportion of
queenless hives later in the summer. Similarly, Gonalons and Farina (2015) found that
young honey bees exposed to field-realistic doses of imidacloprid had impaired
associative learning. Effects like these are widespread throughout honey bee toxicology
literature.

Effects on foraging activity and locomotion have been observed frequently in
bees exposed to pesticides (Charreton et al., 2015; Henry et al., 2012; Stanley et al.,
2016; Yang et al., 2008). There are many instances of negative effects including hypo- or
hyper- activity and involuntary movements that impede mobility (Lunardi et al.,

2017). Changes in the flight ability of pollinators after exposure could be related to flight
muscles being uncoordinated (Kenna et al., 2019). Other effects such as repellency and
irritation can be caused by an unpleasant odor that is emitted when a pesticide is applied
(Stejskalova et al., 2021). Negative effects within the hive have also been examined such
as reduced brood development (Laycock et al., 2012). Gill et al. (2012) found that
bumble bees exposed to two pesticides showed a higher worker mortality which

ultimately led to reductions in brood development and colony success. However, in some



cases improbable exposure scenarios are used whether it be using doses that are too high
(not field realistic), or only providing food that is laced with pesticides for a prolonged
period of time (Aufauvre et al., 2014; Catae et al., 2018).

There has also been plenty of research that suggests exposure to pesticides treated
crops showed no observable effects at the colony or individual level (Cutler et al., 2014;
Schneider et al., 2012). For example, after a three week exposure period to flowering
clothianidin seed-treated canola, honey bees showed no long term effects with regard to
mortality, longevity, or brood development and there were no residues of clothianidin
found in any beeswax samples (Cutler and Scott-Dupree, 2007). Small residues of
imidacloprid were found in hives that had been exposed to seed treated maize over the
course of a summer. Although imidacloprid was present in wax samples in the hive, there
was no observable effect on honey bee health and there was no significant difference in
mortality between the control and treated groups (Nguyen et al., 2009). Further, Traver et
al., (2018) found that honey bees that were already infected with varroa mite (Nosema
ceranae (Fries) (Dissociodihaplophasida: Nosematidae) showed no impairment in
individual or social immunity after exposure to field relevant concentrations of different
pesticides and fungicides (tau-fluvalinate, cholorthalonil, and Fumagilin-B). Examining
other pollinators have also shown minimal effects of pesticides at field realistic doses.
Osmia bicornis (Linnaeus) (Hymenoptera: Megachilidae) food consumption or survival
was not affected in adult females after chronic exposure to different doses of Roundup®
and clothianidin either alone or combined (Strobl et al., 2020).

Exposure to sublethal doses of insecticides have also been shown to cause

stimulatory effects in bees. Studies have shown that at sublethal doses chemical stressors



can have a stimulatory effect on bee memory, survival, and queen production (Kdhler et
al., 2012a; Moftat et al., 2016; Thany and Gauthier, 2005). Decourtye et al. (2003) found
that winter honey bees exposed to low concentrations of an imidacloprid metabolite (5-
OH-imidacloprid), and imidacloprid had reduced mortality, and a higher reflex response,
respectively. Acute exposure to a low dose of the neonicotinoid thiamethoxam has also
been found to increase flight speed, distance and duration in the eastern honey bee (Apis
cerana; Ma et al., 2019). Bumble bee (Bombus terrestris (Linnaeus) (Hymenoptera:
Apidae)) colonies reared on a sugar solution laced with small doses of thiamethoxam
produced more foragers that collected more pollen and learned to manipulate flowers
faster than the control bees (Stanley and Raine, 2016). Interestingly, Stanley et al. (2015)
found that individual bumblebees exposed to thiamethoxam visited more flowers, but on
the colony level showed an overall reduction in pollination services. Likewise,
bumblebees chronically treated over nine days with thiamethoxam showed stronger buzz
pollination efforts, collecting more pollen at the beginning of an experiment in
comparison to later in the experiment, ultimately leading to a decrease in pollination
services (Whitehorn et al., 2017)

Arthropods can be affected both directly and indirectly by the application of
pesticides. Direct effects include effects that are without intermediation (i.e. a direct
exposure leading to a direct response). Indirect effects include effects that are mediated
by another organism (Cutler et al., 2022; Guedes et al., 2016). Pesticides supress
arthropod populations by interacting with a primary site of action within an individual
organism, impairing at least one of its basic physiological functions, which ultimately

leads to death (Casida and Durkin, 2013). However, most pesticides are likely to interact



with at least one secondary site of action, which may not lead to death but could cause
sublethal effects that alter homeostasis and interfere with other physiological or
biological processes (Cutler et al., 2022; Desneux et al., 2007; Guedes et al., 2016).
Therefore, investigating all aspects of sublethal effects with regard to honey bees is of
interest for economic, environmental, and sustainability reasons.

1.3 Neonicotinoids

Neonicotinoids are a class of insecticides that target the central nervous system of insects
and induce continuous excitation of the neuronal membranes, which leads to exhaustion,
paralysis, and death (Matsuda et al., 2001; Simon-Delso et al., 2015). The first
neonicotinoid, imidacloprid, came onto the market in 1991 and since 1999 has been the
most widely used insecticide each year until at least 2018 (Casida, 2018; Cressey, 2017).
The group is currently responsible for a quarter of the global insecticide market share,
despite its current use restrictions in Europe (Sparks et al., 2020). These insecticides were
originally used to control sucking insect pests but have expanded to target a variety of
agricultural and horticultural pests (Millar and Denholm, 2007; Tomizawa and Casida,
2005). Neonicotinoids target the nicotinic acetylcholine receptors (nAChRs) in nerve
cells of both vertebrates and invertebrates (Casida, 2018; Millar and Denholm, 2007).
The nAChRs are receptor polypeptides that typically respond to the neurotransmitter
acetylcholine (Tomizawa and Casida 2005). However, nicotine and neonicotinoids act as
agonists on these receptors by binding and causing overstimulation of nerve cells which
can lead to death (Jeschke and Nauen, 2008). Imidacloprid in particular behaves as a
partial agonist of the nAChRs in the Kenyon cells of the honey bee mushroom body, as

well as the antennal lobe neurons (Déglise et al., 2002). In antennal lobe neurons, there



are two types of currents reported: type I nAChR currents, which exhibit slow
desensitization, and type II currents, which exhibit fast desensitization, strongly suggest
the presence of at least two different types of nAChRs (Simon-Delso et al., 2015). "The
nAChRs are the most abundant excitatory neurotransmitter receptors in insects, whereas
glutamate plays this role in vertebrates making the toxicity risk of neonicotinoids to
vertebrates minimal and making insects the perfect target (Bass and Field, 2018; Jeschke
and Nauen, 2008).

Neonicotinoids can be applied as seed dressings, as a foliar spray, and in furrow.
The systemic nature and water solubility of neonicotinoids allows the insecticide to be
absorbed by plants through roots and be transported throughout plant tissue. This gives
this class of insecticides an advantage in pest control as they protect all parts of the plant.
This is advantageous because foliar sprays of non-systemic compounds are not efficient
at controlling pests that feed on or bore into the tissues or roots of plants (Goulson, 2013).
Considering neonicotinoids are integrated into all tissues of plant, it is not surprising that
they are also found in the nectar and pollen of those plants (Blacquiére et al., 2012). This
is of concern to pollinators as they could be exposed to different doses of neonicotinoids
in this manner and, as outlined in previous sections, this can cause a variety of sublethal
and lethal effects.

Questions concerning the effect of neonicotinoids on pollinators surfaced in the
mid 2000s and by 2011, neonicotinoids were thought to be a contributing factor to the
alleged declines in honey bee colonies, particularly in the European Union (EU). It was
not until 2013 that the use of three neonicotinoids (imidacloprid, thiamethoxam, and

clothianidin) as seed dressings in crops that attract pollinators, were banned by the EU in

10



an attempt to mitigate concerns surrounding pollinator decline (European Union, 2013).
This was based on evidence that reported sublethal effects in pollinators in response to
neonicotinoids (European Union, 2013). This ban was revaluated and extended in 2018
after the European Food and Safety Authority published a comprehensive report (EFSA,
2018). This included and updated risk assessment for the three neonicotinoids mentioned
above. The report concluded that there was scientific evidence that neonicotinoids do
contribute to the decline in honey bee colonies, and thus the ban was extended (Cressey,
2017; Wood and Goulson, 2017). Two years before this extension, the French parliament
was the first in the world to ban the use of neonicotinoids for crop protection
(Biodiversity Act, 2016); the ban taking effect in September 2018. These bans are
controversial as there has been conflicting evidence suggesting neonicotinoids have no
effects, or even stimulatory effects, on bees (Barascou et al., 2021; Cutler et al., 2014;
Colin et al., 2019; Meikle et al., 2022; Traver et al., 2018). This is of concern because
farmers in the EU and France could be suffering crop, and therefore economic, losses that
could be avoided using neonicotinoids. Alternatives have been considered to replace
neonicotinoids (sulfoximines; Watson et al., 2021), but right now the most effective
replacement are simply other chemical insecticides, typically of previous generations
(e.g. pyrethroids; Jactel et al., 2019), these insecticides also come along with possible
sublethal effects on pollinators (Charreton et al., 2015; Mokkapati et al., 2021).

1.4 Hormesis

Hormesis is a biphasic dose response phenomenon, whereby exposure to low doses of a
stressor can stimulate biological processes (Calabrese, 2010, 2013). The concept of

hormesis and stimulatory responses to stress was established in the 1880s with Hugo
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Schultz’s research on yeast (Calabrese 2018). He found that after exposure to different
types of acids, fermentation was stimulated and resulted in an increase in carbon dioxide
emissions (Henschler, 2006). The term “hormesis” was first coined in 1943 by Southam
and Erhlich who observed that red cedar extracts inhibited fungal metabolism in high
doses, but enhanced it in low doses (Southam and Ehrlich, 1943). However, hormesis has
been relatively unknown and understudied in the science community until recently.

In the past, the idea of a dose response relationship has taken the form of two main
models in toxicology (Calabrese and Baldwin, 2003). The threshold model, which states
that there is a threshold where exposure to a stressor causes an effect (Cox, 1987; Figure
1.1). The second model is the linear non-threshold model, which assumes that at low
doses there is a linear relationship between dose and risk that terminates at zero
(Calabrese 2013; Figure 1.1). Neither of these models explain stimulatory responses that
are observed after exposure to a low dose of a stressor. Hormesis is a model that
encompasses this phenomenon. There are two forms of the hormetic dose-response model
that can be expressed. Depending on the stressor and the endpoint being measured, the
dose-response curve will take the form of a J or an inverted U shape (Calabrese and
Baldwin, 2002). The inverted U shaped curve presents itself when stimulation in
endpoints like survival is seen at low doses, but increased inhibition (e.g., decreased
survival) is seen at high doses (Calabrese and Baldwin, 2002). The J shaped curve would
be seen with a dysfunctional endpoint like disease incidence. Here you could see
responses where low doses of stressor will reduce dysfunction, but high doses increase
dysfunction (Ayyanath, 2013; Calabrese and Baldwin, 2002; Figure 1.1). In both cases of

the hormetic dose response model, the effect will be seen around the No Observable
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Effects Concentration (NOEC), which is the concentration or dose at which no effects

will be observed in response to a stressor (Figure 1.1).

T Below NOEC range

L)
PR — | SRS —— "
) .

5 Biphasic hormetic model ;

n Threshold model

Response (%)

Abiotic stressor

Figure 1.1. Schematic of monophasic and biphasic dose—response models for a given
abiotic stressor. Red dashed line indicates the linear non-threshold model, brown dotted
line represents the threshold model, and the blue solid line represents the biphasic
hormetic model. The range below the no observable effects concentration (NOEC) is
indicated. Figure modified from Guedes et al. (2022a).

Hormesis can be considered an evolutionary adaptation as it arises from various,

diverse stressors that an organism deals with (Parsons, 2001). It has been observed in
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many different organisms and taxa across multiple biological endpoints following
exposure to a variety of different stressors (Agathokleous and Calabrese, 2019; Cutler et
al., 2022; Saitanis and Agathokleous, 2019; Vargas-Hernandez et al., 2017; Zhou et al.,
2019). Since 2010, interest in insecticide-induced hormesis has increased substantially
(Cutler, 2013). There is now a large amount of evidence showing that hormesis occurs in
insects when exposed to a low dose of insecticide, resulting in, for example, stimulated
reproduction, increased size, or increased longevity (Cutler and Guedes, 2017; Cutler,
2013; Cutler et al., 2022). The majority of hormesis research involving insects has
focused on pest species, with ramifications for agricultural challenges like pest
resurgence or insecticide resistance (Cutler et al., 2009; Guedes et al., 2017; Guedes et
al., 2022a; Morse, 1998). For example, Cutler et al. (2009) showed that exposure to
imidacloprid stimulates reproduction in the green peach aphid (Myzus persicae (Sulzer)
(Hemiptera: Aphididae). Similarly, Guedes et al. (2010) found a low dose of deltamethrin
caused a peak in population growth rate of the highly-pyrethroid resistant strain of the
maize weevil (Sitophilus zeamais (Motschulsky) (Coleoptera: Curculionidae). Exposure
to low doses of imidacloprid via dipped leaf disks sped up the development and increased
the fecundity of the western flower thrips (Frankliniella occidentalis (Pergande)
(Thysanoptera: Thripidae; Cao et al., 2019). Similarly, there is research showing that low
amounts of chemical stress can stimulate longevity or reproduction in insects other than
pest species. For example, Galleria melonella (Linnaeus) (Lepidoptera: Pyralidae)is an
important insect model in many areas of research. Wojda et al. (2009) found that when G.
melonella larvae were exposed to mild heat shock (38 °C for 30 min) before being

infected with a fungus, their lifespan was extended; which the authors attributed to higher
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expression of antimicrobial peptides and higher antifungal and lysozyme activities in the
heat-shocked animals. Similarly Drosophila melanogaster Meigen (Diptera:
Drosophilidae), had an increased lifespan after exposure to repeated heat stress (Hercus et
al., 2003).

Given that insecticide-induced hormesis occurs in many other insect taxa, it seems
plausible that it should also occur in bees (Cutler and Rix, 2015). Honey bees (4pis
cerana) that were orally exposed to thiamethoxam in sugar solution at a dose of 10 ppb
showed significantly higher average homing time, mean flight velocity, flying distance,
and flying duration than the control (Ma et al., 2019a). Similarly, honey bees orally
exposed to sublethal doses of thiacloprid and two strains of the bacterium Enterococcus
faecalis (Andrews and Horder) ((Lactobacillales: Enterococcus); found in manure))
simultaneously had a significantly higher survival rates eleven days post exposure
compared to controls (Dickel et al., 2018). This study also reported higher immune
response in the form of increased antibacterial activity. Sugar syrup with a concentration
of 5 ppb of imidacloprid was fed to colonies over a six week span and those that were
exposed showed more capped brood than the control (Colin et al., 2019).

1.5 Objectives and Hypotheses

It is essential for organisms to be able to adapt to changing environmental conditions to
survive. Hormesis is considered an adaptive, evolutionary response to stress and has been
observed in multiple different taxa. Insecticide-induced hormesis is an important field of
research and primarily focuses on pest species, as hormetic exposure to pesticides can
have ramifications in terms of pest outbreaks (Guedes et al., 2022a). However, research

surrounding hormesis in beneficial or non-pest species is also of importance as it will
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provide insight into how low doses of insecticide may stimulate certain biological
processes in insects.

Bees are important pollinators and can be exposed to sublethal doses of
insecticides while foraging. Neonicotinoids are considered one of the most important
insecticides with regard to overall sales and use; they accounted for 24% global
insecticide market in 2018 (Sparks et al., 2020). Neonicotinoids are also analogues of the
natural compound nicotine which is considered a stimulant (Tomizawa and Casida,
2005). Nicotine has been shown to cause stimulatory effects in honey bees such as an
increase in learning, memory retention, and longevity (Kohler et al., 2012a; Thany and
Gauthier 2005). Nicotine is toxic to honey bees at high doses, but has been shown to
cause stimulatory effects at low doses. Considering this, the objective of my second
chapter was to examine if low doses of the neonicotinoid imidacloprid would stimulate
honey bee longevity. I hypothesized that low doses of a nicotine analogue, the
neonicotinoid imidacloprid, would cause hormetic (stimulatory) effects in honey bee
longevity.

My research was supposed to involve further experiments considering hormesis and
learning in honey bees. These experiments (longevity and learning) were to be coupled
with examining gene expression in honey bee tissues associated with longevity (fat body)
and learning (brain). However, due to the COVID-19 pandemic, I was unable to complete
the two other experimental aspects of my research. Therefore, as an alternative I
completed a systematic review of literature that focuses on Apis spp., their interactions
with pesticides, and how honey bee toxicology research has changed over decades. This

was broken down into two sections. The first examined how many papers were published
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each decade between the years 1950 — 2019 that included keywords related to pesticides,
honey bees and different responses (e.g. sublethal, acute, chronic toxicity etc.). The
second section specifically focused on neonicotinoids and honey bees between the years
2000 and 2019. I examined trends in toxicology research to determine if patterns emerge
(e.g., possible biases or deficiencies) and drew broader conclusions about the honey bee’s
relationship with neonicotinoids.

The overall objective of my research aimed to further understand and explain the
relationship between honey bees and pesticides. Hormesis is a phenomenon that could
provide insights into biological, physiological, and economic benefits with regard to
honey bees and other beneficial insects, as well as improve fundamental understanding of
how bees respond to low doses of chemical stressors. Further, examining how research
and trends have changed over the decades could be integral in understanding how
knowledge and possible biases have developed and continue to develop over time. It may

also provide further insight into pollinator risk assessment.
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Chapter 2: Can Low Doses of the Neonicotinoid Imidacloprid Cause a Hormetic
Response in Honey Bee Longevity?

2.1 Introduction

Hormesis is an evolutionarily conserved, adaptive response to stressful conditions
(Calabrese et al., 2007). In general, the hormetic response has been shown to stimulate
many biological processes, such as increasing reproduction, memory and learning, and
longevity (Cutler, 2013). Insecticide-induced hormesis in insects has become more
widely known in toxicology research in the last decade (Cutler and Guedes, 2017; Cutler,
2013; Cutler et al., 2022) and hormesis in honey bees has become an area of interest
(Cutler and Rix 2015). Honey bees are economically important insects that are widely
managed worldwide. In recent years, there have been increasing concerns about
pollinator decline around the world, in North America and Europe in particular (Kevan
and Phillips, 2001; Williams and Osborne, 2009).

Bees can be exposed to insecticides, and among these the neonicotinoid
insecticides have received much attention. Neonicotinoids are a common group of
insecticides that are used to control a variety of insect pests (Jeschke and Nauen, 2008).
High doses of insecticides can certainly be detrimental to bees, and inhibition of
biological functions following sublethal exposure is demonstrated throughout the
literature using a wide range of endpoints (e.g. survival, foraging, learning, etc.).
However, given that insecticide-induced hormesis occurs in many other insect taxa, it
seems plausible that it should also occur in bees. This may be particularly true with
analogs of nicotine (i.e. neonicotinoid insecticides), given nicotine can be a stimulant in
low doses (Kohler et al., 2012a; Palmer-Young et al., 2017; Thany and Gauthier, 2005).

Stimulatory effects with low doses of nicotine and its analogues occur despite that fact
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that high doses of nicotine are clearly lethal to bees (Bounias et al., 1995; Colin et al.,
2019; Dickel et al., 2018; Ramanaidu and Cutler, 2013; Wong et al., 2018; Wright et al.,
2013). Here, I examined if exposure to low doses of a nicotine analogue, imidacloprid,
would produce hormetic effects in the longevity of honey bees. I hypothesize that bee
exposed to certain low doses of imidacloprid would live longer than control bees.

2.2 Materials and Methods

2.2.1 Insects

Worker honey bees (Apis mellifera, specifically Kona strain) were collected from hives
maintained at the Dalhousie University Agricultural Campus in Truro, Nova Scotia.
Hives were treated with Apivar® (Amitraz, 3.3% active ingredient (Al); Véto-pharma
S.A, Courtaboeuf, France) in the spring and FormicPro™ (Formic acid, 42.25% Al
NOD Apiary Products Ltd., Frankford, ON, Canada) in the fall for varroa mite (Varroa
destructor Anderson and Trueman (Mesostigmata: Varroidae) suppression. The hive used
was considered very strong and young worker bees were collected by removing frames
and gently brushing them into a container. This method was chosen in an attempt to
ensure young worker bees, as ~60% of workers on frames will be one to two weeks old,
and there is no significant difference in worker age between frames (van der Steen et al.,
2012). This method of collection could not ensure all bees were of a homogeneous age,
and their age was ultimately undefined with a range of 1-2 weeks. I ensured all
individuals were evenly distributed among all experimental cages (see below), as
similarly done in Williams et al. (2013). Bees were taken from the same hive throughout
experiments and after collection they were immediately transported to the lab with ~100

bees per container. The containers used for transportation were round, ~7.6 c¢m tall, and
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had a diameter of ~10.2 cm. They were vented on either side by holes covered in mesh
and were otherwise empty.

2.2.2 Preliminary Bioassays and Cage Design

Prior to hormesis experiments, preliminary bioassays were conducted to determine the
No Observable Effects Level (NOEL) and LDso for imidacloprid on honey bees. The
NOEL is considered the highest concentration where no effects are observed and LDs is
the median dose that kills 50% of individuals over a set period of time, typically 24 or 48
h. Determining the NOEL is important because chemical hormesis becomes more likely
to occur below the NOEL (Calabrese 2005a). A 100 ml stock solution of 1000 ppm of
imidacloprid (Admire® 240 SC, 240 g Al L-1; Bayer Crop Science Canada, AB, Canada)
was prepared using distilled water and the surfactant (0.1% v/v) Polysorbate 80 (Tween
80; Sigma-Aldrich, Saint Louis, Missouri, United States of America). To determine the
NOEL, bees were exposed to concentrations of 0 (control), 1, 10, 50, 75, 100, 500, 1000,
and 2000 ppm of imidacloprid.

Over a one-month period, the preliminary bioassays were completed. The NOEL
was determined by using a probit analysis to assess honey bee mortality 48 h post
exposure. A probit analysis determines the NOEL value by taking the log of the dose
response curve and transforming it into a linear function. This makes it easier to estimate
the LD1oand LDso (PROC PROBIT; SAS Institute 2013). In the first three preliminary
trials, five treatment concentrations (0, 1, 10, 100, and 1000 ppm) were used. Each
treatment contained four replicate cages for a given bioassay, giving a total of 12
replicates per concentration and 60 cages. Four additional treatment concentrations were

added (50, 75, 500, and 2000 ppm). These additional treatment levels contained six
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replicates each and two bioassay trials were completed: giving a total 12 replicates per
concentration and 48 cages. Thus 108 cages were used for the preliminary bioassay probit
analysis. However, some replicate cups were unusable with the majority of the bees
dying immediately after treatment (i.e. >50% mortality within an hour after treatment).
These cups were removed from the analysis, leaving 106 cages. Honey bee survival was
recorded after 48 h and produced a probit line of mortality, LD values, > test statistics,
95% fiducial limits, and the NOEL using the PROC Probit procedure in SAS 9.4 (SAS
Institute 2014).

Prior to exposure, honey bees needed to be immobilized. Individuals were
separated into groups of ten, placed in a 9.6 mm petri dish lined with filter paper and
assigned a treatment group. Bees were separated into the petri dishes by gently removing
them from a small hole in the container that housed them using feather tweezers. The
petri dishes that contained honey bees were placed in a freezer at ~ -21 °C for three min
(Human et al., 2013). This immobilisation technique was chosen because the length of
chilling exposure can influence phenotypic responses, and chilling for three min at -20 °C
does not affect worker longevity, orientation, or foraging (Ebdai et al., 1980; Frost et al.,
2011). Once immobilized, individual bees were exposed to 1 pl of the appropriate
treatment using a PAX 100-3 micro-applicator (Burkard Scientific, Uxbridge, UK). The
dose was applied directly to the dorsal side of the thorax, ensuring contact with the
cuticle and minimal contact with hair/setae (Medrzycki et al., 2013).

Cages were constructed for bees to be kept in after exposure. These cages were
clear 354.8 mL plastic cups with square ventilated “windows” (~ 5 cm x 5 cm) covered in

very fine mesh. The cups were placed on top of the petri dishes described above. A 10 ml
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plastic syringe with the tip removed was filled with 50% sucrose solution and inserted
into the top of the cup, via a small hole for feeding (Huang et al., 2014). All “bee cup
cages” (hereafter termed “cages”) were kept in a growth chamber (ThermoFisher
Scientific, Waltham, Massachusetts, USA) at 60% relative humidity in the dark at ~25 °C
until the bioassay concluded.
2.2.3 Design and Details of Hormesis Toxicity Experiment
Eight treatment concentrations were used for the longevity bioassays: 0 (control), 0.0025,
0.025, 0.250, 1, 2, 2.5, and 25 ppm of imidacloprid applied using a micro-applicator. This
translates to doses of 0 (control), 0.0025, 0.025, 0.250, 1, 2, 2.5, and 25 ng/bee. Doses
were chosen by bracketing the NOEL value (2 ng/bee), incorporating two doses above
the NOEL and several other doses down to 1000-fold below the NOEL. Each treatment
level had four replicate cages, and ten bees per replicate; the experiment was repeated
four times (four trials). Honey bees in each cage were observed daily, and mortality was
assessed until fewer than 25% of bees remained in the control group (i.e. less than 10
bees among all four cages), as the control is the baseline for comparisons. Trials lasted
between 28 and 35 days, depending on mortality. Bees were considered dead if they were
motionless and did not respond at all to tapping near them on the side of their cage.

As described above, sister bees from one hive were kept in bee cages (Figure 2.1).
The syringes containing the sugar syrup were changed every seven days. Additionally, a
1 g pollen ball was also added to each cage to meet the bees’ protein needs. The pollen
balls were made by pulsing 90 g of frozen pollen (Wild Country™, Horizon Group,
Canada) in a coffee grinder and mixing the grinds with 10 mL of distilled water. The

mixture was then rolled into 1 g balls and dipped in melted beeswax (Kittilsen’s Honey
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Ltd., Debert, Nova Scotia). They were then left to dry for ~2 h and kept in the freezer

until needed (up to two months).
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Figure 2.1. Bee cup cages used to hold and expose honey bees (Apis mellifera)
throughout longevity experiments following imidacloprid treatments.
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2.2.4 Statistical Analyses

The longevity data were analyzed by a survival analysis using the LIFETEST procedure
with the Kaplan-Meier method in SAS (SAS Institute 2014). The Kaplan-Meier method
estimates the fraction of individuals living for a certain amount of time in a treatment
level, and so calculates the probability of surviving a given length of time (Goel et al.,
2010). Using the y? log-rank test the expected and observed numbers of events in each
group are used to determine the 2 test statistic (Goel et al., 2010), which is then
compared to the critical value, o = 0.05. Furthermore, time to mortality can be right-
censored when individuals are not followed until they die, meaning that the information
that they are alive is used in the analysis, but not their death, since that time is unknown.
Bees still alive at the end of a trial were censored. The Kaplan-Meier method also
provides estimates of the median survival time for each treatment level (TLso values; the
median time required for 50% of the population to die (Appendix A)). Pairwise
comparisons among the survival curves were tested using Holm-Sidak's tests to isolate
the group(s) that were significantly different from one another (SAS Institute 2014). To
further investigate survival patterns, TLso estimates obtained from the LIFETEST were
regressed against dosage levels. In this analysis there were some replicates that showed
less than 60% survival after day 10. If this was the case, these replicates were removed

from the analysis.
2.3 Results

2.3.1 Preliminary Bioassay
The probit results indicated an LD1o of 2.03 ng/bee and LDso of 70.7 ng/bee. The x?is

significant (p <0.001) indicating the probit model does not fit the data appropriately. I
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compared my LDjoand LDso to those found in other studies that examined honey bee
toxicology with respect to imidacloprid. A range of 1.5-6 ng/bee has been reported for the
LDjoand a range of 42-104 ng/bee for the LDso (Decourtye et al., 2004; Nauen et al.,
2001; Ramirez-Romero et al., 2008; Schmuck et al., 2003; Suchail et al., 2001). My LDy
and LDso values for imidacloprid fall within this range. I then used my results to choose a
range of doses for my hormesis tests (0-25 ppm).The slope calculated by the probit
analysis is indicative of how homo- or heterogeneous a population is in their response to
a stressor. The slope calculated here is less than one, indicating a fair amount of
heterogeneity in response to imidacloprid within the population of bees used.

Table 2.1. Contact toxicity of honey bees (4Apis mellifera) 48 h after topical exposure of 1

pl of imidacloprid (using concentrations of 0 to 2000 ppm) applied via a micro-
applicator. LD is lethal dose until 10% and 50% of bees died; FL are fiducial limits.

Number of LD1o LDso Slope (+ SE) x> (p)
experimental (ng/nl) (ng/nl)
units (n) (95% FL) (95% FL)
94 2.03 70.7 0.83 (£ 0.07) 43.7 (<.0001)
(0.097 -7.85) | (25.8—169.4)

2.3.2 Longevity Experiment

Results from the LIFETEST revealed a significant difference between survival curves

(Figure 2.2; log-rank 32 = 76.52, df = 7, p < 0.001). Multiple pairwise comparisons

(Holm-Sidak method) detected a significant difference between the highest dose (25

ng/bee) and the control (0 ng/bee; p <0.001). The highest dose also showed significant

differences between three other doses (2.5, 0.025, and 2 ng/bee; all showed p <0.001). All

survival curves showed a similar pattern, relatively high survivorship (>80%) up until

approximately day 19, followed by a gradual decline (Figure 2.2). In all curves, the TLso

only ranged from 23 to 26 days, with the highest dose of 25 ng/bee showing slightly
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lower survivorship overall throughout the trials (Figure 2.2). The TLso estimates
regressed against imidacloprid dose did not provide significant relationship (linear nor

non-linear) at a = 0.05.
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Figure 2.2. Survival probability curves of worker honey bees (Apis mellifera) after
topical exposure to 1 pl of imidacloprid with varying doses (0-25 ng/bee). Each survival
curve is representative of 16 replicate cages for experimental doses and 12 replicate cages
for the control (each containing 10 bees).

2.4 Discussion

Pest management practices are widely used in Canada to protect crops from disease and
damage. Use of insecticides can pose a threat to pollinators as residues can accumulate in
the pollen and nectar of flowers and crops (Blacquiere et al., 2012a). This is of concern
for bees as insecticide residues can accumulate and persist in hives (Chmiel et al., 2020;

Mullin et al., 2010). A considerable amount of research points to the idea that pesticides
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cause harm to honey bees, and in certain doses this is the case (Decourtye et al., 2004;
Tosi et al., 2017; Williamson et al., 2013). However, bees have been shown to have better
memory, higher survival, better immune response, and an increased queen production
after exposure to low amounts of different forms of insecticides (Cervantes and Lopez-
Martinez, 2022; Kohler et al., 2012a; Moffat et al., 2016; Mulvey and Cresswell, 2020;
Palmer-Young et al., 2017; Strobl et al., 2020; Thany and Gauthier, 2005). Many of these
studies use a nicotine-based compound, which leads to the possibility that nicotine and its
analogues may act as a stimulant to honey bees. I therefore examined whether exposure
to low doses of a nicotine-based pesticide could have stimulatory effects on honey bee
longevity.

My preliminary bioassays used to determine lethal doses and the NOEL produced
an LDso of 70 ng/bee and a NOEL of 2 ng/bee. These values are comparable to those
found in the literature. Suchail et al. (2001) found the LDso of imidacloprid on honey
bees to be 60 ng/bee. Similarly, Nauen et al. (2001) and Schmuck et al. (2003) found the
LDs for this insecticide to be between 49 — 102 ng/bee, and between 42 — 104 ng/bee,
respectively. For the NOEL, studies found values ranging from 1.5 — 3.2 ng/bee
(Decourtye et al., 2004; Nauen et al., 2001; Ramirez-Romero et al., 2008; Schmuck et al.,
2003). Thus, my values for LDso and NOEL are within the range of published values for
honey bees, and enabled me to design my experiment. It is important to note that in
determining the NOEL, a chi-square test is completed and to confidently assess the
validity of your data, the %> value should be insignificant. However, my % is significant,
indicating the probit model does not fit the data appropriately. This could indicate a

questionable NOEL and, in turn, questionable experimental doses. However, after
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reviewing the literature stated above I felt confident in the doses I chose to complete the
bioassays.

Honey bees in my experiment overall showed similar survivorship in relation to
other studies. Bees in all but one group showed >80% survivorship until day 19, the
highest dose (25 ng/bee) showed a dip below 80% three days earlier, at day 16 (Figure
2.2). This reflects a study done by Paris et al. (2020) where survivorship dipped below
80% at day 18 in the controls. Further, my results showed a decrease to ~50%
survivorship in the controls at day 25 (Figure 2.2). This is consistent with other studies,
where ~50% survivorship was observed at approximately the same time (Liao et al.,
2020; Paris et al., 2020; Shi et al., 2019; Wong et al., 2018a). In studies examining honey
bee longevity there appears to be two outcomes. Either honey bee survival begins to
notably decrease after 15 days (Liao et al., 2020; Paris et al., 2020; Shi et al., 2019; Wong
et al., 2018a) or the notable decrease begins around day 8 (Barascou et al., 2021; Crone
and Grozinger, 2021; Kohler et al., 2012a, 2012b; Retschnig et al., 2015). The high
survivorship I observed could be representative of the cages used. The cages I used met
the requirements for a successful cage, as described by Huang et al. (2014). This included
having ventilation, having a transparent window for observations, not being reused, and
having an entry way for introduction or removal of materials.

I found significant differences between the 25 ng/bee dose and the control. This
dose was the highest dose used in the experiment and therefore a lower survivorship was
to be expected. There were also significant differences between this dose (25 ng/bee) and
three other doses (2.5, 0.025, and 2 ng/bee). In Figure 2.2 it is evident that all survival

curves other than the 25 ng/bee dose showed a similar trend with relatively high
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survivorship that started to drop off after day 20. Considering the trend is consistent
across most of the other groups, it makes sense there are differences between the highest
dose group and the other three groups. Further, I found no significant differences between
any of the mid to low doses of imidacloprid and the control, suggesting no evidence of
hormesis with respect to longevity. Other research has found similar results to mine,
where exposure to a pesticide showed no effect on bee longevity at the individual level
(Gregorc et al., 2018; Retschnig et al., 2015). However, I did expect to see some evidence
suggesting that hormesis is present in honey bees, as this has been recorded in other bee
research (Johnson et al., 2012; Kohler et al., 2012a; Palmer-Young et al., 2017; Strobl et
al., 2020; Wong et al., 2018a; Wright et al., 2013).

Stimulation at low doses regarding longevity has been shown in honey bees,
however in these cases it appears to be associated with another stressor. Research shows
that doses of imidacloprid (0 — 135 ppb) showed no stimulatory effects on honey bee
longevity until co-exposure with common phytochemicals p-coumaric acid and quercetin
(Wong et al., 2018). Liao et al. (2017) found similar results, where honey bee longevity
was enhanced after co-exposure to the same phytochemicals and two pyrethroids (-
cyfluthrin and bifenthrin). This could be indicative of a postconditioning hormetic
response. Postconditioning is a phenomenon that occurs when a low dose of a stressor is
administered after a trauma, disease, or massive exposure and the dose response follows
the hormesis model (Calabrese et al., 2013). There are many studies that show hormesis
in insects is observable with one stressor (Cutler and Guedes, 2017; Rix and Cutler, 2020;
Santos et al., 2018; Strobl et al., 2020). However, with respect to honey be longevity it

could be that honey bees only show a hormetic response to pesticides if they have
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previously been exposed to phytochemicals, or other stressors, in vivo and thus once
exposed to both these and pesticides simultaneously. It is plausible that hormesis with
respect to longevity may be better observed after a previous stressor is already present as
there is minimal literature showing a direct hormetic effect between neonicotinoids and
honey bee longevity. It may also be that hormesis is simply not expressed as an increase
in longevity in bees, and perhaps other endpoints such as learning or foraging efficiency
should be explored.

It is notable that hormesis can be particularly difficult to observe, as the effect is
subtle and it requires the use of many doses (particularly surrounding the NOEL),
frequent measurements over the span of an experiment, many subjects, and high
replication to enhance statistical power (Calabrese and Baldwin, 2003). I believe I met
most of these requirements, however, the use of more doses surrounding the NOEL may
have yielded different conclusions to my present study. It is important to note that there
were no significant negative effects observed in my study; honey bees in most groups
survived a similar amount of time as the control group.

In conclusion, although it has been suggested that hormesis is present in bees
(Cutler and Rix, 2015), I was unable to find definite evidence of hormesis in adult
longevity to low doses of imidacloprid on honey bee longevity in my study. I did observe
differences between the highest dose (25 ng/bee) and other groups (0, 0,025, 2, & 2.5
ng/bee). However, the difference between the highest dose and the control is not
unexpected and due to the similarity between survival curves in all other groups, the
differences are negligible. Overall, I think it is important that the hypothesis of hormesis

in honey bees be investigated further to tease out possible hormetic trends. These may

31



include effects of co-exposure with physical stress, dietary stress, or parasitic stress in
honey bee longevity. This would further the understanding of the dose-response
relationship neonicotinoids have with honey bees, provide more information on
insecticide-induced hormesis in general, and provide a broader perspective to the

neonicotinoid and honey bee debate.
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Chapter 3: A Systematic Review of the Shifting Focus of Honey bee Toxicology
Research

3.1 Introduction

The focus of research on insects and pesticides has shifted more than once. Prior to the
1960s pesticides were generally viewed as a godsent for crop protection, with little
attention paid to the possible adverse effects on nontarget organisms. Silent Spring was
first published in 1962; Rachel Carson was among the first to publicly recognize the
reality of the dangers surrounding the misuse of dichlorodiphenyltrichloroethane (DDT;
Carson 1962). Carson’s book sparked a change in how pesticides were viewed and
managed, although pesticides remain the most influential and important pest management
tool for most cropping systems around the world.

Exposure to toxicants can result in short-term acute affects, or longer term chronic
or sublethal effects. Acute toxicity is the response of an organism 24-72 h after exposure
to a toxicant. Traditionally, determining the acute toxicity of pesticides to insects relied
largely on the determination of an acute median lethal dose or concentration (Desneux et
al., 2007). Regulatory processes of pesticide risk assessment and pesticide registration in
both the United States and the European Union encourage the use of acute mortality as
the toxicity endpoint of interest for insects (Guedes et al., 2016). Though important,
robust, and critical for risk assessment, solely relying on acute mortality as a
toxicological endpoint is an oversimplification of the potential consequences associated
with pesticide exposure. Sublethal effects in response to pesticide exposure have long
been examined but were not studied as much as other endpoints such as measuring the
lethality of pesticides. This is because lethality is a clearly important endpoint, whereas

sublethal endpoints such as learning are more difficult to translate into risk assessments
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(e.g the relevance and transferability of sublethal endpoints are not as clear). Sublethal
effects are defined as effects (physiological or behavioural) that occur in organisms
surviving exposure to a pesticide. A sublethal dose is a dose that causes no apparent
mortality in an experimental population (Desneux et al., 2007).

Study of sublethal effects of pesticides has traditionally been based on a threshold
dose-response model, which assumes there is a dose above which an adverse effect
occurs, and below which no measurable response occurs. However, is it now understood
that hormetic dose responses occur and probably represent the default dose-response
model toxicology. Hormesis is a biphasic dose response phenomenon, whereby exposure
to low doses of a stressor can stimulate biological processes (Calabrese, 2010, 2013).
Hormesis has only recently became more abundant throughout toxicology literature and
since 2010 interest in insecticide-induced hormesis has increased substantially (Calabrese
2005b; Cutler, 2013; Cutler et al., 2022; Guedes et al., 2022a). Hormesis is a biological
process that can be represented by the hormetic dose response model, which explains or
predicts stimulatory responses that are observed after exposure to low doses of a stressor.
Hormesis has been observed in many different organisms and taxa across multiple
biological endpoints following exposure to a variety of different stressors. Pesticide-
induced hormesis occurs widely in insects (Cutler and Guedes, 2017; Cutler et al., 2022),
and although it occurs in bees and other insect pollinators, the majority of hormesis
research with insects has focused on pest species (Guedes et al., 2022a, 2022b).

Bees (Apoidea) are a group of beneficial insects that, as pollinators, are extremely
important to the health of natural and manufactured (e.g. agricultural) ecosystems.

Because pollinators are so important and often subject to pesticide exposure, they are
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regularly incorporated into toxicological studies and pesticide risk assessments. Of these
pollinators, the European honey bee (Apis mellifera) dominates crop pollination
worldwide and is often considered the most important pollinator of agricultural and
horticultural crops (Abrol, 2012; Potts et al., 2010). Exposure of bees to foliar applied
(sprayed) pesticides is reduced by label restrictions that prohibit application of active
ingredients toxic to bees when they are flying or when the crop is in bloom (Government
of Canada 2022). However, when using systemic insecticides that are applied as seed
treatments or in-furrow during planting, the insecticide may move into pollen and nectar
during crop bloom, thereby potentially exposing bees or other insects that forage on those
crops.

Neonicotinoids are insecticides that have been widely used since the 1990s. They
are systemic in nature and water soluble, allowing the insecticide to be absorbed by
plants through roots and be transported throughout plant tissue. This gives this class of
insecticides an advantage in pest control as they can protect all parts of the plant.
Considering neonicotinoids are integrated into all plant tissues, it is not surprising that
they are also found in the nectar and pollen of those plants (Blacquiére et al., 2012). The
use of neonicotinoids has become controversial as there has been evidence to suggest
they can negatively affect honey bee colonies (Charreton et al., 2015; Faucon et al., 2005;
Laycock et al., 2012; Stanley and Raine, 2016; Stejskalova et al., 2021). In 2013 the use
of three neonicotinoids (imidacloprid, thiamethoxam, and clothianidin) in crops that
attract pollinators were banned in the EU (European Union, 2013). France followed in
2016, by banning the use of neonicotinoids for crop protection (Biodiversity Act, 2016),

the ban taking effect in September 2018. These bans are an attempt to mitigate concerns
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surrounding pollinator decline but can be considered controversial as there has been
conflicting evidence emerge that suggest neonicotinoids show no effects, or even
stimulatory effects on bees (Barascou et al., 2021; Cutler et al., 2014; Colin et al., 2019;
Meikle et al., 2022; Traver et al., 2018).

In the present chapter, I examined how the study of honey bee pesticide
toxicology has changed over decades. My first objective was to examine if there were
shifts that occurred in pollinator and honey bee literature and if shifts did occur when
were they, and what may have driven them. I also wanted to determine if hormesis has
become prominent in the pollinator literature. Here, I used Web of Science and broadly
examined pesticide toxicology research on pollinators and then specifically 4Apis species
from 1950-2019. I hypothesized that there would be a noticeable shift from examining
acute effects to examining sublethal effects, as this had been reported in the literature
(Guedes et al., 2016). I also expected stimulation in response to neonicotinoid exposure
to be common in later years of my review as increased attention has been given to
insecticide-induced hormesis (Cutler and Guedes, 2017; Cutler et al., 2022).

My second objective aimed to characterize any patterns that may be present
throughout peer-reviewed studies that examined honey bees and neonicotinoids. To
examine this, also using Web of Science, I reviewed papers from three journals: Journal
of Economic Entomology and Pest Management Science, which are highly read and cited
entomology and pest management journals that publish many papers on bees and
pesticides; and PLoS One, a multidisciplinary journal that has published many papers on
the pollinator-neonicotinoid issue. Relevant papers from the years 2000-2019 were

examined in these journals. These papers specifically focused on Apis spp. and
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neonicotinoids. For each of these studies I recorded information that included but were
not limited to: (1) the methodological approach, (ii) what kind of effects were reported
(inhibitory, stimulatory, or none), (iii) what kind of experimental exposure scenarios were
used (probable, improbable or field sampling studies (explained in Section 3.3.2)), and
(iv) what endpoints were being examined. Here, I predicted there would be a similar
number of studies reporting no effects and inhibitory effects on honey bees, and that there
would be fewer studies reporting stimulation. I expected similar number of studies to
report inhibitory or no effects on bees because there is ample evidence to suggest both
sides within the literature. I expected a smaller number of studies reporting stimulation on
bees because stimulatory effects and hormesis are topics that have only become more
popular in recent years (Cutler, 2013; Cutler et al., 2022; Guedes et al., 2022a, 2022b;
Rix and Cutler, 2022). Further, I predicted laboratory studies to be the most prominent
because insect toxicology work is much easier to complete under laboratory conditions.
Pesticidal treatments and bees can be better controlled, and field studies are more labour
intensive and costly. I predicted more studies to have used probable exposure scenarios,
as blatantly using improbable exposure scenarios would not be accepted scientifically.
Regarding specific endpoints, I expected there would be many studies examining acute
mortality, as that has been the most popular method used in risk assessments (Guedes et
al., 2016).

3.2 Methods

3.2.1 Overarching Patterns in Peer-reviewed Studies

To examine how research in honey bee toxicology has shifted over the years, I searched

the Web of Science Core Collection database, always using the term “pollinator”
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combined with other varying toxicology related terms (Table 3.1). I separated my
searches by decade, searching a term combination (e.g. “pollinator” AND “insecticide”)
in each decade from 1950 until 2019. The same procedure was followed using the word
“Apis” combined with the same toxicology terms (Table 3.2). For each search, I recorded
the number of results obtained with the key search terms, as a means of estimating how
much research attention each topic had received over the decades. The titles of these
articles were briefly scanned and if a title did not seem appropriate the abstracts were
scanned to ensure focus on the key words entered. If the article did not focus on the key
words entered it was excluded from the total.

3.2.2 In-depth Examination of Literature on Honey Bees and Neonicotinoids

Due to neonicotinoids importance in insect pest management and perceived role in
suspected pollinator declines, a more intensive and specific literature search was done in
the Web of Science using the key words “Apis” and “neonicotinoid”, or specific active
ingredients in this class, i.e., imidacloprid, clothianidin, thiamethoxam, acetamiprid,
thiacloprid, nitenpyram, and nithiazine. These searches were restricted to two prominent
entomological journals, Pest Management Science and Journal of Economic Entomology,
and the journal PLoS One. Searches on neonicotinoids were limited to years 2000-2019,
resulting in 103 articles. I then examined each original article in detail to ensure they
were appropriate for this study, meaning the article had to contain either a direct measure
of an effect of a neonicotinoid on honey bees (e.g., exposing honey bees to a
neonicotinoid and recording a toxicological endpoint measure such as survival, longevity,

homing ability, etc.), or included an environmental measure of relevance for exposure
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assessments in pollinator risk assessment (e.g., measures of neonicotinoid residues in
pollen, nectar, honey, etc.).

Original research articles were categorized based on whether they utilized
laboratory, field, semi-field, or combined approaches. Laboratory studies were defined as
experiments done in a greenhouse or a laboratory. Field studies included those that were
done in the field, including those that removed honey bees or samples such as pollen,
nectar, honey, or bee bread, etc. from the field for testing in the lab. Semi-field studies
were defined as experiments that used cages or tunnels in the field. Combined studies
were, for example, situations where the treatment applied to the study subjects was
performed in the field and the effects were observed in the laboratory on the same study
subjects, or vice versa (Lundin et al., 2015). Most studies I examined could be assigned
to a single methodological approach, however, some studies used different approaches
for different endpoints and were therefore classified into multiple categories. Review
articles were considered a separate methodological category. I also recorded the type of
effects that each paper reported whether they be inhibitory, stimulatory, or no effects.
Inhibitory effects were classified as any effects stemming from neonicotinoid exposure
that inhibited a biological function in honey bees at the individual or colony level (e.g.
decreased longevity, downregulation of an important gene, or reduction in pollen or
honey stores). Conversely, stimulatory effects were classified as any effects that
stimulated honey bees at the individual or colony level (e.g. faster foraging times, higher
affinity for learning, or increased food storage). No effects were classified as studies that
showed no difference between treated bees and control bees (e.g. bees exposed to

neonicotinoid showed the same learning behavior as the control bees).
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I evaluated whether the studies reported using probable or improbable exposure
scenarios. When evaluating this attribute, there were also studies that took random
samples from different hives or natural environments to determine the levels of
pesticides. These studies were labelled as “field sampling studies”. Studies were
considered probable if exposures were within the range that honey bees could most likely
encounter in the field. Laboratory studies were considered improbable if the exposure
would be unlikely to occur under field conditions. Due to different types of studies, there
were different factors involved in deciding which papers used probable exposure
scenarios and which did not. I used data from Europe (EFSA, 2012) and the United States
(USEPA, 2012) on neonicotinoid levels found in pollen and nectar of treated plants.
Concentrations in nectar are generally lower than those in pollen. Concentrations differ
based on the way the neonicotinoid treatment was applied. When applied as seed
dressings, general neonicotinoid concentrations in nectar range from <I to 8.6 ppb (mean
maximum level £SE from 20 studies = 1.9 + 0.5 ppb, (EFSA, 2012)) and concentrations
in pollen range from <I to 51 ppb (mean maximum level £SE from 20 studies = 6.1 + 2.0
ppb). Higher concentrations were found when neonicotinoids were applied directly to the
soil (in furrow), ranging from 1 to 23 ppb in nectar and 9 to 66 ppb in pollen (USEPA,
2012). T used Mullin et al., (2010) to help determine improbable exposure scenarios. This
study completed a comprehensive survey of pesticide residues from hives across 23 states
and one Canadian province in 2007-2008 and provided 95™ percentiles in pollen for
specific compounds. Ninety fifth percentiles are concentrations of compounds that are
only likely to be found in the field ~5% of the time. I took the 95 percentile of each of

the compounds included in their report and used this as a cut-off dose (i.e. anything
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above this was considered improbable). The 95" percentiles reported by Mullin et al.,
(2010) were as follows: imidacloprid = 41.3 ppb (SEM = 19 ppb), thiacloprid = 108.7
ppb (SEM = 7.2 ppb), thiamethoxam = 53.3 ppb (only 1 sample so no SEM), acetamiprid
=117.5 ppb (SEM = 7.2 ppb). Mullin et al., (2010) found no residues of clothianidin in
their samples, therefore I used the concentration of 0.0114 ppm, as reported by EFSA,
(2012). In reviewing the research articles and determining probable versus improbable, I
also considered how the bees were exposed. For example, if bees were exposed to a
probable dose but they were fed that probable dose consistently for an extended period,
the study would be considered improbable. Further, if a study sprayed outside, I
considered the maximum application rates for the different compounds as reported by the
EFSA, (2012). Maximum application rates were as follows: imidacloprid = 350 g a.i/ha
(grams of active ingredient/hectare), thiacloprid = 360 g a.i/ha, acetamiprid = 250 g
a.i/ha, and thiamethoxam and clothianidin = 150 g a.i/ha. If the spray concentration used
in the studies exceeded these concentrations, then exposures were considered improbable.
I considered 11 different categories of endpoint measures referred to in articles:
residue analyses, longevity, acute mortality, learning, brood, foraging characteristics,
overall colony health, biochemical, molecular, non-4pis endpoints, and other endpoints
on honey bees. Residue analysis studies include those that took samples such as honey,
wax, pollen, bee tissue, etc. to determine levels of pesticide within the samples. Studies
were put into the longevity category if bees were subjected to a treatment and their
survival was monitored for more than four days. This differed from the acute mortality
category, which considered studies that measured mortality of bees 24-96 h after a

treatment. Studies that examined the sugar response threshold or learning experiments
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such as the proboscis extension reflex (PER) were placed in the learning category. If a
study examined how brood responded to treatments (i.e., developmentally, their survival,
or their activity), it was placed in the brood category. The foraging characteristics
category included studies examining honey bee flight path, ability, or length, as well as
foraging efficiency, ability, and homing ability. Overall colony health encapsulated
studies that looked at many endpoints to quantify the health of the colony, including at
least two of the following endpoints: colony weight, honey yield, brood area, healthy
queens, worker numbers, worker mortality. Studies that were placed in the biochemical
category included any study that examined proteins or enzymes or used chemical
methods such as liquid or gas chromatography, mass spectrophotometry, radioanalysis,
electrophysiology, or immunohistochemistry. Another category named molecular
considered any study that examined changes in gene expression. The category named
“non-Apis” comprises of studies that have a component where the primary focus is a
plant or plant substance (guttation fluids, pollen, nectar) but also examines how the bees
are indirectly affected. For example, one study used treated cantaloupe seeds and once
the plant bloomed, researchers recorded how many bees were seen foraging at specific
flowers (Elzen et al., 2004). The final category incorporates all other studies with direct
endpoints on honey bees that did not fit into any other category. This included studies
that examined things such as apoptosis on honey bee brain cells, assessing pollen and/or
nectar consumption, assessing honey bee weight, looking at specific aspects of honey bee
metabolism, locomotory activity, developmental rates, and viral loads. It is important to
note that in many cases one study examined multiple endpoints and therefore the same

study could be present in multiple categories.
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3.2.3 Statistical Analyses

A one-way PERMANOVA (Permutation Multivariate Analysis of Variance; PRIMER
version 6; McArdle and Anderson, 2001) was used to assess if there were differences
between year categories regarding all literature variables examined. Each literature
variable (i.e. the different exposure scenarios, different methodological approaches,
different endpoints, different result types) was considered a dependent variable. A
SIMPER test (Similarity Percentages; Clarke, 1993; Clarke and Ainsworth, 1993) was
then done to determine what literature variables were contributing most to significant
differences detected by PERMANOVA between year categories. It was also used to
determine what literature variables were most prominent within each year category. The
SIMPER calculates how much each literature variable contributions to the average
similarity of samples (papers) within each year category, and how much each literature
variable contributions to the average dissimilarity between all pairs of groups (comparing
year categories to one another; Clarke et al., 2014)). For both PERMANOVA and
SIMPER tests, Year Category was a fixed factor with four levels (2000-2004, 2005-2009,
2010-2014, and 2015-2019). Replication came from the number of studies used (73).
These analyses were conducted by first constructing a resemblance matrix for the dataset,
using Bray-Curtis similarity. In the SIMPER, within-group similarity is calculated using
Bray-Curtis similarity matrix (Clarke et al., 2014). The main difference when calculating
between-group dissimilarity is the use of the Bray-Curtis dissimilarity matrix, rather than
the similarity matrix (Clarke et al., 2014), and then the contribution of each variable is

calculated in descending order.
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A SIMPER test was also done to determine specifically, which endpoints
contributed to the dissimilarity between year categories, complemented with a visual
representation using a non-metric multi-dimensional scaling (nMDS) plot, constructed
using a resemblance matrix with a dummy variable of 0.01 to account for studies that had
zeros for reach response variable (endpoints), and use of the Bray-Curtis coefficient

(Clarke et al., 2006; Ricotta and Podani, 2017).

3.3 Results and Discussion
3.3.1 General Patterns in the Literature on Honey Bee Toxicology
The search term “pollinator” yielded a total of 15,845 results from 1950-2019, with the
number of publications more than doubling each decade, reaching a high of 9,864
publications between 2010 and 2019 (Table 3.1). When the term “pollinator” was
combined with keywords such as “insecticide” or “pesticide”, few results emerged until
the 1990s where the first notable number of studies were published (Table 3.1). Between
1990 and 2009, a total of 103 papers were published that contained keywords “pollinator”
and either “pesticide” or “insecticide”, and then from 2010-2019 a total of 1,135 papers
were published.

Similar trends were obtained when using the search term “Apis”, where the
overall total number of publications between 1950 and 2019 was 24,305 (Table 3.2).
When searching “Apis”, the number of publications nearly doubles each decade until the
2000s when publications increase drastically, with 83% of all publications being
published after 2000, and 71% of those being published between 2010 and 2019 (Table

3.2). When searching keywords “pesticide” and “insecticide” combined with “Apis”, 1

found the first publication including both “Apis™ and “insecticide” was in the 1950s and
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9%

Table 3.1. Number of citations pulled from the Web of Science database for the term pollinator with pesticide related

terms. Totals represent the total number of citations for each of the years indicated and total number of citations

throughout the years for the individual search terms.

Search terms

Citations per years indicated

1950-1959 1960-1969 1970-1979 1980-1989 1990-1999 2000-2009 2010-2019 Totals
Pollinator 2 23 74 250 1692 3940 9864 15845
Pollinator AND pesticide 0 0 1 0 14 46 653 714
Pollinator AND insecticide 0 0 1 6 20 32 482 541
Pollinator AND organochlorine 0 0 0 0 0 0 2 2
Pollinator AND (organophosphorous OR organophosphate) 0 0 0 0 0 1 18 19
Pollinator AND carbamate 0 0 0 0 0 0 6 6
Pollinator AND pyrethroid 0 0 0 1 0 0 37 38
Pollinator AND neonicotinoid 0 0 0 0 0 1 370 371
Pollinator AND acute toxicity 0 0 0 0 1 3 29 33
Pollinator AND acute exposure 0 0 0 0 0 0 13 13
Pollinator AND chronic toxicity 0 0 0 0 0 0 13 13
Pollinator AND chronic exposure 0 0 0 0 0 0 55 55
Pollinator AND sublethal AND toxicity 0 0 0 0 1 5 67 73
Pollinator AND sublethal AND exposure 0 0 0 0 0 4 114 118
Pollinator AND (hormesis OR hormoligosis) 0 0 0 0 0 0 7 7
Pollinator AND risk assessment 0 0 0 0 4 12 174 190
Pollinator AND hazard 0 0 0 0 3 12 49 64
Totals 2 23 76 257 1735 4056 11953 18102




9%

Table 3.2. Number of citations pulled from Web of Science database for the term Apis along with pesticide related
terms. Totals represent the total number of citations for each of the years indicated and total number of citations
throughout the years for the individual search terms.

Search terms Citations per years indicated

1950-1959 1960-1969 1970-1979 1980-1989 1990-1999 2000-2009 2010-2019 Totals

Apis 68 137 420 726 2750 5776 14428 24305
Apis AND pesticide 0 0 2 1 32 104 974 1113
Apis AND insecticide 1 2 3 6 39 146 748 945
Apis AND organochlorine 0 0 0 0 0 2 10 12
Apis AND (organophosphorous OR organophosphate) 0 0 0 0 9 18 66 93
Apis AND carbamate 0 0 0 0 5 11 14 30
Apis AND pyrethroid 0 0 0 2 15 39 123 179
Apis AND neonicotinoid 0 0 0 0 1 25 489 515
Apis AND acute toxicity 0 0 2 0 8 13 53 76
Apis AND acute exposure 0 0 0 0 0 0 20 20
Apis AND chronic toxicity 0 0 0 0 1 5 82 88
Apis AND chronic exposure 0 0 0 0 1 5 82 88
Apis AND sublethal AND toxicity 0 0 0 0 1 19 123 143
Apis AND sublethal AND exposure 0 0 0 | 6 16 213 236
Apis AND (hormesis OR hormoligosis) 0 0 0 0 0 0 8 8
Apis AND risk assessment 0 0 0 0 7 43 264 314
Apis AND hazard 0 0 1 1 12 36 123 173
Totals 69 139 427 736 2868 6179 17433 27851




publications including these two keywords increased gradually until 2009. From 2010 to
2019, 748 papers were published with these two keywords, making up 79% of all the
papers published since 1950. The first three papers that included “Apis™ and “pesticide”
were published between 1970 and 1979 and publications considerably increased from the
1990s onward, reaching a cumulative total of 1,113. A similar pattern can be seen in most
of the keyword searches for both “pollinator” and “Apis”, where a small number, or no
publications are seen until the 2000s and then most research for most keywords emerges
between 2010 and 2019 (Tables 3.1 & 3.2). This spike in the literature could, in part,
have been due to the increased number of reports of large-scale colony die offs in eastern
North America, beginning in late 2006. These die offs were termed colony collapse
disorder (CCD) and were characterized by the majority of the female worker bees
disappearing, leaving behind, food stores (honey), brood, the queen, and a few workers
(vanEngelsdorp et al., 2009). This event was alarming to many, and caused an increased
interest for scientists, beekeepers, politicians, and the general public due to the economic,
agricultural, and ecosystem services managed honey bees provide (Aizen and Harder,
2009). While this was devastating at the time, CCD has not been reported in many years
and is considered a distinct phenomenon. It is now known that honey bee colony losses
can be caused by an accumulation of different stressors, including pathogens, parasites,
environmental stressors, and beekeeping management stresses (Johnson, 2010). These
factors may have contributed to CCD but are not exclusively linked to it.

For the search of different insecticide classes, for both “pollinator” and “Apis”,
neonicotinoids showed the highest number of studies with 371 and 515, respectively. The

fewest number of publications were on organochlorines, followed by carbamates,
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organophosphates, pyrethroids, and then neonicotinoids (Tables 3.1 & 3.2). The number
of publications that include these insecticide classes reflects the order in which they were
discovered and used over time. Insecticide classes that have developed more recently
have more publications, this is reflective of increased research on bees and pesticides
across decades (Tables 3.1 & 3.2).

The first publication to include both “pollinator” and “neonicotinoid” was
published between 1990 and 1999 (Table 3.1). This makes sense as imidacloprid was first
introduced in 1991. It was not until the early 2000s that its use became widespread and
by 2006 the neonicotinoid family represented nearly 17% of the global insecticide market
and accounted for worldwide annual sales of around USD 1.56 billion (Jeschke and
Nauen, 2008). In 2008, neonicotinoids represented the fastest growing class of
insecticides released onto the market since pyrethroids (Nauen and Bretschneider, 2002).
This is due to their effectiveness, versatility, and affordability. Neonicotinoids are
agonists of nicotinic acetylcholine receptors (nAChRs; Goulson, 2013). This mode of
action does not bind strongly to vertebrate receptors but aggressively binds to the
nAChRs in insects, making it widely sought after in insect pest management (Tomizawa
and Casida, 2005). However, neonicotinoids came under scrutiny around 2011 because
pesticide laden dust was being emitted by pneumatic seeders, and this was being linked to
honey bee die offs (Marzaro et al., 2011; Tapparo et al., 2012). Considering how
important and somewhat controversial neonicotinoids became after 2010, it is not
surprising that the number of publications including the keywords “neonicotinoid” and

“pollinator” or “Apis” skyrocketed in this decade (Table 3.1 & 3.2).
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Toxicological effects may be referred to as acute (effects resulting in a short
period of time from short-term exposure), chronic (effects resulting from long-term
exposure), lethal (exposure results in mortality), or sublethal (exposure resulting in
measurable changes but does not cause mortality). I found a total of 96 papers that
included the words “acute” and “Apis”, the first being published in the 1970s. Guedes et
al. (2016) reports that acute toxicity was the most common scenario studied in early
toxicology research. I found that for both “pollinator” and “Apis™ the term “acute” had
the lowest number of publications, while “chronic” showed more publications, and
“sublethal” produced the most publications (Table 3.1 & 3.2). This is likely a
combination of two things. Firstly, the search term “acute” may not have produced as
many results because not all scientists use this term when conducting and published LDso
experiments. Secondly, when different pesticides are being tested on insects, it is rare that
studies test the chemical on beneficial insects to begin with. They are usually tested on
the target pest species and thus would not have appeared in my search. Studies with
pesticides are often done on pest species because that is the point of developing them, to
prevent pests. Thus, focus on beneficial insects has shifted towards chronic and sublethal
effects, as seen in my data set (Table 3.1 & 3.2). The focus on chronic and sublethal
effects with regard to pollinators makes sense because such exposures often occur in the
field (Chauzat et al., 2006; Nguyen et al., 2009). The number of studies that examined
sublethal exposure was 570 (191 for “pollinator” and 379 for “Apis”’; Table 3.1 & 3.2),
which is more than the number of chronic and acute studies combined. Most sublethal
studies were published between 2010 and 2019 (Table 3.1 & 3.2), possibly reflecting a

shift in emphasis from classical acute mortality laboratory studies estimating median
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lethal dose (LDso) or lethal concentration (LCso) to a focus on sublethal effects following
exposure. However, there may be some overlap in the number of studies reported as acute
and chronic are not necessarily different from sublethal. There can be evidence of
sublethal toxicity with acute or chronic exposure, and acute and chronic effects can be a

result of sublethal exposure. Therefore, the three terms are not mutually exclusive.

3.3.2 In-depth Examination of Literature on Honey Bees and Neonicotinoids

3.3.2.1 Overview of Patterns

The literature search yielded 73 useable papers. There was an overall increase in the
number of papers published between 2010 and 2019 (Figure 3.1; Tables 3.1 & 3.2).
Studies from 1990s were not included in this part of the review as the honey bee-
neonicotinoid debate only began after the 2000s. Most studies on Apis/pollinators and
neonicotinoids were done in the laboratory and published between 2015 and 2019 (Figure
3.1). There was a >3-fold increase in the number of lab studies after 2015 and there was
no notable change in the number of field studies across years (Figure 3.1). Field studies
are generally logistically more difficult, more labour intensive, more expensive, and
come with more uncertainty and therefore less common than laboratory studies.
However, the lack of field studies should be considered as testing in the field could be

considered the most probable experimental scenario.
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Figure 3.1. Number of studies per study type (Review/other, combined, semi-field, field,
and lab) per year category. Studies pulled and pooled from three peer-reviewed journals:
Pest Management Science, Journal of Economic Entomology, and PLoS One.

Reports of stimulatory effects were uncommon, with only three such articles
published between 2000-2005, and six published within 2015-2019 (Figure 3.2A). Of the
studies that produced stimulatory effects, only four explicitly mention stimulatory effects
from neonicotinoid exposure in the title or abstract of the paper, and each of those discuss
the hormesis phenomenon (Démares et al., 2016; Dickel et al., 2018; Ma et al., 2019;
Wong et al., 2018). In other instances reported results of stimulation or hormesis were not
discussed, possibly due to a lack of awareness or interest in the hormesis phenomenon,
even though this has been reported in bees (Suchail, et al., 2004; Zhu et al., 2017a). The

most common endpoint that showed stimulatory effects was longevity, however the

number of studies for each endpoint only varied from 1 to 4 (Table 3.3).
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Figure 3.2. A) Number of studies with inhibitory, no, and stimulatory effects separated
by year category. B) Number of studies with probable or improbable exposure scenarios,
and those that were considered field sampling studies, separated by year category. Studies
pulled and pooled from three peer-reviewed journals: Pest Management Science, Journal
of Economic Entomology, and PLoS One.
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Table 3.3. Number of studies per endpoint examined as well as per type of effect (i.e. inhibitory, stimulatory, or none). Studies
pulled from three peer-reviewed journals: Pest Management Science, Journal of Economic Entomology, and PLoS One. Note
that there is overlap in the number of studies because one study may have found both stimulatory and no effect for different
endpoints or the same endpoint, and so this study would be under both stimulatory and none.

Endpoint occurrences
Effect type . . Foraging  Colony . i T .
observed Longevity Learning Brood characteristics health Mortality Other Non-Apis Biochemical Molecular Totals

Inhibitory 11 5 3 7 6 9 10 4 3 13 71
effects

Stimulatory 3 0 2 1 1 1 1 2 2 17
effects

No effects 11 6 5 4 11 10 10 7 8 8 80

Totals 26 14 8 13 18 20 21 12 13 23 168




The number of studies that showed inhibitory effects increased steadily from 2000
to 2019, with a total of 49 studies showing inhibitory effects (Figure 3.3A). Among these
studies, there were 71 endpoints examined (Table 3.3). The most common endpoint
among these studies that showed inhibitory effects was molecular, and the least common
were brood and biochemical (Table 3.3). In examining the molecular and biochemical
endpoints, if there was an upregulation of a gene or enzyme, this would be considered a
stimulatory response. Conversely, if a gene or enzyme was downregulated, it was
considered an inhibitory response. The most common endpoint that produced no effects
as a result was colony health and longevity (11 studies each), followed by mortality and
“other” (10 studies each; Table 3.3).

More studies examining residue levels within hives began in the second-year
category and increased as time progressed, these were deemed “field sampling studies”
(Figure 3.3B). Many of these studies sampled multiple apiaries in a region to determine
the background levels of pesticide exposure occurring within managed apiaries (Alburaki
et al., 2017; Bernal et al., 2010; Bohme et al., 2018; Chauzat et al., 2006; Mullin et al.,
2010; Nai et al., 2017; Nguyen et al., 2009; Roszko et al., 2016). The increase in this
method after 2005 could be because researchers wanted to get a more accurate
representation of how prominent neonicotinoids were in natural hives. Specifically, after
the neonicotinoid-honey bee controversy began in the late 2000s it was of interest to

quantify the doses that honey bees would be exposed to in the field.

3.3.2.2 Patterns Over Time

The number of studies on bees and neonicotinoids has unsurprisingly increased over the

years (Figure 3.1). Using my full set of literature (dependent) variables consisting of
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study types, exposure scenarios, endpoints, and result types, the PERMANOVA analysis
detected a significant difference in honey bee toxicological research amongst year
categories (p=0.007; Table 3.4). The “no effects” variable was prominent (top three
contributors) in all year categories, and probable exposure scenarios were present in all
year categories (Table 3.5). These results show that although experimental methods and
research objectives have shifted through the years, use of probable exposure scenarios in
honey bee experiments have been constant. It also shows that studies reporting
neonicotinoids have no effects on honey bees have been constant. However, in the later
year categories (2010-2014 & 2015-2019), inhibitory effects were also prominent,
suggesting many studies also reported inhibition in response to neonicotinoids (Table
3.5). These results are not surprising as the controversy surrounding neonicotinoids and
honey bees has been based on these topics. Considering there are similar number of
studies reporting no and inhibitory effects throughout the years (Tables 3.3 & 3.5), my

data reflects the reason behind the controversy.

Table 3.4. PERMANOVA results investigating whether honey bee toxicology research
published in three focus journals (Pest Management Science, Journal of Economic
Entomology, and PLoS One) varied significantly between year categories (2000-2004,
2005-2009, 2010-2014, and 2015-2019).

Source of variation df MS  Pseudo-F Unique p
permutations

Year category 3 42832 228 998 0.007

Residual 69 18713

Total 72
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Table 3.5. SIMPER results reporting average within-category similarity for different literature variables across four year
categories (2000-2004, 2005-2009, 2010-2014, and 2015-2019). The overall average similarity for a year category is for the
assemblage of literature variables, whereas the average similarity within the table is for a given literature variable. Sim/SD is the
ratio of the average similarity to standard deviation of the similarities for each literature variable; a ratio > 1 indicates a consistent
contribution, whereas a ratio < 1 indicates variability in the contribution. The contribution of that variable to the overall average

similarity is indicated next. The cumulative contribution simply accumulates the contribution values. Only the top five
contributors are included in this table. Between category dissimilarity percentages found in Appendix B.

Year category 1 (2000-2004)

Year category 2 (2005-2009)

Overall similarity (%) = 46.38

Overall similarity (%) = 39.85

Literature variable Average Sim/SD  Contribution Cumulative Literature variable Average Sim/SD  Contribution Cumulative
similarity (%) (%) contribution (%) similarity (%) (%) contribution (%)

No effects 15.08 5.18 3250 32.50 Probable 7.91 0.90 19.85 19.85

Lab studies 9.93 1.49 21.41 53.91 No effects 7.59 0.91 19.06 38.91

Probable 7.28 0.90 15.70 69.61 Endpoint “Residue 7.59 0.91 19.06 57.97

Improbable 3.96 0.62 8.53 78.15 analyses

Endpoint “Other 2.39 0.40 516 83.30 Lab studies 4.30 0.61 10.80 68.76

on bees” Inhibitory effects 2.70 0.40 6.77 75.53
Year category 3 (2010-2014) Year category 4 (2015-2019)
Overall similarity (%) = 36.11 Overall similarity (%) = 42.92

Literature variable Average Sim/SD  Contribution Cumulative Literature variable Average Sim/SD  Contribution Cumulative

similarity (%) (%) contribution (%) similarity (%) (%) contribution (%)

No effects 11.27 1.10 31.21 3121 Lab studies 11.05 1.24 25.75 25.75
Inhibit ffects 9.36 0.98 2591 57.11 o .

matbriory etiets Inhibitory effects 10.02 1.15 2335 49.10
Probable 3.61 0.52 9.98 67.10

. . No effects 8.25 0.91 19.21 68.31

Combined studies 2.38 0.39 6.59 73.68
Endpoint “Residue 2.01 0.33 5.56 79.25 Probable 3.07 045 715 7546
analyses” Improbable 2.07 0.38 4.81 80.27




The second SIMPER analysis only considered the different endpoints of the
studies (Figure 3.3; Table 3.6), as opposed to all literature variables (Table 3.5). The
‘other on bees’ was the most commonly studied endpoint in the first-year category (2000-
2004; contributed 31% similarity; Table 3.6). This endpoint housed all the least studied
endpoints, which included examining apoptosis on honey bee brain cells, assessing pollen
and/or nectar consumption, assessing honey bee weight, looking at specific aspects of
honey bee metabolism, locomotory activity, developmental rates, and viral loads
(Charreton et al., 2015; Coulon et al., 2019; Cresswell et al., 2014; Dai et al., 2019; Dai et
al., 2016; Fischer et al., 2014; Guseman et al., 2016; Hardstone and Scott, 2010; Nauen et
al., 2001; Sgolastra et al., 2017; Suchail et al., 2004a, 2004b; Tan et al., 2014; Wu et al.,
2015; Yao et al., 2018). Had these endpoints been their own “variables”, the similarity
within this category may have been lower. This makes sense because honey bee
toxicology and neonicotinoid research started to increase and broaden in scope in the

early 2000s.
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Figure 3.3. Non-metric multidimensional scaling (nMDS) plot of the different studies
included in the analysis (see Figure 3.1) and focused on the endpoints (see Table 3.3). A
symbol represents a study, and the different symbols represent different year categories.
The distance between symbols represents the difference in endpoints between year
categories. The vector overlay within the MDS plot represents correlations between the
endpoints and MDS axes. The vector of each endpoint shows the direction of increased
presence across the nMDS plot, and the circle is the maximum possible length of a
vector. 2D stress < 0.2 indicates a good two-dimensional representation of higher
dimensional trends (Clarke, 1993)
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Table 3.6. SIMPER results reporting average within-category similarity for different endpoints examined across four year categories
(2000-2004, 2005-2009, 2010-2014, and 2015-2019). The overall average similarity for a year category is for the assemblage of
literature variables, whereas the average similarity within the table is for a given literature variable. Sim/SD is the ratio of the average
similarity to standard deviation of the similarities for each literature variable; a ratio > 1 indicates a consistent contribution, whereas a
ratio < 1 indicates variability in the contribution. The contribution of that variable to the overall average similarity is indicated next.
The cumulative contribution simply accumulates the contribution values. Only the top five contributors are included in this table apart
from year category 2, which only had four contributors. Between category dissimilarity percentages found in Appendix C.

Year category 1 (2000-2004) Year category 2 (2005-2009)
Overall similarity (%) = 19.95 Overall similarity (%) =29.16
Endpoint Average Sim/SD  Contribution Cumulative Endpoint _ Avc:.'agc Sim/SD  Contribution Cu.mul.ativc
similarity (%) (%) contribution (%) similarity (%) (%) contribution (%)
Other on bees 6.19 0.40 31.02 31.02 Residue analyses 18.98 0.90 65.09 65.09
Biochemical 6.19 0.40 31.02 62.05 Colony health 4.85 0.39 16.64 81.73
Non-dpis, 1.50 0.22 9.55 7159 Biochemical 2.38 0.22 8.16 89.89
Acute mortality 1.59 0.22 7.95 79.55 Longevity 159 022 544 9533
Residue analyses 1.36 0.22 6.82 86.36
Year category 3 (2010-2014) Year category 4 (2015-2019)
Overall similarity (%) = 16.90 Overall similarity (%) = 18.55
Endpoint Average Sim/SD  Contribution Cumulative Endpoint _ P_;V(:l_"agc Sim/SD  Contribution Cu.mul.ativc
similarity (%) (%) contribution (%) similarity (%) (%) contribution (%)
Residue analyses 6.67 0.32 39.46 39.46 Biochemical 4.44 0.34 23.92 23.92
Biochemical 2.76 0.27 16.36 55.82 Longevity 3.28 0.26 17.66 41.58
Non-Apis 2.70 0.22 15.97 71.79 Acute mortality 2.57 0.19 13.88 55.46
Other on bees 1.98 0.17 11.74 83.53 Residue analyses 2.55 0.19 13.73 69.10

Molecular 0.97 0.17 5.74 89.28 Molecular 239 026 12.88 82.07




In the second-year category (2005-2009) residue analysis was the most common
endpoint examined (contributed 65.1% to its similarity; Table 3.6). Residue analysis is
important in toxicology research to quantify exposure, and in such instances is ideally
incorporated in field surveys with colony assessments after exposure to assess
neonicotinoid residues in honey, beeswax, dead bees, pollen, and nectar (Chauzat et al.,
2006; Cutler and Scott-Dupree, 2007; Faucon et al., 2005; Nguyen et al., 2009). Brunet et
al. (2005) also incorporated residue analysis in their assessment of the metabolic fate of
the neonicotinoid acetamiprid within the honey bee midgut, rectum, and hemolymph. In
2010-2014 residue analyses continued as the most studied endpoint (contributed to 39.5%
of within-category similarity; Table 3.6). Thus, residue analyses were the most studied
endpoint from 2005 until 2014, although they were most prominent in year category two.

Biochemical endpoints were the most studied endpoints in 2015-2019
(contributed 23.9%; Table 3.6). Just over one third of the studies that fell into the
biochemical category also had a component that included a molecular NGS method. This
research ranged from examining changes in enzyme, protein, and gene expression in full
adult or pupal honey bees, to looking only at small samples of tissue such as the fat body,
rectum, brain tissue, etc. (Shi et al., 2017; Wessler et al., 2016; Wu et al., 2015; Yao et
al., 2018; Zhu et al., 2017a; Zhu et al., 2017b). In other studies, queens were sacrificed
and their spermatheca contents used to estimate genetic diversity (Forfert et al., 2017,
Tesovnik et al., 2017). Molecular endpoints were less common between 2015-2019
(contributed 12.8%; Table 3.6). Development of high throughput next-generation

sequencing (NGS) had become readily available at an affordable cost by 2009 (Wang et
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al., 2009) and thus I expected it to be more prevalent in the fourth year category (2015-
2019).

To visualize these trends in endpoints within- and between- year categories, an
nMDS plot was used. A resemblance matrix is used to construct nMDS plots. To
construct this matrix, I used a dummy variable of 0.01 to account for studies that had
zeros for reach response variable (endpoints), and the Bray-Curtis coefficient was used
(Clarke et al., 2006). Considering my data are presence and absence (1’s and 0’s,
respectively), some more explanations are required. I initially used the Jaccard coefficient
and the Sorensen coefficient, which are typically used to measure similarity for presence-
absence data (Ivchenko and Honov, 1998). Note the Sorensen and Bray-Curtis
coefficients are closely related (Ricotta and Podani, 2017), and so Bray-Curtis also works
well on presence-absence data and enabled me to conduct SIMPER tests. A SIMPER test
is like a post-hoc test; it shows what variables are causing the differences between
groups. More specifically, the SIMPER test identifies the literature variables contributing
most to the within-group similarities and to the between-group dissimilarities. If a
variable shows high similarity or dissimilarity it means that it is the variable that is
contributing to the similarity or differences within or between groups.

Year categories 2000-2004 and 2005-2009 show minimal spread, suggesting they
are more similar to one another, and fewer endpoints were examined (Figure 3.3). Years
2010-2014 and 2015-2019 show a greater amount of spread (Figure 3.3), suggesting more
endpoints were studied over time. A vector overlay is used to explain what endpoints
were driving these differences (visualization of the SIMPER). For example, as stated

above, in year category two residue analysis was the most studied endpoint and this is
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evident in Figure 3.3 as the vector for residue analyses is longer and lands right next to
three points from year category two.

3.3.3 Conclusion

In conclusion, my analysis shows how the focus of honey bee toxicological research has
shifted over the years. Research surrounding pollinators and Apis species in relation to
pesticides began to expand after 2000 and by 2010 the number of studies in all areas
sharply increased, with thousands of studies being published between 2010-2019.
Neonicotinoid pesticides were the most common pesticide studied. The number of studies
examining sublethal effects surpassed those examining acute or chronic. Few studies
examined hormesis or reported stimulatory effects, and this is an area that should be
studied more intently, testing a priori hypothesis of the phenomenon. Most studies used
laboratory methods and there were fewer field studies. Use of probable exposure
scenarios was fortunately common, and results that found no effects of neonicotinoids on
honey bees were common throughout the time span I examined. This could suggest that
when realistic doses of neonicotinoids are used, it is likely no effects will be seen.
However, there was a similar number of studies that reported inhibitory effects on bees
(Table 3.3) and the SIMPER analysis showed that in the late year categories (2010-2014
& 2015-2019) inhibitory effects were also prominent. Therefore, the controversy
surrounding the ban on neonicotinoids is reflected in my data. Considering probable
exposure scenarios are a constant throughout the literature and there are studies reporting
both inhibitory and no effects on honey bees, it is difficult to determine if there is a
correct answer. Expanding and applying hormesis and stimulation to the field of

pollinator toxicology could provide some impactful insights on the pollinator-
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neonicotinoid debate. Of the endpoints that I identified in the literature, the most
prominent across year categories were residue analyses and biochemical endpoints, with
residue analyses becoming less common in the later years and biochemical becoming
more common. Many other endpoints were present and contributed relatively equally
throughout the years, indicating many of the same endpoints were being studied
throughout all year categories.

In this chapter I was able to examine how honey bee toxicology literature has
developed and changed over the years, while identifying some knowledge gaps.
Compiling this data allows honey bee toxicologists to see what methods have been used,
the type of experimental doses and conditions that have been used, the different effects
that have been reported, and what endpoints have been widely examined. This
information could help scientists in this field better understand what research has already
been conducted and what should be conducted. It furthers the understanding of how we

look at honey bee toxicology.
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Chapter 4: Discussion

4.1 Overview of Context

Pollination is an essential agricultural ecosystem service and production practice that is
provided by insects, particularly bees (Jaffé et al., 2009). Bees show a great amount of
diversity and are key pollinators of natural plants and crops (Klein et al., 2007). Both
native and managed bees pollinate most wild and agricultural plants, thereby increasing
genetic diversity and crop yields (Klatt et al., 2013; Klein et al., 2007). For many
cropping systems, the contribution of non-Apis pollinators is unclear or insufficient, and
therefore commercially maintained honey bees are often used by default (Frier et al.,
2016). This is because of their versatility, large number of individuals in colonies, and
ability to pollinate many types of plants (Abrol, 2012). Honey bee colonies, whose
development and maintenance are intimately associated with environmental resources,
can frequently be exposed to many pesticide active ingredients (Mullin et al., 2010).
Pesticides are widely used to supress pests that attack and reduce yields of agricultural
crops. They have been considered the most influential tool in pest management since the
1940s, when their use became widespread (Guedes et al., 2016). As honey bees and
pesticides are both important for modern agriculture, we must understand how pesticides
affect honey bees.

How the scientific community has studied the intersection of pollinators and
pesticides has shifted over the years. As different questions emerge, different methods to
test the effects of pesticides on beneficial insects have been developed. Initially, assessing
the acute toxicity of pesticides relied largely on determining an acute median lethal dose

or concentration (Desneux et al., 2007). A shift occurred and more studies examining
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sublethal and chronic exposure emerged and continue to emerge. Among these are
studies examining sublethal effects and hormesis. Hormesis is a biphasic dose response
whereby exposure to low doses of a stressor can stimulate biological processes (Cutler
and Rix, 2015). Hormesis has been demonstrated in many organisms, in response to
numerous stressors (Calabrese, 2013; Calabrese and Blain, 2011; Campos et al., 2019;
Cutler and Rix, 2015; Cutler et al., 2022; Simmons and Angelini, 2017; Wong et al.,
2018; Guedes et al., 2022a). This phenomenon has had a “slow start” but in the past two
decades has become more appreciated in all disciplines, including among entomologists
and pollinator specialists (Calabrese, 2005b; Calabrese 2016; Cutler, 2013; Cutler et al.,
2022). The occurrence of hormesis in bees after exposure to pesticides can be significant
in how scientists study stress responses in bees and could alter the way risk assessments
are completed.

4.2 Contributions of my Thesis, Conclusions, and Considerations for Future Study
In this thesis, I examined whether or not exposure to low doses of a neonicotinoid
insecticide, imidacloprid, would increase longevity of honey bees. I did not find evidence
to suggest that hormesis is present in honey bees with regard to longevity. I also reviewed
how honey bee toxicology research has developed and changed over the decades. I found
that the majority of toxicology research surrounding pollinators and Apis species, alike,
was published after 2010. The pesticide that showed the most citations in relation to
pollinators was neonicotinoids. Sublethal exposure/toxicity produced the most citations,
as opposed to acute or chronic exposures/toxicity. With regard to pollinators and
neonicotinoids, since 2000, the number of studies that use probable exposure scenarios

was fairly consistent throughout the years. Studies that found neonicotinoids to have no
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and negative effects on honey bees was another consistent pattern over the time span |
examined. Of the different endpoints I examined, residue analyses were present in all
years, and biochemical endpoints became more prominent in later years (2015-2019).
There is a lack of research on hormesis regarding pollinators and neonicotinoids. The
occurrence and significance of insecticide-induced hormesis in bees has recently been
discussed (Cutler et al., 2022; Cutler and Rix, 2015), but some authors who inadvertently
find hormesis in bees are clearly still not familiar with the phenomenon (Catae et al.,
2019; Schmuck et al., 2001; Suchail et al., 2004a; Zhu et al., 2017a).

My experimental study in Chapter 2 aimed to further understand and explain the
relationship between honey bees and neonicotinoids, by attempting to examine hormesis.
Although hormesis was not present in my study I do believe hormesis can occur in bees.
Hormesis in response to only neonicotinoids has been observed in 4. mellifera (Alberoni
et al., 2021; Colin et al., 2019; Faucon et al., 2005; Kessler et al., 2015; Ma et al., 2019;
Tosi et al., 2016). Of these, imidacloprid was mostly associated with an increase in brood
production (Alberoni et al., 2021; Colin et al., 2019; Faucon et al., 2005). However,
increased longevity has been seen as a hormetic response in 4. mellifera (Bounias et al.,
1995; Cutler et al., 2022; Dickel et al., 2018; Kdhler et al., 2012a; Wong et al., 2018).
None of these studies showed an increase in longevity solely in response to a
neonicotinoid, and only one involve imidacloprid. Bounias et al., (1995) was not
associated with neonicotinoids, rather cupric salts. After exposure to nicotine, Kohler et
al., (2012a) only showed an increase in longevity in bees that had been deemed “weak
bees”. The others two studies showed an increase in longevity after or co-exposure with a

neonicotinoid and another stressor (Dickel et al., 2018; Wong et al., 2018). Therefore, in
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A. mellifera, 1 believe hormesis with respect to longevity may be better observed using a
combination of stressors. Should my experiment be repeated, I would not use
imidacloprid alone to examine longevity in bees. I believe co-exposure with another
stressor could induce a hormetic response in honey bee longevity.

In Chapter 3 the number of citations that included sublethal effects on pollinators
and/or Apis species since 2010 is large, 570 (191 for pollinator and 379 for Apis). This is
more than both the “acute” and “chronic” citations combined. Again, most of these
“sublethal” studies occurred in the most recent decade (2010-2019). In combing through
the literature, it is easy to see that most studies examining sublethal effects consider these
effects to all be harmful. This focus on harmful sublethal effects was initially important;
we needed to understand if sublethal doses were causing real harm to honey bees. Yet
now that there are so many studies surrounding these effects, we can see that there are
many factors that can contribute to honey bee colony, and individual success. Beekeeping
practices, parasites, environmental fluctuations, genetic diversity, etc. all contribute to
honey bee diversity, success, and resilience. Honey bees are extremely versatile and
incredible organisms that make up a superorganism but just like most living things, they
respond to things based on their genetics and environment. Of course, if bees are exposed
to unrealistically high doses of pesticides, they may be adversely affected. If farmers
follow the directions surrounding pesticide application, residues in hives should remain
low and colonies will often not be affected (Chauzat et al., 2006; Cutler et al., 2014;
Cutler and Scott-Dupree, 2007; Faucon et al., 2005; Hardstone and Scott, 2010; Nguyen
et al., 2009; Traver et al., 2018). Furthermore, it seems obvious that there are so many

variables at play, and because of this any research surrounding sublethal effects on bees
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can seemingly yield any result. Therefore, is there a point to examining all of these
intricacies so closely? Of course, fully understanding the tangled web of honey bee
toxicology response is interesting but will there ever be a clear cut answer? I believe that
hormesis is the answer. That if more focus is given to this dose-response model, and
more scientists are aware of it, it could paint a clearer picture of how honey bees respond
to stressors and could be an integral part of risk assessments.

Considering the search methods used in Chapter 3 of my thesis, for the first
objective, I did not examine each paper in depth and I only used the classes of pesticides
in my search (i.e. not specific compound names such as imidacloprid, for example). I also
may have missed certain publications in my counts because of the terms used (i.e. not all
scientists use the same terminology). Therefore, had I used a more comprehensive list of
search terms, [ may have seen slightly different results. This may have allowed me to
better represent the shift of focus from acute mortality to sublethal responses, as outlined
in the literature (Desneux et al., 2007; Guedes et al., 2016).

Future work should include more studies examining hormesis and should shift
away from this sharp focus on harmful sublethal effects. By testing different hormesis
hypotheses in bees, bi-phasic dose-response models could be generated that enable
predictions of stimulatory effects on endpoints related to survival, learning, and
reproduction (Cutler et al., 2022). Examining synergistic effects between different
chemicals could also be beneficial, as bees may be exposed to many stressors in the field.
More field studies should also be conducted to get a better understanding of how honey
bees react in their natural environments. Further, examining hormesis at the colony level

would be of interest as honey bees are social organisms. A more comprehensive
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understanding of the eco-evolutionary effects of hormesis and how exposed honey bees
may subsequently effect the ecosystem around them would also be important (Guedes et
al., 2022b). Hormesis is commonly seen after exposure to a previous stressor (Calabrese
et al., 2013). Therefore, exploring co-exposure scenarios with neonicotinoids and other
stressor is of interest (e.g. physical, nutritional, other phytochemicals, etc.).

For those involved in the pesticide-pollinator debate, an increase in interest and
application of hormesis could provide some impactful insights. Many pesticides are
certainly toxic to pollinators, but the possibility of hormetic responses in bees has been
overlooked in the literature. Neonicotinoids are widely used pesticides that have been at
the centre of the pesticide-pollinator debate for years. They have also been shown to
cause stimulatory effects in honey bees. By studying hormesis using well designed
experiments, new insights into how bees adapt to exposure to neonicotinoids could be
revealed. Not only would it provide integral information for risk assessments, but it could
shift agricultural pest management practices and provide scientists, legislators, and the

public with a more well-rounded picture of honey bee toxicology.
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Appendix A

Median time (in days) required for 50% of the population to die (TLso values) for each
dose (ng/bee) of imidacloprid used in Apis mellifera longevity bioassays.

Dose TL50 Lower Upper Mean SE

0 26 24 27 25.77 0.455
0.0025 25 24 25 24.22 0.3715
0.025 26 25 26 25.93 0.3314
0.25 24 23 25 23.88 0.367
1 24 23 25 24.22 0.357
2 25 24 26 25.40 0.3724
2.5 26 25 27 25.83 0.3918
25 23 22 23 21.68 0.4027
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Appendix B: SIMPER results reporting average between-category dissimilarities for
different literature variables between four year categories (2000-2004, 2005-2009, 2010-
2014, and 2015-2019). The overall average dissimilarity for a year category is for the
assemblage of literature variables, whereas the average dissimilarity within the table is
for a given literature variable. Diss/SD is the ratio of the average dissimilarity to standard
deviation of the dissimilarities for each literature variable; a ratio > 1 indicates a
consistent contribution, whereas a ratio < 1 indicates variability in the contribution. The
contribution of that variable to the overall average dissimilarity is indicated next. The
cumulative contribution simply accumulates the contribution values.

Year category 1 vs 4

Overall average dissimilarity (%) = 59.65

Literature variable Average dissimilarity =~ Diss/SD Contribution Cumulative contribution
(%) (%) (%)
Inhibitory 5.66 1.41 9.48 9.48
Probable 4.41 1.03 7.39 16.87
Improbable 4.21 1.01 7.06 23.93
Biochemical 3.99 0.93 6.68 30.62
Other on bees 3.88 0.90 6.51 37.13
Stimulatory 3.40 0.89 5.70 42.83
Acute mortality 3.05 0.76 5.12 47.95
Residue analyses 2.90 0.75 4.86 52.80
Field 2.65 0.65 4.45 57.25
None 2.62 0.66 4.39 61.64
Lab 2.61 0.63 4.37 66.01
Indirect 2.59 0.64 4.34 70.34
Colony health 2.50 0.71 4.19 74.53
Foraging/flight path 2.16 0.66 3.62 78.15
Longevity 2.12 0.59 3.56 81.71
Field sampling 2.05 0.54 343 85.14
studies
Molecular 2.04 0.58 3.42 88.57
Combined 1.93 0.57 3.23 91.80
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Year category 1 vs 2

Overall average dissimilarity (%) = 61.42

Literature variable Average dissimilarity =~ Diss/SD Contribution Cumulative contribution
(%) (%) (%)
Residue analyses 4.82 1.15 7.85 7.85
Improbable 4.38 1.12 7.14 14.98
Biochemical 3.87 0.91 6.30 21.29
Lab 3.82 0.87 6.21 27.50
Field 3.74 0.89 6.09 33.59
Inhibitory 3.74 0.86 6.08 39.67
Other on bees 3.64 0.84 5.93 45.60
Combined 3.63 0.87 5.90 51.51
Colony health 3.58 0.91 5.83 57.34
Probable 3.30 0.80 5.37 62.70
Stimulatory 3.05 0.84 4.96 67.66
Indirect 2.83 0.69 4.61 72.27
Foraging/flight path 2.66 0.69 4.33 76.60
None 2.49 0.61 4.06 80.65
Brood 2.48 0.71 4.04 84.70
Field sampling 2.37 0.61 3.86 88.56
studies
Acute mortality 2.24 0.62 3.65 92.21
Year category 2 v 4
Overall average dissimilarity (%) = 63.81
Literature variable Average dissimilarity  Diss/SD  Contribution Cumulative contribution
(%0) (%0) (%)
Residue analyses 5.34 1.25 8.45 8.45
Probable 4.67 1.04 7.40 15.85
Inhibitory 4.61 1.04 7.30 23.15
Lab 4.21 0.90 6.67 29.81
Combined 4.00 0.89 6.33 36.15
None 3.78 0.83 5.99 42.14
Biochemical 3.78 0.85 5.98 48.12
Field 3.72 0.85 5.88 54.01
Colony health 3.69 0.88 5.85 59.85
Field sampling 3.49 0.78 5.52 65.37
studies
Longevity 3.33 0.80 5.27 70.64
Improbable 3.05 0.75 4.83 75.47
Brood 2.44 0.68 3.86 79.32
Molecular 2.17 0.59 3.44 82.76
Acute mortality 1.84 0.51 291 85.67
Other on bees 1.77 0.51 2.81 88.48
Foraging/flight path 1.76 0.46 2.79 91.26
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Year category 1 v 3

Overall average dissimilarity (%) = 64.46

Literature variable Average dissimilarity  Diss/SD Contribution Cumulative contribution
(%) (%) (%)
Inhibitory 5.57 1.30 8.64 8.64
Lab 5.31 1.22 8.24 16.88
Probable 4.57 0.97 7.09 23.97
Improbable 4.55 1.06 7.06 31.03
Biochemical 4.14 0.91 6.42 37.44
Other on bees 4.08 0.89 6.33 43.78
Residue analyses 3.57 0.84 5.54 49.31
Indirect 3.40 0.76 5.28 54.59
Combined 3.38 0.82 5.25 59.84
Stimulatory 3.24 0.85 5.02 64.86
Field 2.90 0.66 4.50 69.36
Acute mortality 2.74 0.68 4.26 73.61
Foraging/flight path 2.66 0.71 4.12 77.74
Colony health 2.53 0.67 3.93 81.66
None 2.11 0.55 3.27 84.93
Other 1.91 0.47 2.96 87.89
Semi-field 1.66 0.51 2.58 90.47
Year category 2 v 3
Overall average dissimilarity (%) = 63.10
Literature variable Average dissimilarity  Diss/SD  Contribution Cumulative contribution
(%) (%) (%)
Residue analyses 5.21 1.11 8.25 8.25
Probable 4.87 0.99 7.71 15.96
Inhibitory 4.81 1.02 7.62 23.58
Lab 4.73 1.02 7.50 31.08
Combined 4.46 0.94 7.07 38.16
Field 3.97 0.85 6.29 44.45
Colony health 3.85 0.86 6.11 50.55
None 3.74 0.77 5.92 56.48
Biochemical 3.69 0.81 5.85 62.32
Field sampling 3.27 0.72 5.19 67.51
studies
Indirect 2.90 0.66 4.60 72.11
Longevity 2.85 0.72 4.51 76.62
Foraging/flight path 242 0.55 3.83 80.45
Brood 2.21 0.62 3.50 83.95
Other 2.06 0.48 3.26 87.21
Other on bees 1.87 0.47 2.97 90.18
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Year category 4 v 3

Overall average dissimilarity (%) = 62.69

Literature variable Average dissimilarity =~ Diss/SD Contribution Cumulative contribution
(%) (%) (%)

Lab 5.73 1.18 9.15 9.15
Probable 4.64 0.97 7.41 16.55
Biochemical 3.93 0.86 6.26 22.81
Improbable 3.86 0.83 6.15 28.97
None 3.85 0.81 6.15 35.11
Residue analyses 3.84 0.81 6.13 41.24
Combined 3.83 0.83 6.11 47.35
Inhibitory 3.83 0.78 6.11 53.46
Molecular 3.09 0.73 4.94 58.39
Other on bees 3.05 0.67 4.87 63.27
Field sampling 3.05 0.66 4.86 68.13
studies

Longevity 2.97 0.69 4.74 72.87
Indirect 2.53 0.59 4.04 76.90
Acute mortality 2.48 0.59 3.95 80.86
Other 2.27 0.50 3.62 84.48
Colony health 1.92 0.49 3.07 87.55
Foraging/flight path 1.58 0.47 2.52 90.07

94



Appendix C: SIMPER results reporting average between-category dissimilarity for
different endpoints examined across four year categories (2000-2004, 2005-2009, 2010-
2014, and 2015-2019). The overall average dissimilarity for a year category is for the
assemblage of literature variables, whereas the average dissimilarity within the table is
for a given literature variable. Diss/SD is the ratio of the average dissimilarity to standard
deviation of the dissimilarities for each literature variable; a ratio > 1 indicates a
consistent contribution, whereas a ratio < 1 indicates variability in the contribution. The
contribution of that variable to the overall average dissimilarity is indicated next. The
cumulative contribution simply accumulates the contribution values.

Year category 1 v2

Overall average dissimilarity (%) = 78.45

Literature variable Average dissimilarity Diss/SD Contribution Cumulative contribution
(70) (70) (%0)
Residue analyses 12.90 1.12 16.44 16.44
Biochemical 10.53 0.88 13.42 29.86
Other on bees 9.71 0.82 12.38 42.24
Colony health 9.36 0.89 11.93 54.17
Indirect 8.20 0.65 10.45 64.63
Foraging/flight path 7.57 0.64 9.65 74.28
Brood 6.37 0.70 8.12 82.40
Acute mortality 5.55 0.62 7.07 89.47
Longevity 5.48 0.59 6.99 96.46

Year category 1 v 4

Overall average dissimilarity (%) = 81.41

Literature variable Average dissimilarity — Diss/SD Contribution Cumulative contribution
(%) (%) (%)
Biochemical 11.40 0.89 14.00 14.00
Other on bees 11.08 0.87 13.61 27.61
Acute mortality 8.71 0.72 10.70 38.31
Residue analyses 8.42 0.70 10.34 48.65
Indirect 8.08 0.59 9.92 58.57
Colony health 6.91 0.69 8.49 67.06
Longevity 6.09 0.57 7.49 74.55
Foraging/flight path 6.00 0.65 7.36 81.91
Learning 5.38 0.53 6.61 88.52
Gene expression 5.21 0.57 6.39 94.91
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Year category 2 v 4

Overall average dissimilarity (%) = 81.44

Literature variable Average dissimilarity = Diss/SD Contribution Cumulative contribution
(%) (%) (%0)
Residue analyses 15.10 1.16 18.54 18.54
Biochemical 10.61 0.82 13.03 31.56
Colony health 10.00 0.84 12.27 43.84
Longevity 9.54 0.77 11.72 55.56
Brood 6.34 0.67 7.78 63.34
Foraging/flight path 5.95 0.44 7.31 70.64
Acute mortality 5.78 0.48 7.09 77.74
Molecular 5.50 0.57 6.75 84.49
Other on bees 4.69 0.50 5.76 90.24

Year category 1 v 3

Overall average dissimilarity (%) = 78.99

Literature variable Average dissimilarity = Diss/SD Contribution Cumulative contribution
(%) (%) (%)

Biochemical 11.71 0.88 14.82 14.82
Other on bees 11.65 0.85 14.75 29.57
Residue analyses 10.44 0.79 13.22 42.80
Indirect 10.22 0.70 12.94 55.74
Foraging/flight path 7.37 0.70 9.33 65.07
Acute mortality 7.27 0.66 9.20 74.28
Colony health 7.26 0.64 9.19 83.47
Learning 3.90 0.45 4.93 88.40
Molecular 3.59 0.47 4.54 92.94
Year category 2 v 3

Overall average dissimilarity (%) = 77.79

Literature variable Average dissimilarity  Diss/SD Contribution Cumulative contribution
(%) (%) (%)
Residue analyses 14.76 1.04 18.98 18.98
Colony health 10.54 0.81 13.54 32.52
Biochemical 10.42 0.78 13.40 45.92
Indirect 8.32 0.64 10.70 56.62
Longevity 7.77 0.69 9.99 66.61
Foraging/flight path 7.69 0.52 9.88 76.50
Brood 5.60 0.62 7.20 83.70
Other on bees 5.42 0.46 6.97 90.67
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Year category 4 v 3

Overall average dissimilarity (%) = 82.99

Literature variable Average dissimilarity = Diss/SD Contribution Cumulative contribution
(%) (%) (%)
Residue analyses 12.37 0.76 14.90 14.90
Biochemical 11.07 0.83 13.34 28.24
Other on bees 9.19 0.64 11.08 39.32
Longevity 8.79 0.67 10.59 4991
Molecular 8.43 0.71 10.16 60.07
Acute mortality 8.17 0.55 9.84 69.91
Indirect 7.43 0.57 8.95 78.86
Colony health 6.08 0.46 7.33 86.18
Learning 4.87 0.43 5.87 92.05
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