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Abstract
Exposure to neonicotinoid insecticides has been highly debated as a major
contributor to the decline of bee health. In response to concerns over the potential effects
of neonicotinoids on bees, the United States Environmental Protection Agency (US EPA)
has made improvements to the regulatory risk assessments process for systemic
insecticides. These improvements refine toxicity testing procedures to better establish
appropriate uses (acceptable targets) and inform labeling (application rates and timing) to
minimize non-target, or unintended, effects on bees. The main objective of these
improvements is to increase field realism to obtain more accurate assessments on risks to
bees in a natural setting. Each of the following chapters of this dissertation addresses a
different aspect of the new risk assessment approach and provides data or suggestions to
improve the procedure to better assess non-target effects of systemic neonicotinoid
insecticides on bee pollinators.
In the first chapter, experiments are described whereby honey bees (Apis mellifera
L.) and bumble bees (Bombus impatiens Cresson) were fed imidacloprid syrup in acute
toxicity tests at different concentrations, either at the standard quantity (10µl) or at a
more field-realistic quantity (50µl) that resembled the amount of nectar foraging bees
may hold in their crop to bring back to the hive, or nectar carrying capacity. Results
indicated that bumble bees were more sensitive to imidacloprid than honey bees. Bumble
bees were particularly more susceptible to becoming unresponsive after exposure
rendering them nonfunctional and thus “ecologically dead.” In addition, the “lethal”
concentration was considerably lower when measured endpoints included bees that were
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either physiologically dead or ecologically dead, suggesting higher toxicity to bees when
toxicological consequences were considered in an ecological context.
In chapter two, honey bee (A. mellifera) colonies consisting of various workerpopulation sizes (1500, 3000, and 7000 bees) were exposed chronically to imidacloprid
syrup (0, 10, 20, 50, and 100ppb) for three weeks to assess the potential effects on queen
bee fecundity and colony development. My results are the first to show dose-dependent
effects of imidacloprid exposure on queen egg laying and locomotor activity, as well as
on worker bee behavior, brood production, and pollen stores in all treated colonies. In
addition, such negative effects lessened as colony size increased, suggesting that
population size may act as a buffer to pesticide exposure through foraging efforts and
increased nestmate interactions that might dilute exposure levels.
In chapter three, I fed individual bumble bee (B. impatiens) queens imidacloprid
chronically for 18-days. Imidacloprid was administered in syrup (1, 5, 10, 25 ppb) and
pollen (0.3, 1.7, 3.3, 8.3ppb) in cage studies. Bumble bee queens exhibited reduced
survival at all doses, even as low as 1 ppb. All treated queens that survived their initial
exposure exhibited a significant dose-dependent delay in nest initiation or egg-laying,
which led to the delayed emergence of worker brood. However, treated queens eventually
commenced nest initiation after exposure, suggesting some recovery potential.
The final chapter reviews the existing literature on effects of neonicotinoids on
bees and organizes the findings using the Adverse Outcome Pathway approach to create a
conceptual framework from which to better understand causal linkages among adverse
effects across studies. In doing so I created a mechanistic explanation or pathway relating
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the mode of action of neonicotinoids to the specified adverse outcome: inhibition of
colony development in honey bees and bumble bees by neonicotinoid exposure.
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Introduction
The first systemic neonicotinoid insecticide, imidacloprid, was introduced to the
agrochemical market in the late 1990’s and quickly became regarded as a better
alternative than the older, non-systemic insecticides, like organophosphates and
carbamates (Jeshke and Nauen 2008). The benefits of neonicotinoids include their ability
to target a broad range of sucking, piercing, and soil pest insects, and their higher
selectivity toward insects compared to mammals, making them safer for pesticide
application handlers compared to older classes of insecticides (Jeshke and Nauen 2008,
Tomizawa and Casida 2003, Tomizawa et al. 2000). The systemic action of
neonicotinoids also is regarded as a great benefit as it allows the insecticide to penetrate
and protect all parts of treated plants, including the root system, which was previously
more difficult to protect against soil insects with traditional non-systemic foliar
insecticides. In the early 2000s, the use of neonicotinoids became even more popular and
thus pervasive with the introduction of clothianidin and thiamethoxam seed-treatments on
major agricultural crops like, corn, soybeans, and canola.
In 2006, beekeepers began reporting major and unsustainable losses of honey bee
colonies (Ellis et al. 2010). A number of factors have since been identified as contributors
to honey bee decline, including Varroa destructor mites, viruses, poor nutrition, and
pesticides, particularly neonicotinoids (vanEngelsdorp et al. 2009). Due to their systemic
nature, neonicotinoids translocate to nectar and pollen of treated plants where foraging
bees may become exposed even when the insecticide is applied to the seed. At first, little
was known about the concentration of neonicotinoid residues being expressed in nectar
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and pollen or the potential impacts on bees, yet beekeepers in France (Chauzat et al.
2006, 2009, 2011) and then the public at large became convinced that neonicotinoids
were the major driver of bee deaths in Europe (DEFRA 2012, Goulson 2013, 2015), the
US (Hopwood et al. 2012) and parts of Canada (Health Canada 2014). I became very
interested in the policy and regulatory processes that facilitated the approval of the use of
neonicotinoids based on the scant scientific information on the environmental fate of
these compounds and on their potential impacts on bee health and behavior. For this
reason, I decided to study the effects of neonicotinoids on bees, with particular focus on
integrating the science with the regulatory decision-making process.
The first goal of my dissertation was to address knowledge gaps in our
understanding of the potential effects of neonicotinoids on the reproductive females
(queens) in honey bee (Apis mellifera L.) and bumble bee (Bombus impatiens) colonies,
and on their respective colony development. The second goal was to identify areas within
the current U.S. Environmental Protection Agency (EPA) risk assessment process that
can be refined to better accurately assess the non-target, or unintended, risks of systemic
neonicotinoids on bees in natural field settings. This introduction briefly outlines each
chapter as it pertains to the science and regulation of neonicotinoid insecticides and their
potential impacts on bees.
Chapter 1 examined current EPA required laboratory toxicity testing procedures
on individual honey bees and bumblebees with the aim of improving the field-realism of
the test, which would more accurately assess risks to bees in nature. My four objectives
were to: 1) compare the standard treatment dose quantity (10µl) of imidacloprid fed to
2

individual bees in sugar syrup to a larger more field-realistic quantity (50µl) that more
closely resembles the nectar-carrying capacity in the crop of foraging honey bees and
bumble bees; 2) test the appropriateness of using honey bees as the surrogate species for
assessing risks to all bees by completing toxicity testing on bumble bees to determine if
there is a difference in neonicotinoid sensitivity between the two species; 3) compare the
use of mortality as the only endpoint of toxicity testing to other endpoints, such as
unresponsiveness or ataxia where bees are rendered non-functional in an ecological
context and therefore considered “ecologically dead;” and 4) expand the observation
period from the traditional time frame of 24 or 48 hours to 96 hours after acute
neonicotinoid exposure to better assess changes in toxicity over time.
My findings indicated that when bees were fed larger field-realistic quantities of
imidacloprid, lethal effects were observed at much lower concentrations. Results also
indicated that when median lethal concentration values were adjusted to include nonfunctional or “ecologically dead” bees in addition to those physiologically dead, toxicity
estimates were higher. Furthermore, extending the observation period to 96 hours
provided greater insight on how toxicity remained relativity unchanged over time for
honey bees but varied in bumble bees. Lastly, toxicity testing indicated that bumble bees
are more sensitive to neonicotinoids than honey bees.
By increasing the treatment quantity in the current toxicity procedure we can
obtain more accurate assessments of the potential lethal concentration levels of
neonicotinoids from treated plants that pose risks to foraging bees in nature. For example,
if the nectar of a plant contains 80ppb of imidacloprid, and a bee consumes 10ul of
3

nectar, the effects on that bee would be much less toxic (lower than the reported LC50)
compared to if she consumed 50ul, closer to nectar carrying capacity and within the
reported LC50 range, from the same plant. Further, expanding the endpoint of mortality
to include severe sub-lethal effects such as unresponsiveness or “ecological death” may
provide a more conservative estimate of toxicity values as unresponsive bees may be
vulnerable to predation and cooling temperatures as well as non-functional in providing
pollination services. By extending observation periods in toxicity testing, assessors would
be able to determine whether bees may recover from behavioral or motor effects. Finally,
my results suggest that honey bees are more appropriately used as an indicator species to
inform researchers about potential environmental stressors that may affect all bees, as
honey bees are managed and monitored. However, honey bees are not appropriate as a
surrogate species, to assess risk to all bees, as I have shown that bumble bees are more
sensitive to neonicotinoids than honey bees. It is also recommended that toxicity testing
include other bee species to better assess risk to both managed and unmanaged bee
pollinators.
Chapter 2 focuses on the potential effects of neonicotinoids on honey bee (Apis
mellifera L) queens as there is little known in this area of research (Schmuck et al. 2001)
and nothing is known about potential effects on egg-laying behavior. The effects on the
main reproductive individual in the nest directly impacts brood production and colony
development and thus overall colony fitness as worker bees are needed to forage for
resources, care for the brood, and maintain normal hive functions. Therefore this lack of
knowledge represents a major gap in our understanding. I examined the potential effects
4

of neonicotinoid exposure on honey bee queens when colonies of three different sizes
(1500, 3000, 7000 bees) were fed imidacloprid syrup (0, 10, 20, 50, 100ppb) over three
weeks. Honey bee queens are indirectly exposed to neonicotinoids through trophallaxis,
or feeding by worker bees in the colony. I used different sized colonies to test the
hypothesis that larger populations may reduce exposure and thus buffer toxicity and
effects on queen egg-laying and locomotor activity. I also examined differences in colony
development among imidacloprid treatments and assessed effects on worker bee
behavior, brood production, and food stores.
My results indicated that neonicotinoid exposure negatively affected queen egglaying and locomotor activity in colonies up to 7,000 bees in population size. As a result,
the experimental colonies exposed to imidacloprid syrup exhibited reduced brood
production. In addition, worker bee foraging was affected and treated colonies had
significantly less pollen stores at all population sizes tested. Some responses, like queen
activity and brood pattern, were not significantly different or less severe among
treatments in the colonies with 3,000 and 7,000 bees, indicating that population size may
positively influence or buffer neonicotinoid exposure and toxicity. Examining effects on
honey bee queen behavior in larger colonies is not possible without highly disturbing the
hive, therefore future research is planned to model potential effects on full-sized colonies
(with over 30,000 bees), by scaling the observed effects on smaller colonies using a
population model created by Wanyi Zhu and Jim Frazier at Penn State University.
These results are the first to show effects of neonicotinoids on honey bee queen
behavior and may provide a mechanistic explanation for reports of high incidences of
5

queen failure and supercedure in colonies. This is critical in furthering our understanding
of bee health decline as queen failures have been identified as a precursor to colony
mortality in commercial beekeeping operations (vanEngelsdorp et al. 2013).
In early spring, honey bee colonies generally are at the lowest population size due
to normal losses of worker bees during the winter. For colonies that successfully overwintered, a normal beekeeping management practice is to divide those colonies and split
or reduce the population to prevent swarming. In addition, commercially available
“packages” or small populations of honey bees containing from 7000-10000 worker bees
are purchased early spring to replace colonies that did not survive the winter. Small
colonies, as shown in my data, are unable to buffer or dilute neonicotinoid exposure and
toxicity response in the queen. Therefore, risk-mitigation options should focus on
reducing exposure risks to honey bee queens particularly when honey bee colonies are at
their lowest population size due to season or management practices.
Chapter 3 addresses another major knowledge gap and examines the effects of
neonicotinoids on individual bumble bee (Bombus impatiens Cresson) queens, the
reproductive individual that initiates a nest and produces brood, including worker bees
and future queens and drones. Bumble bee colonies are annual, and differ in biology from
perennial honey bee colonies. Bumble bees are primitively eusocial meaning the queen
bee hibernates alone during the winter and founds a new nest on her own in early spring.
In contrast, honey bees survive year round as a colony and honey bee queens do not
forage for nectar or pollen but are fed by worker bees. A bumble bee queen forages for
nectar and pollen to feed developing brood until adult worker bees emerge and take over
6

the foraging role. During the short solitary phase when the queen bee is foraging she is
vulnerable to direct neonicotinoid exposure, which may impact nest initiation. I examined
the potential effects on bumble bee queen nest initiation and egg deposition, when queens
were exposed to imidacloprid in syrup (0, 1, 5, 10, 25 ppb) and pollen (0, 0.3, 1.7, 3.3,
8.3ppb, respectively) chronically for 18 days. I observed the queens until the emergence
of the first worker brood, which marked the end of the solitary phase, and then quantified
the remaining brood and final nest weight to assess impacts on colony development.
My findings showed that bumble bee queens directly exposed to imidacloprid
exhibited higher mortality, even at 1ppb, indicating high sensitivity to neonicotinoid
toxicity. The treated queens that survived initial exposure did, however, initiate nests and
the delay in egg deposition was dose-dependent, indicating some recovery in bumble bee
queens. As a result of delayed nest initiation, the time of first worker brood emergence
also occurred in a dose-dependent manner. Final brood measures in colonies in which
queens initiated nests were not significantly different among treatments, but final nest
weight and queen weight were different, although not in a dose-dependent manner. In
fact, nest weight from the lowest (1ppb) and highest (25ppb) treatments were not
significantly different from controls but were statistically different from 5 and 10 ppb
treatments. Queen weight was only significantly different between control and 25 ppb
treated queens.
This study is the first to show adverse effects on bumble bee queens at rates as
low as 1 ppb, well within the range of seed-treatment exposure rates. This indicates that
bumble bee queens are particularly sensitive to neonicotinoids and highlights the
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importance of restricting the use of neonicotinoids to reduce exposure rates in the early
spring when bumble bee queens are foraging and most vulnerable. Further research also
is needed to examine whether bumble bee queens can fully recover and sustain broodproduction sufficiently so the colony can produce new reproductive (queens and males) at
the end of the growing season, and whether worker bumble bees exposed to
neonicotinoids during larval development can function properly as adults.
Chapter 4 serves as the literature review. It is included as my last chapter because
my objective was to review and organize the existing literature on the effects of
neonicotinoids on bees and synthesizes the information in a systematic way to make
sense of when effects are observed and under what conditions or exposure levels they are
observed. I used the Adverse Outcome Pathway approach to develop a conceptual
framework, which allowed me to separate known effects on bees at different levels of
biological organization, from the molecular to the whole organism or colony level. In this
way, casual linkages and relationships among effects could be established, and greater
weight-of-evidence could be given to effects seen across and within multiple levels of
biological orgainzation. In sum, the purpose of the creating this AOP was to highlight
which of the neonicotinoid effects on bees are of major concern, prioritize future research
to address knowledge gaps, and identify potential risk-mitigation options to better protect
pollinators.
Many of the known effects at the molecular, cellular, tissue, and organ level were
done in vivo or in vitro on individual bees. Thus the effects need to be substantiated to
determine if they lead to behavioral modifications or motor deficits in bees within field
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colonies. Many studies have shown effects of neonicotinoids on individual worker bee
health and behavior, which contributes weight-of-evidence for restricting the use of
neonicotinoids. However, key pieces of information are lacking and needed to confirm
unreasonable risk to bees. For example, more complete exposure studies are needed to
quantify the amounts of neonicotinoids in nectar, pollen, and guttation (plant exudate) of
treated plants, at different times of the planting season, to compare actual field exposure
to laboratory and semi-field effect studies. There are very few studies on the effects of
neonicotinoids on reproductive queen bees and none on drone bees, which highlights a
research priority as both queens and drones are critical for colony reproduction and
survival. Lastly, there are several studies showing adverse effects on colony development
in bumble bee colonies but not in honey bee colonies of larger population size. It is
unclear if population size is a main driving factor in colony exposure and toxicity, or if
species differences in physiology and genetics are major drivers. Therefore further
research and or population modelling analyses should be done to investigate the influence
of population size to help clarify these results.
To summarize, my dissertation provides the first evidence that neonicotinoids can
negatively affect behaviors of honey bee and bumble bee queens, such as nest initiation
and egg-laying that are critical for colony development. I identified refinements that
could be made to traditional acute laboratory toxicity testing to improve field-realism and
I make a few recommendations on risk-mitigation options, including greater restrictions
on neonicotinoids in the early spring when foraging bumble bee queens and small honey
bee colonies and thus honey bee queens or most vulnerable to exposure. I highlight
9

several areas of research that need attention to address critical gaps of knowledge that
will more accurately assess risks of neonicotinoids and bees and inform regulatory
agencies.
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Chapter 1: Refinements to risk assessment toxicity testing for bee
pollinators to improve field-realism
1.1 Summary
The lethal effects of the neonicotinoid insecticide, imidacloprid, on worker
bumble bees (Bombus impatiens Cresson) and honey bees (Apis mellifera L.) were
examined. Efforts were made toward developing refinements for risk assessment
procedures to improve field-realism in laboratory acute toxicity testing for bee
pollinators. Individual worker bees of foraging age were exposed to imidacloprid (0, 0.4,
40, 100, 200, 500, 1000, 4000, or 10000 ppb) in 50% syrup. Each bee was fed either the
standard quantity of 10µl used in current acute toxicity testing, or a more field-realistic
quantity of 50µl that represents the nectar-carrying capacity of a foraging bee. Multilevel
ordinal responses (active, knocked-out, dead) were recorded at 24, 48, 72, 96 hours after
acute oral exposure. Bees that were knocked-out by imidacloprid exposure were
unresponsive to tactile stimulus and were considered “ecologically dead” as they were
unable to function in a normal ecological context and would likely die in a field setting.
Median lethal concentrations (LC50) were determined for bumble bees and honey bees at
each time point and quantity, or dose volume, to compare imidacloprid sensitivities
among bee species over time. Bumble bees were more sensitive to imidacloprid and
exhibited lower median lethal concentrations compared to honey bees and when fed a
higher field-relevant quantity of 50µl bumble bees and honey bees had lower LC50
values, indicating imidacloprid is more toxic when consumed at levels near nectarcarrying capacity. LC50 values were adjusted to include bees that were both
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physiologically and ecologically dead and yielded much lower LC50 values, indicating
higher toxicity of imidacloprid when toxicological consequences were considered in an
ecological context. Observations 96 hours after acute oral exposure suggests that some
unresponsive bees knocked–out by imidacloprid exposure (ecologically dead) may
recover, however, many were knocked-out for multiple days and eventually died. Several
refinements are identified that would provide more informative toxicity testing and
improve field-realism in highly controlled laboratory testing of systemic insecticides with
the goal of increasing pollinator protection.

12

1.2 Introduction
Bees are important pollinators of crops, contributing globally to about one-third of
the human diet and immeasurable ecosystem services (Eilers et al. 2011, Potts et al. 2010,
Klein et al. 2007). Recent declines in honey bee and bumble bee populations have
focused research on the potential adverse effects of current agricultural practices,
including large-scale landscape changes leading to a reduction in floral forage diversity
and poor bee nutrition and increased agrochemical exposure (Allen-Wardell et al. 1998,
Lee et al. 2015, NRC 2007, Smart 2015, Spleen et al. 2013, Steinhauer et al. 2014,
vanEngelsdorp et al 2009, 2010, 2011, 2012). Other factors contributing to the decline in
bee health include parasites and viruses, which may be exacerbated by the underlying
issue of bees being immune-challenged by poor nutrition and exposure to agrochemical
toxicants (Di Prisco et al. 2013, Pettis et al. 2012, Thompson 2012, Vidau et al. 2011).
Chloronicotinoid insecticides, or neonicotinoids, are nicotinic acetylcholine
receptor (nAchR) agonists used pervasively in agricultural areas to target a broad
spectrum of insect pests. Neonicotinoids are highly toxic to bees and therefore have been
highly debated as a major contributor to the decline of bees worldwide (Bryden et al.
2013; Cresswell 2010; Cresswell et al 2012; Gill et al 2012, Goulson et al. 2013).
Neonicotinoids are systemic, meaning the toxicant is able to translocate to all parts of a
treated plant including the nectar and pollen where foraging bees may become exposed.
Neonicotinoids are more toxic to bees due to exposure via oral ingestion of contaminated
nectar and pollen compared to other classes of insecticides that traditionally act via
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contact exposure from foliar sprays and not ingested through contaminated foods
(Suchail et al. 2000).
Previously, the testing requirements to evaluate the effects of insecticides on bees
were based on the contact toxicity of older classes of insecticides. Earlier risk assessment
guidelines included tests on honey bees for acute contact toxicity (OCSPP Guideline
850.3020), toxicity to honey bees from residues on foliage (OCSPP Guideline 850.3030),
and toxicity testing under field conditions for pollinators of economic importance in the
United States including the honey bee (Apis mellifera), alfalfa leafcutting bee (Megachile
rotundata), and alkali bee (Nomia melanderi) (OCSPP Guideline 850.3040). More
recently, improvements to risk assessment guidelines have been made for systemic
insecticides. Current recommendations extend acute contact toxicity testing through the
addition of tests for acute and chronic oral toxicity to adult and larval honey bees for Tier
I screening. Additional Tier II and III recommendations include semi- and field-testing
on all castes (worker, queens, drones) of individual honey bees and colonies. The semiand field risk assessments progressively add field realism not captured by standard
laboratory bioassays on worker honey bees in Tier I screening (US EPA 2014). While the
US EPA has made improvements, formal test guidelines and protocols have not been
developed or standardized in the United States.
In this study, I tested the oral toxicity of the neonicotinoid imidacloprid on worker
bumble bees and honey bees. I address four main areas of the toxicity testing procedures
with the goal of providing greater field-realism to Tier I laboratory testing to improve
current testing practices. First, I tested the appropriateness of using honey bees as the
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surrogate species for assessing risk to all bees by comparing lethality between honey bees
and bumble bees. This comparison is important because differences among species, such
as foraging preference, size of individual foragers and colonies, level of nestmate
interaction within the colonies, as well as physiological and behavioral differences of the
individual and the colony, could influence pesticide exposure and toxicity (Thompson
and Hunt 1999). For example, bumble bee colonies are considerably smaller (consisting
of 200-300 workers at peak growth) compared to honey bees (consisting of around
40,000 workers at peak growth), which means there are fewer foraging bumble bees per
colony potentially bringing back contaminated nectar and pollen to the hive. However,
individual worker bumble bees are generally larger than honey bees giving them greater
nectar carrying capacity (110µl) compared to honey bee workers (50-80µl) (Thompson
and Hunt 1999, Rortais et al. 2005). Bumble bees will also visit 2.5 more flowers per
minute and will visit flowers of different species compared to honey bees that typically
forage on fewer flowers per minute and tend to visit flowers of the same plant species
each foraging trip (Thompson and Hunt 1999). These differences in foraging behavior
increase the likelihood of pesticide exposure in bumble bees, and their greater size
increases the potential to ingest greater amount of toxicants.
In addition to the first objective of testing differences in toxicity between bee
species, I fed bumble bees and honey bees two different quantities of contaminated syrup
to compare toxicity after bees were fed a standard laboratory quantity (10µl) compared to
a field-realistic quantity closer to the nectar carry capacity (50µl) of a foraging bee
(Suchail et al. 2001). Standard laboratory bioassays of imidacloprid have determined that
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the median lethal dose for honey bees ranges between 4-40 ng per bee (or 400-4000 ppb)
when fed 10µl (Schmuck et al. 2001, Suchail et al. 2001). Bees fed a larger quantity of
50µl (closer to carry capacity) of imidacloprid in syrup or nectar could elicit toxic effects
from much lower concentrations (80-2000ppb) while consuming equivalent amounts (440 ng) of imidacloprid (Figure 1.1). Therefore, the standard toxicity tests may be
underestimating potential lethal concentrations of neonicotinoids in the field. In addition,
the No Observable Effects Level (NOEL) based on standard toxicity testing is reported at
20 ppb (Schmidt and Schmuck 2000, Fischer 2009), considered higher than residue levels
found in any seed-treated crops. But when bees are fed a larger quantity closer to their
carry capacity, the theoretical, adjusted NOEL may be as low as 2 ppb, well within range
of residues found in seed-treated crops (Figure 1.2).
The third objective was to examine the standard measured endpoint, mortality, as
defined by EPA as “an animal completely immobile.” In traditional laboratory toxicity
testing, bees are binarily ranked as dead or alive. We recorded bees that were “active,”
bees that were considered to be “knocked-out” (unresponsiveness to tactile stimulus but
showing signs of slight movement usually in the antennae or shaking of the appendage),
and bees that were “dead” (completely immobile and showing no signs of movement or
response to tactile stimulus). Bees “knocked-out” by imidacloprid exposure in a field
setting may become vulnerable to predation and environmental factors, such as cooling
night temperatures or dissication and poor weather. In such cases bees unable to return to
the nest could die in the field. I considered bees that were knocked out as “ecologically
dead,” to distinguish them from being “physiological dead” or completely immobile with
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no signs of movement. I compared lethal concentration values when bees were
“physiologically dead” to when bees were either “physiologically or ecologically dead”
to obtain information on field-realistic consequences of toxicological responses.
Lastly, I extended the observation period beyond the typical 24- or 48-hour time
frame to 96 hours after acute oral exposure to determine if unresponsive bees knockedout by imidacloprid exposure eventually died or were able to recover from acute oral
exposure.

1.3 Materials and Methods
1.3.1 Bees and imidacloprid dosage
Toxicity bioassays were performed on bumble bees (Bombus impatiens Cresson)
from November 2011 through January 2012 and on honey bees (Apis mellifera L.) from
May through July 2014 at the University of Minnesota, Saint Paul campus.
Bumble bee colonies (15-20 colonies, each with a single queen and about 200
worker bees) were purchased from Koppert Biological Inc (Howell, MI). Upon arrival,
each bumble bee colony and nest was transferred into a wooden “brood” box (22x23x32
cm) with galvanized steel mesh (27 gauge (0.017) lining the bottom for ventilation, an
inner plexi-glass top cover for ease of observation, and an outer wooden lid to retain
darkness between observation periods, simulating underground nesting. The colonies
were maintained in a greenhouse at 29-30 ˚C and 65-75% relative humidity. Each brood
box was connected via clear plastic tubing (1-inch) into a separate “foraging” cage
(20x20x20 cm), a metal-framed cage lined with clear plastic and cloth mesh material
(BioQuip model 1450A) to let light in and a “sleeve” for access into the cage. Colonies
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were provided syrup ab libitum in plastic containers (200 ml) with a cotton feeder wick
through the sleeve in the foraging cage to allow the bees to forage away from the brood
area. Pollen, collected from pollen traps placed on honey bee colonies, was fed to the
bumble bees by mixing the pollen grains with sucrose to obtain a putty-like consistency,
rolling into a sausage form, and coating with molten beeswax to maintain moisture.
Pollen “sausages” (roughly 20-30 g) were supplied to each brood box on a weekly basis
to promote brood production. Colonies with at least 20 bees present in the foraging cage
were collected all at once for toxicity testing. All collected bumble bees were workers of
average size and were presumed to be of foraging age. Each bumble bee worker was
placed into an individual 2 ounce plastic portion container (solo PL2-0090) for toxicity
testing. A droplet of imidacloprid syrup of specific concentration was placed on the
inside of the plastic container by inserting a micropipette (Finnpipette) through a small
hole (Figure 1.3) in the container.
For the honey bee toxicity study, workers of similar foraging age were collected.
To do this, wax combs containing mature pupae from four field colonies of Italianderived stock were placed in an incubator overnight at 32 ˚C and 65-70% relative
humidity. The following day, newly emerged bees (<24 hours old) derived each colony
were collected and marked on the thorax with paint (Testors TM), randomly mixed, and
placed in each of the four field colonies to reduce potential effects of genetic and colony
origin. After three weeks, the marked worker bees, now of foraging age, were collected
from each hive and brought back to the laboratory. The honey bees were chilled on ice
and individually restrained in plastic drinking straws cut to 2-inches in height and held
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upright with clay stands. The honey bees were harnessed in the straws by placing
unscented dental floss over the cervix to secure the head in place against the rim of the
straw. Imidacloprid syrup treatments of specific concentrations were administered to each
individual bee by placing treated syrup on a small plastic feeder plate (2 cm in diameter)
just below the head (Figure 1.4).
Bumble bees and honey bees used for toxicity testing were deprived of food for 2
hours before treatment, then were given an acute oral dose (either 10 or 50 µl) of
imidacloprid at one of nine concentrations (0, 0.4, 40, 100, 200, 500, 1000, 4000, or
10000 ppb) in 50% sucrose. Bees were chosen at random for treatment dose; e.g., sets of
20 bees were tested at one time, and a random number generator was used to determine
which concentration each set of bees would receive. All sets of honey bees were tested in
a single day with one set of control bees for each replicate. Large numbers of bumble
bees were more difficult to obtain at once, as compared to honey bees, therefore toxicity
testing for bumble bees occurred over several days. The number of sets of bumble bees
tested in a day ranged from 2-3 per day and included one set of controls each day, thus
the number of bumble bees in the control treatment exceeded that of control honey bees
(Table 1.1).
Stock solutions of imidacloprid (100 ppm) were prepared using 99.5 ± 0.5%
technical grade imidacloprid purchased from Chem Service, Inc (PS-2086) dissolved on
an automated stirrer in 50% sucrose overnight. Treatment solutions of each concentration
were prepared fresh for each bioassay by making serial dilutions from the stock solution.
Bees were given 1 hour to finish the treatment dose and bees that did not consume the
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entire treatment were discarded from the experiment (Table 1.1). Bees fed the same
concentration and quantity were held in common cages after acute exposure and fed 50%
syrup and pollen ad libitum. Bumble bees were placed in metal sleeve cages (20x20x20
cm BioQuip model 1450A) and honey bees were place in smaller wooden cages covered
in hardware mesh cloth (27 gauge (0.017) and 10x10x10 cm). Ordinal responses (active,
knocked-out, or dead) due to imidacloprid treatment were recorded at the time bees were
placed into the common cages (0 hours) as well as at 24, 48, 72, and 96 hours after
exposure. Bees were recorded as active if they were observed moving freely and/or if
they were responsive to tactile stimulus (gently nudged with the eraser end of a pencil).
Bees were considered knocked-out (ko) or ataxic when bees were “alive” (showing signs
of antennal or appendage movement/shaking) but had no control of bodily movement and
thus unresponsive to tactile stimulus. Dead bees were recorded when bees were
completely immobile and unresponsive to tactile stimulus.
1.3.2 Statistical analysis
Statistical analyses were performed with R (version 3.2.0) using the multgee
package (version 1.5.1) with the ordLORgee function to specify a generalized estimating
equation (GEE) approach, using local odds ratio parameterization to analyze the ordinal
multinomial responses repeated over time (Touloumis 2015). The local odd ratios
structure specifications for the model were uniform and three-way. To model the
marginal probabilities, a cumulative logit marginal model was used:
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Logit( ɤitj)=βoj + β1I(t=2) + β2I(t=3) + β3trti + β4I(pi=2)+ β5I(pi=3)+ β6I(pi=4)+
β7I(pi=5)

where ɤitj denotes the cumulative probability of the ordinal response level j (j=active, ko,
dead) at time t (t=0, 24, 48, 72, 96 hrs) for individual bee i (i= 1,……,2417), and pi and
trti denote the subject-specific dosage (ppb) of imidacloprid and the treatment quantity of
10 or 50µl fed to each bee. Statistical significance and goodness of fit between nested
GEE models (model 1: with dose and time, model 2: with dose, time, species, and
quantity) was then determined using the Wald statistic. The logarithm (base 10) lethal
concentration that kills 50% of test populations or LC50 was determined by using the
“dose.p” function in the MASS library for each bee species, separated by quantity and
time to examine the influence of the amount of treatment fed to bees in toxicity testing
(standard quantity=10µl or field realistic quantity=50µl) and to evaluate the prolonged
exposure responses extended beyond the typical 24 or 48 hour time frame through 96
hours after acute oral imidacloprid exposure. Data with non-normal distributions were
transformed using square-root transformations as needed. To evaluate differences in
delivery of toxicants, analysis of variance was used to compare bumble bee and honey
bee responses separately. The responses of bees fed 10µl of 0, 200, 500, 1000ppb were
compared to bees fed 50µl of 0, 40, 100, 200ppb. The two feeding regimes resulted in
the consumption of equivalent amounts (0, 2, 5, or 10 ng/bee) of imidacloprid over 24,
48, 72, and 96 hours.
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1.4 Results
Bumble bee and honey bee responses to the treatment concentrations were dosedependent and increased in severity as concentration increased, as expected. From the
time both species of bees were placed into the common cages after the treatment period
ended (0 hours), the negative coefficient estimates progressively decreased with each
successive time interval (-0.45, -0.46, -0.51, -0.63 for 24, 48, 72 and 96 hours,
respectively). Therefore, at each progressive time interval the odds of having a more
severe response were between 1.6-1.9. Differences among each time interval were
significant (p<2e-16). In addition, negative coefficient estimates progressively and
significantly (p<2e-16) decreased with increasing imidacloprid concentration (ppb) and
ranged from -5.1 to -11.0, increasing the odds of serevity in responses from 164 to 59
874, when compared to the control concentration (0 ppb). Individual honey bee workers
were less sensitive to imidacloprid compared to bumble bee workers (p=0.0006), as
shown by the coefficient for the species variable, which was significantly different and
positive for honey bees (0.30) indicating honey bees were 1.3 times less likely than
bumble bees to respond negatively to imidacloprid exposure. The bees’ responses to the
quantity of treated syrup fed were also significantly different between species
(p=0.0006). The coefficient estimate (-0.42) for the highest quantity fed (50 µl) indicated
that responses were 1.5 times more severe for both species compared to bees fed the
standard quantity of 10 µl (Figure 1.5). The goodness of fit test also indicated the analysis
of the model with all covariates (dose, time, species, and quantity) was appropriate (Wald
Statistic=39.92, df=2, p-value=<0.0001).
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1.4.1 Lethal dose and adjusted lethal dose values
There were differences between bumble bees and honey bees in the lethal
concentration (LC50 values) that killed 50% of the bees when fed the standard toxicity
testing quantity of 10µl compared to a field realistic quantity of 50µl. Bumble bees and
honey bees fed the same quantity had different LC50 values at each time point with the
exception of when they were fed 50µl at 96 hours (1253 and 1255 ppb, respectively)
(Figure 1.6, Table 1.2).
Bumble bees: The LC50 values for bumble bees fed 10µl of treated syrup, the
standard quantity in toxicity testing were lower (more toxic) compared to bumble bees
fed a field realistic quantity of 50µl, but the response was not consistent over time. The
LC50 values for bumble bees fed 10µl decreased from 4137-405ppb at each time point
(from 24 to 96 hours after acute oral exposure), while the LC50s for bumble bees fed
50µl decreased from 5398 -1253ppb from 24 to 96 hours after exposure (Table 1.2).
Honey bees: The LC50 values for honey bees fed the standard 10µl volume were
consistently higher (less toxic) at each time point compared to the LC50 values after they
were fed a more field realistic quantity of 50µl. From 24 to 96 hours after exposure the
LC50 values for honey bees fed 10µl increased from 5008 to 5196 ppb, while the LC50
values for honey bees fed 50µl decreased from 2432 to 1255 ppb.
The adjusted lethal dose concentration of imidacloprid that killed 50% of the bees
distinguished between bees that were “physiologically dead” and those considered either
“physiologically dead” or “ecologically dead” that is, unresponsive (ko) combined. The
adjusted LC50 values were 1.4 to 115 times less (more toxic) than the equivalent
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unadjusted LC50 values, and the greatest differences were observed in bumble bees fed
50µl (Figure 1.7, Table 1.2).
1.4.2 Toxicity with equivalent imidacloprid dosage
Responses were compared among bees fed equivalent amounts (ng/bee) of
imidacloprid: bees fed 10µl of 0, 200, 500, 1000ppb were compared to bees fed at 50µl
of 0, 40, 100, 200ppb. In this way all bees were fed and consumed equivalent doses (0, 2,
5, or 10 ng) of imidacloprid per bee at 24, 48, 72, and 96 hours after exposure. Dose and
time were significant factors for the proportion of active, ko, or dead bees for bumble
bees (dose F=5.11-149.04; df=3, 39; p<0.005, time F=2.75-12.63; df=4, 39; p<0.04) and
honey bees (dose F=5.06-13.60; df=3, 39; p<0.005, time F=3.34-7.93; df=4, 39; p<0.01)
(Table 1.3). There were generally more active bumble bees after they were fed 10µl
compared to 50µl at each equivalent amount of imidacloprid (ng/bee) consumed,
however it was not a significant difference (F=0.92; df=1, 39; p>0.34). In contrast, this
observation was reversed in honey bees: there were generally more active honey bees fed
50µl at each equivalent amount of imidacloprid (ng/bee) compared to bees fed 10µl, but
it was also not a significant difference (F=2.09; df=1, 29; p>0.16). The proportion of
unresponsive, knocked-out bees was greater in bumble bees fed 50µl compared to 10µl,
and was lower in honey bees fed 50µl compared to 10µl at each equivalent imidacloprid
dose consumed after 24hours. When the other time points (48, 72 and 96 hours) were
factored in, the differences in ko response between bees fed the two quantities were not
significant (bumble bees p=0.60, honey bees p=0.29). Quantity fed was a significant
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factor in the proportion of dead bumble bees (p=0.0009) but not honey bees
(p=0.46)(Figure 1.8).

1.5 Discussion
1.5.1 Imidacloprid toxicity between species
I assessed effects of acute oral imidacloprid exposure on bumble bee and honey
bee workers to determine median lethal concentrations when bees were fed 10 or 50µl of
imidacloprid syrup at different concentrations. Toxicological responses were recorded 24,
48, 72, 96 hours after exposure to compare imidacloprid sensitivities between bee species
and treatment quantities. I found that bumble bees were more sensitive to imidacloprid
than honey bees. LC50 values adjusted to include bees that were both physiologically
and ecologically dead yielded much lower LC50 values for both species compared to
LC50 for bees considered only physiologically dead, indicating higher toxicity of
imidacloprid when effects were considered in an ecological context. In addition, when
fed a field-relevant quantity of 50µl, rather than standard assay quantity of 10ul, bumble
bees and honey bees had lower LC50 values, indicating imidacloprid was more toxic
when consumed at levels closer to nectar-carrying capacity. Observations 96 hours after
acute oral exposure showed that some unresponsive bees knocked–out by imidacloprid
recovered, however many were knocked-out for multiple days and eventually died.
The median lethal concentration for honey bees fed the standard amount (10µl) of
imidacloprid was similar to the lethal concentration for bumble bees fed the 10µl, but
only at 24 hours. The LC50s for this standard amount were different between the two
species at all subsequent time points (Table 1.2). This result highlights the importance of
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extending the time frame for toxicity testing observations. Honey bees fed 50µl yielded
LC50 values that were 2-4 times lower than LC50 values from honey bees fed 10µl, the
standard quantity, indicating mortality was higher when bees consumed a greater
quantity. In contrast, bumble bees fed 50µl yielded higher (less toxic) LC50 values
compared to bumble bees fed 10µl likely because a greater proportion of bumble bees
were knocked-out rather than dead when they consumed the higher quantity.
Toxicological responses for bumble bees differed over time and became significantly
more severe (i.e. increased mortality), as illustrated by decreasing LC50 values when fed
either 10 or 50µl. (Figure 1.6). In contrast, LC50 values for honey bees fed the standard
quantity (10µl) did not change over time suggesting that toxicity testing results based on
honey bees fed the standard quantity may not capture increases in toxicity when fed a
greater volume or changes in toxicological responses over time. Honey bees may not be
appropriate as the only surrogate species for assessing non-target risks of systemic
insecticides to all bees. Based on differences in size, phenology, foraging capacity and
foraging behavior (such as tendencies to visit multiple versus single plant species), it has
been suggested that bumble bees are more at risk for pesticide exposure but less sensitive
to toxicity than honey bees (Thompson & Hunt 1999). In contrast, my data suggest that
bumble bees are more sensitive to becoming ecologically dead (knocked-out) when fed
50µl and physiologically dead when fed 10µl compared to honey bees fed the same
quantities.
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1.5.2 Differences in toxicity with equivalent doses of imidacloprid
Toxicity testing results are typically reported as the exposure dose, which is the
amount of active ingredient ingested per bee. However, the volume fed (µl) influences
the actual dose consumed and thus the bee’s response and therefore should be taken into
consideration. Bees fed equivalent doses at two different volumes were compared to
evaluate differences in delivery of toxicants. Although LC50 values were lower for each
species when fed the larger quantity, indicating higher toxicity, when toxicological
responses were compared among bees fed equivalent amounts (ng) of imidacloprid (i.e.
bees fed 10µl of 0, 200, 500, 1000ppb or 50µl of 0, 40, 100, 200ppb) quantity was only a
significant factor for bumble bees that were physiologically dead (p=0.0009). The
proportion of active and knock-out responses were similar based on the amount (ng)
ingested, regardless of the volume delivered. More testing is required to see if this result
is supported after bees are exposed to higher lethal concentrations (>4000ppb) and doses
(>10ng).

1.5.3 Physiological vs ecological death (LC50 vs adjusted LC50)
According to the Office of Chemical Safety and Pollution Prevention Harmonized
Test guidelines (OCSPP series 850 group C), “mortality” is defined as an animal that is
completely immobile. “Frank sub-lethal effects” are defined as overt toxicological
effects including, but not limited to, lethargy and ataxia or the complete loss of control of
bodily movements. However, clear distinctions should be made between “completely
immobile” and “ataxia.” Here we considered ataxia or unresponsiveness (ko) as
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“ecologically dead” because the bee was completely immobile and unable to respond to
tactile stimuli, leaving them vulnerable to predation in a natural field setting. In addition,
bees that were unresponsive for multiple days, as observed in bees fed the field-realistic
quantity (50µl), would be vulnerable to other abiotic factors, such as cooler overnight
temperatures and weather, particularly if they are unable to return to the nest. Thus, the
proportions of bees physiologically dead and ecologically dead were pooled to evaluate
the LC50 values adjusted for more field-realistic toxicological consequences to
imidacloprid exposure. The adjusted LC50 values were 14 to 115 times lower than the
unadjusted (physiologically dead only) LC50 values in bumble bees and honey bees fed
10 or 50µl. Differences became less apparent over time and at 96 hours after exposure the
adjusted LC50 values were 1.4 to 7.9 times lower than the unadjusted LC50 values
(Table 1.2). This change over time suggests some recovery in bees that were previously
recorded unresponsive, however, it is unclear whether recovery would or could occur in a
field setting away from the safety of the temperature and humidity controlled laboratory
setting. These results highlight the importance for extended observations on toxicity
responses beyond the typical 24 or 48 hour testing standards as well as the need for
testing under more field-realistic conditions (OECD 1998b).

1.6 Conclusions
Standard laboratory toxicity tests are usually performed under highly controlled
environments and do not reflect field realistic conditions, but improvements can be made
to increase field realism. Testing procedures for pollinators have not been standardized
by the US EPA but should be, to allow direct comparisons among similar studies. Many
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researchers follow the European Plant Protection Organisation guideline no. 170 for
pollinator testing that exposes a group of 10 bees fed 100-200µl for 3-4 hours, up to 6
hours, then estimates consumption per bee based on the difference in weight of the feeder
before and after exposure (EPPO, 1992). However, this procedure could lead to highly
variable and non-significant results depending on how much each bee actually ingested.
Because there is no biological reason for feeding the standard 10µl, we show that feeding
individual bees a field-realistic quantity of 50µl yields more accurate toxicological
responses because foraging bees, in nature, ingest near-carrying-capacity loads of
contaminated nectar. We also show that bumble bees respond to imidacloprid exposure
differently than honey bees, suggesting that testing multiple surrogate bee species based
on different life history and or behavioral traits may be a better way to obtain more
precise risk assessments for non-target effects of systemic insecticides on all bees.
In addition to examining the toxicological responses of two species after feeding
different quantities, we used a multilevel ordinal approach to examine toxicity in an
ecological context. Ecological death has been used to describe animals that are not
overtly harmed by chemical exposure but their behavior is altered in such a way that the
animal is unable to function in a normal ecological context (Scott and Sloman 2004).
Many of the unresponsive bees considered “ecologically dead” after imidacloprid
exposure were knocked-out for several days and unable to function in a normal
ecological context, such as foraging from hive resources and pollinating plants, and
potentially unable to escape from predators or thermoregulate to adjust to heat, cold, or
dissication. Therefore, although a responsive bee showing some signs of antennal or
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appendage movement or trembling may be considered alive in a typical laboratory
bioassay; a knocked-out bee may have little to no chance of survival in the field. Toxicity
testing can be improved for field realism by expanding binary responses (alive or dead) to
ordinal responses (active, ko, dead). Extending observations to 96 hours, as we did, may
also provide insight as to whether unresponsive bees may recover from systemic
insecticide exposure, though, recovery in a controlled laboratory environment may not
occur under more erratic field conditions. Further field testing would be required to
confirm the fate of knocked-out bees.
One of the greatest criticism of laboratory toxicity testing is the lack of field
realism. Data obtained from these toxicity tests are used to determine whether further
testing (Tier II and III screening) is required and to inform regulatory decisions, such as
application rates and timing. Toxicity tests form the foundation or baseline by providing
median lethal dose or concentration values from which concentration dosages for other
toxicological and sub-lethal studies are chosen. Simple adjustments to current testing
practices, such as increasing the quantity fed, using multiple bee species and multilevel
ordinal responses, and extending the observation time frame can greatly increase field
realism in laboratory practices and improve future risk assessment testing for pollinator
protection.
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1.8 Table legend
Table 1.1 The number of bumble bees and honey bees that consumed the entire
imidacloprid treatment at each concentration (ng or ppb) and quantity consumed (µl)
within an hour after acute oral exposure for each replicate of the toxicity bioassay (Rep 1
and Rep 2).
Table 1.2 The LC50 and adjusted LC50 (ppb) for bumble bees and honey bees. LC50
values after acute oral exposure include only bees that were “physiologically dead.”
Adjusted LC50 values include bees both “physiologically dead” and “ecologically dead”
(unresponsive, ko). All bees were fed 10 or 50µl of imidacloprid at each concentration,
and LC50s were calculated 24, 28, 72 and 96 hours after exposure. Two quantities were
fed to simulate potential environmental exposure when bees consumed 10ul, the standard
toxicity testing amount, or more field realistic quantity 50 ul.
Table 1.3 Statistical output for analysis of variance in bees fed equivalent amounts (0, 2,
5, or 10 ng/bee) of imidacloprid given two different feeding regimes (10µl of 0, 200, 500,
1000ppb compared to 50µl of 0, 40, 100, 200ppb). Multilevel ordinal responses (active,
knocked-out (ko), dead) were recorded over time at 24, 48, 72, and 96 hours after acute
oral exposure. Two-way and three-way interaction effects were not significant and are
not shown.

34

1.9 Tables
Table 1.1 The number of bumble bees and honey bees that consumed the entire
imidacloprid treatment at each concentration (ng or ppb) and quantity consumed (µl)
within an hour after acute oral exposure for each replicate of the toxicity bioassay (Rep 1
and Rep 2).
µl

10

50

ng

ppb

Bumble bees

Honey bees

Rep 1

Rep 2

Rep 1

Rep 2

0

0

106

135

20

27

0.4

40

25

35

20

44

1

100

23

34

20

41

2

200

29

30

30

40

5

500

30

30

20

20

10

1000

30

30

20

21

40

4000

25

59

22

40

100

10 000

32

29

21

20

0

0

93

99

16

20

2

40

28

30

20

41

5

100

29

26

20

39

10

200

28

28

30

41

25

500

30

60

25

21

50

1000

30

60

20

20

200

4000

27

30

20

20

500

10 000

28

33

20

22
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Table 1.2 The LC50 and adjusted LC50 (ppb) for bumble bees and honey bees. LC50
values after acute oral exposure include only bees that were “physiologically dead.”
Adjusted LC50 values include bees both “physiologically dead” and “ecologically dead”
(unresponsive, ko). All bees were fed 10 or 50µl of imidacloprid at each concentration,
and LC50s were calculated 24, 28, 72 and 96 hours after exposure. Two quantities were
fed to simulate potential environmental exposure when bees consumed 10ul, the standard
toxicity testing amount, or more field realistic quantity 50 ul.

Bumble bees
Honey bees

Bumble bees
Honey bees

LC50 (ppb)
hours after exposure
µl
24
48
72
10
4137
1660
612
50
5398
4111
3550
10
5008
5631
5825
50
2432
1945
1581

96
405
1253
5196
1255

Adjusted LC50 (ppb)
hours after exposure
µl
24
48
72
10
296
271
339
50
47
101
117
10
453
1086
2000
50
107
200
395

96
293
161
2600
492
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Table 1.3 Statistical output for analysis of variance in bees fed equivalent amounts (0, 2,
5, or 10 ng/bee) of imidacloprid given two different feeding regimes (10µl of 0, 200, 500,
1000ppb compared to 50µl of 0, 40, 100, 200ppb). Multilevel ordinal responses (active,
knocked-out (ko), dead) were recorded over time at 24, 48, 72, and 96 hours after acute
oral exposure. Two-way and three-way interaction effects were not significant and are
not shown.
quantity (µl)
Bumble active F=0.92; df=1,39; p=0.34
bees

dose (ng/bee)

time (hrs)

F=149.04; df=3,39; p=<2e-16*

F=2.75; df=4,39; p=0.04*

ko

F=0.28; df=1,39; p=0.6

F=27.81; df=3,39; p=8e-10*

F=7.21; df=4,39; p=2e-4*

dead

F=12.91; df=1,39; p=9e-4*

F=5.11; df=3,39; p=0.004*

F=12.63; df=4,39; p=1e-6*

Honey

active F=2.09; df=1,39; p=0.16

F=13.60; df=3,39; p=3e-6*

F=3.34; df=4,39; p=0.02*

bees

ko

F=1.16; df=1,39; p=0.29

F=12.83; df=3,39; p=6e-6*

F=7.93; df=4,39; p=9e-5*

dead

F=0.55; df=1,39; p=0.46

F=5.06; df=3,39; p=0.18

F=4.85; df=4,39; p=0.003*
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1.10 Figure legend
Figure 1.1 The reported lethal dose that kills 50% of a test population (LD50) ranges
from 4-40 ng per bee (400+ ppb) when honey bees are fed the standard laboratory
quantity (10 µl). The theoretical adjusted LD50 range (indicated in green, 80+ ppb)
illustrates an equivalent amount of active ingredient ingested per bee (4-40 ng) when bees
are exposed to lower concentrations of contaminated forage but at a larger more field
realistic quantity (50 µl). Predicted environmental exposure (ppb) represents potential
concentration levels found in contaminated nectar, pollen, or water sources bees may
become exposed to in the field.
Figure 1.2 The reported No Observable Effects Level (NOEL=20ppb) is the lowest level
in which no effects are observed when honey bees are fed the standard bioassay quantity
(10 µl). The theoretical adjusted NOEL (~3ppb) illustrates an equivalent amount of active
ingredient ingested when bees are fed a field realistic quantity (50 µl) at a lower
concentration. Predicted environmental exposure (ppb) represents potential concentration
levels found in contaminated nectar, pollen, or water sources bees may become exposed
to in the field.
Figure 1.3 Bumble bee workers individually fed imidacloprid syrup at each test
concentration administered using a micropipette inserted into a small hole on the side of
each 2 oz plastic container.
Figure 1.4 Honey bee workers individually harnessed into straw holders and
administered imidacloprid syrup at each concentration on plastic feeder plates.
Figure 1.5 Proportional multilevel ordinal responses: active; knocked-out (ko); or dead,
for bumble bees and honey bees at 24 and 96 hours after acute oral imidacloprid (IMD)
exposure of specific concentration (ppb) and quantity (µl).
Figure 1.6. The logarithm of the median lethal concentration (± SE bars), or LC50, for
honey bees fed 10µl (HB10), honey bees fed 50µl (HB50), bumble bees fed 10µl (BB10)
and bumble bees fed 50µl (BB50) of imidacloprid at different concentrations, 24, 48, 72
and 96 hours after acute oral exposure. Higher LC50 values equate to lower toxicity.
Values determined using bees considered physiologically dead only.
Figure 1.7 The logarithm median lethal concentration (± SE bars) or LC50 adjusted for
honey bees fed 10µl (HB10), honey bees fed 50µl (HB50), bumble bees fed 10µl (BB10)
and bumble bees fed 50µl (BB50) to include bees that were “physiologically dead” and
“ecologically dead” (unresponsive, ko) when fed 10 or 50 µl of imidacloprid at different
concentrations at 24, 28, 72 and 96 hours after acute oral exposure.
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Figure 1.8 Proportional multilevel responses (active, unresponsive (ko), or dead) in
bumble bees (top) and honey bees (bottom) 24 hours after exposure to equivalent
amounts of imidacloprid (ng). Bees were fed 10µl of 0, 200, 500, 1000ppb, or 50µl of 0,
40, 100, 200ppb imidacloprid in sugar syrup, which resulted in the consumption of
equivalent doses (0, 2, 5, or 10ng) of imidacloprid per bee. Legend: active10µl =bees fed
10 µl and active; active50µl =bees fed 50µl and active; ko10µl =bees fed 10µl and
knocked-out; ko50µl =bees fed 50µl and knocked-out; dead10µl =bees fed 10 µl and
dead; dead50µl =bees fed 50 µl and dead; bars represent ± standard errors among
replicates.
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1.11 Figures
Figure 1.1 The reported lethal dose that kills 50% of a test population (LD50) ranges
from 4-40 ng per bee (400+ ppb) when honey bees are fed the standard laboratory
quantity (10 µl). The theoretical adjusted LD50 range (indicated in green, 80+ ppb)
illustrates an equivalent amount of active ingredient ingested per bee (4-40 ng) when bees
are exposed to lower concentrations of contaminated forage but at a larger more field
realistic quantity (50 µl). Predicted environmental exposure (ppb) represents potential
concentration levels found in contaminated nectar, pollen, or water sources bees may
become exposed to in the field.
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Figure 1.2 The reported No Observable Effects Level (NOEL=20ppb) is the lowest level
in which no effects are observed when honey bees are fed the standard bioassay quantity
(10 µl). The theoretical adjusted NOEL (~3ppb) illustrates an equivalent amount of active
ingredient ingested when bees are fed a field realistic quantity (50 µl) at a lower
concentration. Predicted environmental exposure (ppb) represents potential concentration
levels found in contaminated nectar, pollen, or water sources bees may become exposed
to in the field.
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Figure 1.3 Bumble bee workers individually fed imidacloprid syrup at each test
concentration administered using a micropipette inserted into a small hole on the side of
each 2 oz plastic container.
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Figure 1.4 Honey bee workers individually harnessed into straw holders and
administered imidacloprid syrup at each concentration on plastic feeder plates.
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Figure 1.5 Proportional multilevel ordinal responses: active; knocked-out (ko); or dead,
for bumble bees and honey bees at 24 and 96 hours after acute oral imidacloprid (IMD)
exposure of specific concentration (ppb) and quantity (µl).
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Figure 1.6 The logarithm of the median lethal concentration (± SE bars), or LC50, for
honey bees fed 10µl (HB10), honey bees fed 50µl (HB50), bumble bees fed 10µl (BB10)
and bumble bees fed 50µl (BB50) of imidacloprid (IMD) at different concentrations, 24,
48, 72 and 96 hours after acute oral exposure. Higher LC50 values equate to lower
toxicity. Values determined using bees considered physiologically dead only.
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Figure 1.7 The logarithm median lethal concentration (± SE bars) or LC50 adjusted for
honey bees fed 10µl (HB10), honey bees fed 50µl (HB50), bumble bees fed 10µl (BB10)
and bumble bees fed 50µl (BB50) to include bees that were “physiologically dead” and
“ecologically dead” (unresponsive, ko) when fed 10 or 50 µl of imidacloprid (IMD) at
different concentrations at 24, 28, 72 and 96 hours after acute oral exposure.
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Figure 1.8 Proportional multilevel responses (active, unresponsive (ko), or dead) in
bumble bees (top) and honey bees (bottom) 24 hours after exposure to equivalent
amounts of imidacloprid (ng). Bees were fed 10µl of 0, 200, 500, 1000ppb, or 50µl of 0,
40, 100, 200ppb imidacloprid in sugar syrup, which resulted in the consumption of
equivalent doses (0, 2, 5, or 10ng) of imidacloprid per bee. Legend: active10µl =bees fed
10 µl and active; active50µl =bees fed 50µl and active; ko10µl =bees fed 10µl and
knocked-out; ko50µl =bees fed 50µl and knocked-out; dead10µl =bees fed 10 µl and
dead; dead50µl =bees fed 50 µl and dead; bars represent ± standard errors among
replicates.

47

Chapter 2: Sub-lethal effects of dietary neonicotinoid insecticide
exposure on honey bee queen fecundity and colony development
2.1 Summary
Several factors have contributed to honey bee (Apis mellifera L.) decline globally
in recent years. One hypothesized contributor is the pervasive use of systemic
neonicotinoid insecticides in agriculture and urban landscapes. Through direct
consumption of the insecticide in nectar, pollen and water, neonicotinoids can induce
detrimental sub-lethal effects on individual worker bees, including impaired foraging, and
learning and memory. Less well studied, however, are the potential effects of
neonicotinoids within a colony, particularly on queen bees and worker larvae, which are
fed indirectly through trophallaxis from worker bees. To assess the sub-lethal effects of
neonicotinoids on honey bee queen fecundity and brood viability, small colonies in
observation hives were fed imidacloprid (0, 20, 50, 100 ppb) in a 50% sucrose solution
every other day (chronic pulse exposure). Three colony sizes (1500, 3000, and 7000
bees) were tested to determine the influences of colony size on exposure rates and
toxicity. We found dose-dependent negative effects of imidacloprid exposure on queen
egg-laying and locomotor activity, worker bee activity (foraging at all doses and hygienic
behavior at 50 and 100 ppb), brood production and quality (as indicated by brood
pattern), and pollen stores in all treated colonies. The adverse effects lessened as colony
size increased, suggesting that population size may act as a buffer to pesticide exposure.
Final adult worker population, the amount of larvae present, and nectar stores were the
only measures that were not affected by chronic imidacloprid exposure which suggests
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traditional quick assessments on worker population and honey production on their own
may not be reliable measures to assess colony health. This study is the first to show the
adverse effects of neonicotinoids on queen and worker bee behaviors inside the hive, and
improves our understanding of how neonicotinoids may impact core functions,
reproduction, and the growth and development of honey bee colonies.

2.2 Introduction
Honey bees, Apis mellifera, provide pollination services to over 150 different
crops or roughly one-third of our diet, contributing $15 billion annually in added crop
value in the US (Morse and Calderone 2000; Robinson & Morse 1989, Thapa 2006). For
the past 8 years, beekeepers have experienced high over-wintering mortality. Estimated
honey bee winter losses have ranged range between 23% and 36% from 2007-2014 (Lee
et al. 2015, Spleen et al. 2013, Steinhauer et al. 2014, vanEngelsdorp et al 2010; 2011;
2012), which is noticeably higher than the normal acceptable losses of about 15% prior to
2007 in the US. Furthermore, in 2006, the National Research Council released a study on
the status of the North American pollinators, reporting a downward trend in the
populations of several wild bee species, including bumble bees. Bee pollinator decline
represents a serious global threat to food security, agricultural productivity, and trade
(Kevan & Phillips 2001). The causes of wild and managed bee losses are still unclear;
however, a number of factors have been implicated in the rapid decline of honey bee
colony health: Varroa destructor mites, viruses, microsporidian Nosema spp. parasites,
poor nutrition, migratory stress, queen failure, and pesticides (vanEngelsdorp et al 2009a;
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2013). Neonicotinyl insecticides, one pervasively used class of pesticides in agricultural
and urban areas, have been highly debated as a major contributor to the decline of bees
worldwide (Bryden et al. 2013; Cresswell 2010; Cresswell et al 2012; Gill et al 2012,
Goulson et al. 2013). Neonicotinoids are systemic broad-spectrum insecticides that target
various sucking and chewing insect pests. These insecticides translocate to all parts of a
plant including nectar and pollen where foraging bees may become exposed. Bees may
also become exposed through dust drift from abraded seed coatings during planting and
through contaminated water sources and guttation, or plant exudate (Girolami et al. 2009,
Tapparo et al. 2011, Samson-Robert et al. 2014, Simon et al 2013). The neonicotinoids
act as nicotinic acetylcholine receptor (nAChR) agonists and have high selectivity in the
central nervous system of insects (Elbert et al. 2008, Jeschke et al. 2008, Tomizawa &
Casida 2003). Imidacloprid, a compound within the neonicotinoid class of insecticides, is
considered “highly toxic” to bees. The LD50, which is the lethal dose that kills 50% of a
test population, ranges from 3.7-100 ng per bee (Nauen et al. 2001, Schmuck et al. 2001,
Suchail et al. 2001). Imidacloprid was the first neonicotinoid to be registered in the early
1990’s. Presently, there is heavy scrutiny and debate over reported adverse non-target
effects of this and other neonicotinoids on bees, and on other wildlife and ecosystems
(Carreck & Ratnieks 2014, Chagnon et al. 2015, Cresswell 2010, Gibbons et al. 2014,
Goulson 2013, 2015, Mason et al. 2013, van der Sluijs et al. 2014). Other neonicotinoids,
particularly those of the nitroguanidine subgroup, such as clothianidin and thiamethoxam,
have similar toxicity values and uses as imidacloprid and pose additional risks to bees
(Decourtye & Devillers 2010, Laurino et al 2011, Iwasa et al 2004). Neonicotinoids are
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now registered in over 120 countries and represent 24% (valued at US $2632 million) of
the global insecticide market as of 2008. Imidacloprid (valued at US $1091 million)
represents 41.5% of the total neonicotinoid market and is the largest selling insecticide in
the world (Jeschke et al 2011), rendering the potential for exposure to bees high.
The issue of bee decline is a complex multi-faceted and global problem. The
current body of knowledge on the effects of neonicotinoids on bees is vast and includes a
number of studies showing adverse effects on foraging, and learning and memory in
worker honey bees (Colin et al. 2004; Decourtye et al. 2003, 2004; Yang et al. 2008). It is
notable that there are no studies examining the effects of neonicotinyl insecticides on
honey bee queen behavior, although recent studies have reported effects on bumblebee,
Bombus spp, queen production, worker bee survival, and colony development when
colonies were chronically exposed to field-realistic levels of neonicotinoids (Elston et al.
2013, Goulson 2015, Laycock et al. 2012, Scholer et al. 2014, Whitehorn et al. 2012). As
the queen bee is the only individual in the honey bee colony that lays fertilized eggs, thus
playing a key role in colony growth and survival, it is important to study the potential
effects of neonicotinoids on this key reproductive individual.
The Environmental Protection Agency (EPA) is currently undergoing a special
review of the neonicotinoid insecticides and their adverse effects on pollinators, which is
to be completed by 2018. The EPA has also improved the risk assessment procedure for
toxicity testing of systemic insecticides on honey bees (US EPA 2014). Potential
improvements may mitigate non-target risks by extending toxicity testing on adult worker
bees in the laboratory beyond simple lethality studies to include sub-lethal effects on
51

more vulnerable individuals such as the reproductive caste (queen and drone bees) and
brood under semi-field, tunnel (where free foraging bees are confined to a treated crop),
and field settings.
This study examined the sub-lethal effects of neonicotinoids on honey bee queens
and brood development under semi-field conditions. The study is aligned with the
improved toxicity testing requirements with the goal of addressing knowledge gaps of the
effects of this insecticide under these conditions.

2.3 Methods
2.3.1 Experimental colonies and treatments
Field colonies housed in standard Langstroth equipment that successfully
overwintered were requeened each spring with sister queens from Italian derived stock,
and were used to stock experimental hives. After 3 weeks, worker bees and the new
queens were removed from the field colonies and were used to set up the experimental
hives of three different population sizes. Queens taken from field colonies were replaced
with developing sister queen pupae, grafted from one day old larvae extracted out of
separate field colonies not used to stock experimental hives. Replacing the queens with
queen cells improved queen acceptance rates and allowed the field colonies to be
broodless for short periods to manage ectoparasitic Varroa destructor mite populations
without chemical treatments. The same field colonies were used to stock experimental
hives multiple times each summer between May and August yielding three or four
replicate studies each year over three years (2012-2014).
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The experimental colonies were placed into observation hives, comprised of one
of the sister, laying queens and roughly 1500, 3000, or 7000 workers, herein referred to
as 1-frame, 2-frame, and 5-frame sized colonies, respectively. Population sizes were
estimated by weight of worker bees added into observation hives containing one, two, or
five wooden Langstroth frames with plastic foundation. Experimental colonies were
provided about 2-4 grams of pollen supplement (Megabee, Dadant & Sons, Inc.,
Hamilton, IL) and sugar syrup for 1-2 days pretreatment to ensure the colonies would
establish properly and that queens were laying eggs. The colonies were required to draw
out new wax comb to allow brood rearing and storage of pollen and nectar. Smaller
colonies (1-frame and 2-frame) were placed in glass-walled observation hives that fit two
stacked Langstroth frames (Figure 2.1). The larger colonies (5-frame) were placed in 5frame Ulster observation hives (Brushy Mountain Bee #MU501) (Figure 2.2). The
bottom part of this hive is a box that holds four standard frames and a feeder frame or
division broad feeder where treatment syrup was provided. The fifth frame, containing
the queen, was placed in an upper section made of clear Plexi-glass and was separated
from the frames below by a queen excluder on each observation day. All observation
hives were housed in two temperature-controlled sheds located on the Saint Paul campus
of the University of Minnesota. Each shed maintained constant temperature and relative
humidity (23-25˚C and 70%) and was able to hold 4-6 observation hives at a time (Figure
2.1). Each observation hive contained an entrance leading to the outside allowing bees to
freely forage.
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After the 1-2 day pretreatment period and when egg laying was confirmed in each
colony, each experimental colony was given an imidacloprid treatment of one of the
following concentrations, 0, 10, 20, 50, and 100 ppb, in 50% sucrose. Treatments were
assigned randomly and proportional quantities (80, 160 and 320 ml for 1-, 2-, and 5frame hives, respectively) were fed every other day through gravity feeders placed at the
top of each hive (1- and 2-frame hives) or in a division broad feeder (5-frame colonies).
Imidacloprid was fed chronically to each colony for three weeks and treatment quantities
were designed to supplement and not sustain the colonies so bees were required to freely
forage on other resources. The duration and quantity of the treatment scenario and access
to free forage best represents a typical bloom period when bees may become exposed to
one contaminated food source in an environmentally relevant scenario. Stock solutions of
imidacloprid (100 ppm) were prepared using 99.5 ± 0.5% technical grade imidacloprid
purchased from Chem Service, Inc (PS-2086) dissolved with agitation in 50% sucrose
overnight. Stock solutions were prepared every two weeks and treatment solutions were
prepared every week. Treatment solutions were tested for residue concentrations to
confirm accuracy of dosage.
The number of experimental colonies ranged from 8-20 per treatment and totaled
79 colonies over three years (Table 2.1). Queen supercedure and absconding events
occurred in several of the 10 and 100 ppb treated hives and therefore had to be removed
from the experiment, accounting for some of the smaller sample sizes.
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2.3.2 Measurements during chronic exposure (day 1-22)
Queen egg-laying and activity were measured every day for 1- and 2-frame hives,
and every other day for 5-frame hives. The 5-frame hives were opened and a frame
containing the queen was moved into the upper section for observation; thus observations
were made less frequently to minimize disturbance. Queens were given time to acclimate
prior to observations, and when observations were completed the frame was moved back
down into the lower box allowing all brood to remain together overnight. An empty or
food frame containing pollen and nectar would then be moved in the upper section when
observations were not occurring. During observation days, two observations were made
for 15 minutes. One observation was made in the morning hours between 7-11 am and
the other in the afternoon between 12-4 pm.
Queen activity was monitored by tracing the path of the queen onto an acetate
sheet placed over the glass of each observation hive. Queen egg-laying rate was
quantified by recording, on the same acetate sheet, the position and number of eggs laid.
The egg laying rates from the morning and afternoon observation bouts were averaged to
account for any minor changes in hive activity due to weather and outside temperature.
In the lab, the distance travelled (cm) by the queen was measured by retracing the path on
the acetate sheet using a digital plan measure tool (Scale Master Pro model 6025). In
addition to queen activity, queen inactivity or the time spent “resting” in which queens
were immobile was measured. Immobility in queens was defined as when the queens
were not moving or grooming themselves. Immobility did not include when the queens
were being groomed or fed by nurse bees.
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In addition to queen bee behavior, two behaviors of adult worker bees were
observed: foraging activity outside the hive, and hygienic behavior inside the hive.
Adverse effects on foraging behavior, or activity outside the hive, in bees exposed to
neonicotinoids has been widely reported (Bortolotti et al. 2003, Colin et al. 2004, Henry
et al. 2012, Yang et al. 2008); however, effects on in-hive activity have not been studied.
Foraging activity was measured by recording the number of workers entering and exiting
the hive at the entrance of each hive twice a day during morning and afternoon hours for
one-minute observations. Hygienic behavior was a surrogate measure for worker activity
inside the hive, and is defined as the ability of worker bees to detect and remove diseased
and mite-infested brood limiting within-colony transmission of pathogens and parasites
(Park et al. 1937; Woodrow & Holst 1942; Rothenbuhler 1964; Spivak, 1996). Hygienic
behavior was measured only in 5-frame colonies pre- and post-imidacloprid treatment.
Hygienic behavior assays were performed by taking a frame containing a large area of
sealed pupal cells (from non-experimental field colonies) and gently pushing a 3-inch
polyvinyl chloride pipe into a section of comb containing sealed cells with pupae. The
number of empty cells were counted and recorded before pouring 400 ml of liquid
nitrogen to freeze-kill roughly 160 pupae. The frame was then temporarily put into 5frame hives and the proportion of pupae completely or partially removed from the cells
was quantified after 24 hours to assess hygienic behavior. Hygienic assay frames
contained only younger pupae, and the frames were removed from the experimental hives
after 24 hours to ensure that there were no new adult workers emerging in experimental
hives.
56

2.3.3 Measurements after chronic exposure (day 23)
The experiment was concluded after three weeks of chronic imidacloprid
exposure (at day 23 given the 1-2 days pre-treatment to allow colonies to establish). The
bees from each colony were then shaken into bags, anaesthetized using carbon dioxide,
and placed in a -20˚C freezer for storage. Brood production was assessed by counting all
cells containing eggs, larvae or pupae. Eggs typically develop into larvae after three days;
therefore the eggs present during post-treatment quantification were laid within the last
three days of the 20-day experiment. Brood pattern, an indicator of brood health and the
quality of brood care, was quantified by placing a parallelogram (containing 100 cells)
over three to four areas of sealed pupae, counting the number of empty cells or cells not
containing pupae, and then taking an average of empty cells for the colony. Poor or
"spotty" brood patterns indicated that the queen did not lay eggs in every cell, or that
larvae died prior to pupation.
Food stores, or the number of cells containing nectar or honey and pollen, was
also quantified by counting each cell with nectar and pollen both completely or partially
filled and honey cells capped over with a layer of wax. Unused cells with and without
drawn wax comb (plastic foundation cells) were also quantified to assess overall colony
productivity. Final adult worker population was measured by obtaining the average
weight of an individual bee and estimating the total number of adult workers from the
total weight of the worker bee population.
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2.3.4 Chemical residue analyses
Imidacloprid-treatment syrup fed to colonies, adult worker bees, and the nectar or
honey collected from wax comb cells were tested for residues of imidacloprid and two
metabolites: imidacloprid olefin and 5-OH imidacloprid. Samples were analyzed by the
US Environmental Protection Agency Analytical Chemistry Branch (ACB) in
Washington DC and the USDA Agricultural Marketing Service, National Science
Laboratory (AMS-NSL) in Gastonia NC. A total of eighteen samples (3ml) of
imidacloprid treatment syrup (3-4 per treatment level and colony size) were collected at
random times over the three years. Individual adult worker bees (3g) and stored comb
nectar (3ml) from three colonies per treatment level and colony sizes were also sampled
randomly after 21 days of imidacloprid treatment. Stored comb nectar or honey samples
were extracted using 3 ml graduated plastic bulb pipettes (Samco Scientific) inserted into
comb cells at random locations on each frame.
The analytical method performed by ACB used acetonitrile (15ml) and water
(10ml) in the presence of magnesium sulfate MgSO4 (6g) to extract samples. Aliquots of
the extracts were passed through a C18SPE (1g) and the eluents were concentrated to near
dryness. For fatty sample matrices, (whole bees and stored pollen), partitioning against
hexane (7ml) was employed to remove lipids prior to the C18 SPE cleanup. The sample
extracts were redissolved in deuterated imidacloprid internal standard solution and passed
through a syringe filter. The samples were then analyzed with liquid chromatography
coupled with tandem mass spectrometry detection (LC-MS/MS). The USDA-AMS-NSL
laboratory extracted samples in a similar fashion using the QuEChERS (Quick, Easy,
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Cheap, Effective, Rugged, and Safe) pesticide extraction method (AOAC OMA 2007.01)
and an acetonitrile and water solution to test against certified standard reference
materials and analyzed with LC-MS/MS utilizing the parent and confirmatory ions of
(imidacloprid, olefin, and 5-OH imidacloprid) analytes of interest.

2.3.5 Statistics
Data collected during the chronic exposure period and post-exposure
measurements were analyzed using an analysis of variance mixed-effects modeling
(ANOVA) approach examining imidacloprid dose, time, and population size as factors
using [SAS] software, [version University Edition] SAS Institue Inc., Cary, NC, USA
and R studio [version 3.2.0] (Chambers et al. 1992). These variables were analyzed as
factors in ANOVAs rather than continuous variables in regressions for three reasons.
First, fitting as factors avoided imposition of specific curve forms across all treatments.
Second, an ANOVA approach permits comparison among specific treatments of interest
in pairwise comparisons. Finally, we focus on concentrations administered as treatments
without calculating internal concentrations for each bee that would be more amenable to
a regression approach. Data collected during imidacloprid exposure were separated by
week of exposure because data from 1- and 2-frame colonies were collected everyday
while data from 5-frame colonies were collected every other day. When examining the
effect of time (week) on egg-laying, distance travelled and time spent resting by queen
bees, a first-order autocorrelation structure was used within the ANOVA to account for
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temporal dependence. Where significant treatment effects existed, mean separation
procedures were performed using Tukey HSD at a significance of α=0.05.

2.4 Results
2.4.1 Measurements during chronic exposure (day 1-22)
The main effects that potentially affected honey bee queen behavior during the
chronic exposure period were imidacloprid treatment dose (0, 10, 20, 50 and 100 ppb),
colony size (1-frame, 2-frame, and 5-frame), and time (week 1, 2, and 3). Chronic
exposure to imidacloprid lasted three weeks, however, time did not have an interaction
effect with dose and colony size nor was it consistent in queen bee egg-laying behavior
(F=0.93; df=16, 1053, p=0.54) or activity, as measure by the distance travelled and
duration of resting (F=1.31; df=16, 2153; p=0.18 and F=1.65; df= 16, 1213; p=0.05,
respectively) (Table 2.2). Thus, time was not a significant factor since responses occurred
immediately within the first week after initial exposure and effects were sustained
throughout the experiment. In contrast, colony size did have a strong effect and there
were interaction effects between treatment dose and colony size for queen egg-laying
(F=6.17; df=8, 1053; p=8.5e-8), activity (F=4.02; df=8, 2153; p=9.5e-5), and inactivity
(F=3.31; df=8, 1213; p=9.5e-4) measures. Therefore data were pooled over the threeweek exposure and separated by treatment dose and colony size in the statistical analysis
of responses observed during the chronic exposure period. Experimental replicates of
each colony size and treatment dose were established at different times over the season,
but there were no effects of start date on any of the measures, whether colonies were
started in early, mid or late summer across the three years.
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2.4.1.1 Queen egg-laying
Queens in control colonies laid more eggs per 15 minute observation period,
compared to queens in most treated colonies of the same colony size (F=106.91; df=4,
1053; p<2e-16) (Figure 2.3). There was one exception, two-frame colonies treated at 10
ppb was not significantly different from two-frame controls. In general, egg-laying rates
consistently declined, but not significantly, in all colony sizes and treatment doses over
the three week chronic exposure period. Colony size significantly influenced egg-laying
rate; queens in 5-frame-sized colonies produced more eggs compared to queens in 1frame and 2-frame colonies as expected (F=85.37; df=2, 1053; p<2e-16), but there were
no differences in egg-laying rate between queens from 1-frame and 2-frame colonies
(p=0.6).
2.4.1.2 Queen activity and inactivity
There was a dose-dependent response in queen activity, or distance travelled per
observation, in the two smaller size colonies (1-frame and 2-frame). Queens in untreated
colonies covered significantly more distance compared to queens in treated colonies of
the same size in the higher doses (F=4.53; df=4, 2153; p= 0.0012) but there were no
statistical differences in the distance queens travelled per observation among all
treatments in the larger (5-frame) size colonies (Figure 2.4). In addition, there was a
dose-dependent increase in time spent resting or immobile with treatment concentration,
particularly as colony size decreased. Queens in untreated colonies spent the least amount
of time resting and there were significant differences in resting time among treatments in
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smaller (1- and 2-frame) (F=67.92; df=4, 1213; p< 2e-16) colonies but no differences
were found among treated 5-frame colonies (Figure 2.5).
2.4.1.3 Worker bee behavior
2.4.1.3.1 Out-hive activity (foraging):
Foraging activity was not recorded for 1-frame colonies. There were significantly
more worker bees observed flying in (F=50.00; df=4, 837; p<2e-16) and out (F=44.46;
df=4, 837; p<2e-16) of untreated colonies per one minute observation in both 2-frame
and 5-frame colonies. Untreated colonies in both 2- and 5-frame colonies had
significantly more foragers observed entering and exiting the hive than compared to the
treated colonies. There were dose-dependent differences among 2-frame colonies and
foraging activity significantly decreased as treatment concentration increased (Figure
2.6). In the 5-frame colonies, however, there were no differences in foraging rate among
the treatment groups There were relatively equal proportions of foragers flying in
compared to foragers flying out within the colonies at all doses and sizes, and the total
number of foragers in 5-frame colonies was twice as much as the number of foragers in
2-frame colonies (Figure 2.6).
2.4.1.3.2 In-hive activity (hygienic behavior)
In-hive activity was assessed by performing a freeze-killed brood test, which is an
assay for hygienic behavior, pre- and post- imidacloprid treatment in 5-frame colonies
only. Freeze-killed pupae that were completely or partially cleaned out by the bees within
24 hours were quantified. Before imidacloprid treatment, the rate of hygienic cell
cleaning was not significantly different among all colonies and averaged between 83.6%
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and 86.5% (F=0.32; df=4,18; p=0.86). After three weeks of imidacloprid exposure, the
colonies treated with 50 and 100 ppb imidacloprid had significantly reduced hygienic
behavior with 64.5% ± 6.3 and 74.1% ± 7.3 of the freeze-killed brood removed
respectively, compared to 95.6% ± 6.4, 81.2% ± 7.2, and 95.4% ± 6.3 in untreated
control, 10, and 20 ppb treated colonies, respectively (F=4.50; df=4, 18; p=0.011)(Figure
2.7).
2.4.2 Measurements after chronic exposure (day 23)
2.4.2.1 Brood production (eggs, larvae and pupae)
The mean (±SE) number of cells containing eggs in 1-frame untreated control
colonies during post treatment quantification was significantly larger compared to cells
with eggs in 10, 20, 50 and 100 ppb treated 1-frame colonies (F=3.02; df=4, 26;
p=0.0398). The mean number of cells containing larvae and pupae in 1-frame hives
decreased as treatment concentration increased, however these differences were not
statistically significant (F=2.18; df=4, 26; p=0.1042 and F=0.54; df=4, 26; p=0.7104
respectively).
In 2-frame control hives, the mean (±SE) number of eggs present was not
different compared to the number of eggs present in 10 ppb treated hives but was
significantly higher compared to 20, 50 ,and 100 ppb treated hives (F=4.05; df=4, 27;
p=0.0125). The number of cells containing larvae in 2-frame hives was not significantly
different among treatments (F=1.26; df=4, 27; p=0.3131). Control hives had
significantly more pupae compared to 10, 20, 50 and 100 ppb treated hives and the only
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differences among the treated hives in number of pupae were observed between 20 and
100 ppb treatments (F=11.74; df=4,27; p<0.0001).

As colony size increased, significant differences in the number of cells containing eggs,
larvae, and pupae were not observed between 5-frame treated and untreated colonies
(F=1.87; df=4,23; p=0.1571, F=0.71; df=4,23; p=0.5933, F=1.62; df=4,23; p=0.2114,
respectively)(Table 2.3)
2.4.2.2 Food stores (nectar and pollen cells)
There were no statistical differences among any of the colonies in the number of
cells containing stored nectar and honey (F=1.70; df=4,115; p=0.155), however, there
were significantly more cells containing stored pollen (F=22.65; df=4, 115; p=8.2e-14) in
control vs treated colonies. The percentage difference of stored pollen in control colonies
compared to treated colonies ranged from 61-71%, 94-138%, and 125-161% more in 1-,
2-and 5-frame colonies, respectively (Table 2.3).
2.4.2.3 Unused cells (with and without drawn wax comb)
All hives were started on plastic foundation imprinted with hexagonal cell bases
on which bees built wax cells for brood production and food storage. Unused comb,
defined as unused foundation (cell bases) or empty wax cells, were quantified to assess
space as a limiting factor for colony development and overall colony productivity. The
average amount of unused comb was significantly less for untreated 2- and 5-frame
colonies compared to treated colonies of the same size, but there were no differences in
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unused comb among the treated and control 1-frame colonies (F=11.72; df=4, 115;
p=5.1e-8)(Table 2.3).
2.4.2.4 Brood pattern
Brood pattern is an indicator of the quality of brood care and overall brood health
and was measured by counting the number of empty cells in a parallelogram
(standardized to contain 100 cells) placed over an area of sealed pupal cells. The
proportion of empty brood cells within parallelogram was significantly different among
treatments (F=10.93; df=4,39; p<0.0001) however there was no effect of colony size or
interaction effects between treatment and colony size (F=2.1; df=2,39; p=0.14, F=1.3;
df=8,39; p=0.29, respectively). The overall average ± SE percentage of empty cells in
control colonies was 10.2% ± 3.99, which was not different than 10 ppb treated hives
(22.2% ± 6.26) but was statistically different from 20, 50 and 100 ppb treated hives
(23.9% ± 3.86, 30.8% ± 4.6, 48.3% ± 4.7, respectively). Among the treated hives, 10, 20
and 50 ppb were not different from each other but were different from 100 ppb treated
hives (Figure 2.8 & 2.9).
2.4.2.5 Adult worker bee population
The initial adult worker population for 1-frame, 2-frame, and 5-frame colonies
was 1500, 3000, and 6000 bees estimated by weight. The final adult worker population
was not significantly different among treatment levels within all three colony sizes
(F=1.42; df=4,55; p=0.241) (Figure 2.10). There were significant differences in adult bee
populations between both 1-frame and 2-frame colonies compared to 5-frame colonies,
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but there were no significant differences in adult bee populations between 1-frame and 2frame colonies.
2.4.3 Chemical residue analysis
Samples of the treatment syrup (3ml), adult worker bees (3 g), and nectar or
honey (3 ml) were collected from comb cells and were tested for imidacloprid and
metabolites imidacloprid olefin and 5-OH imidacloprid residues. Treatment syrup
samples were collected at random once each summer after solutions were made up and
immediately stored in a -80˚C freezer. Adult worker bees and stored nectar or honey were
collected at the completion of each experiment after frames and bees were stored in a 20˚C freezer and later sorted and quantified. Only imidacloprid was detected in all
samples. The limits of detection for imidacloprid, imidacloprid olefin and 5-OH
imidacloprid were 1, 10, and 25ppb, respectively.
Imidacloprid treatment syrup fed to honey bee colonies at varying concentrations
over three weeks was tested to confirm dosage. There were no imidacloprid residues
found in the syrup fed to control colonies. The average residue levels in syrup for the 10,
20, 50 and 100 ppb treatment colonies were 12.8 ± 7.4, 47.6 ± 8.4, 55.6 ± 9.4 and 94.2 ±
5.2 ppb, respectively (Figure 2.11).
2.4.3.1 Residues in adult worker bees
Individual worker bees were collected randomly from each colony after 21 days
of imidacloprid treatment. No residues were detected in bees from control colonies in all
colony sizes and in 5-frame 10 ppb treated colonies. In contrast, imidacloprid was
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detected in bees from all other treated colonies with a positive correlation between the
amount of residues detected and treatment dose within each colony size (Figure 2.12).
2.4.3.2 Residues in comb nectar or honey
Imidacloprid residue detection in stored comb nectar generally increased with
treatment level within each colony size but was lower than the intended treatment dose
with the exception of 2- and 5-frame colonies treated at 50 and 100 ppb. Small amounts
of imidacloprid residues were detected in a total of two control comb nectar samples from
1- and 2-frame colonies (2.2 ng/g and 1.8 ng/g, respectively)(Figure 2.13). Large
variations (standard errors bars) are likely due to contributions from nectar bought in
from untreated plants (outside forage sources).

2.5 Discussion
This study was designed to examine the potential sub-lethal effects of
imidacloprid on honey bee colony development, and the behavior of queens and workers
in different sized free-foraging colonies under semi-field conditions. The hypotheses
were supported that queen bees, indirectly exposed to imidacloprid via trophallaxis,
experienced a reduction in egg-laying and locomotor activity. In addition, worker bees,
directly exposed to the insecticide had a reduction in foraging at all doses, and displayed
reduced hygienic behavior at the highest doses (50 and 100ppb) (see Figures 2.1-5).
Colonies were fed levels of imidacloprid (10, 20, 50 and 100 ppb in 50% sucrose
syrup) similar to those encountered in urban landscapes and in some agricultural crops.
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We predicted a dose-response at the colony-level dependent on colony population size.
The population size of a colony can influence the level of exposure or the amount of
toxicant that may be bought back to the hive. For example, large colonies, in contrast
with small colonies, would have more foragers that could potentially return to the hive
with more contaminated nectar and pollen. However, a greater number of foragers can
also distribute foraging efforts on a variety of plants (both contaminated and
uncontaminated) potentially diluting colony exposure rates. Furthermore, a greater
population size would increase the number of social interactions (trophallaxis) among
nestmates, ultimately diluting contaminated forage concentrations and reducing colony
exposure levels to environmental insecticides. Exposure to imidacloprid may inhibit
colony development, especially for small colonies, which could interfere with their
ability to obtain sufficient workers and food stores to survive the winter. Therefore, it is
important to understand the influence of population size on the level and frequency of
imidacloprid exposure at the colony-level.
As dose (concentration) and exposure (frequency) could affect queen and worker
bee behavior, we used 1-, 2-, and 5-frame sized colonies so we could accurately assess
the effect of imidacloprid treatment and the influence of colony size on colony
development by quantifying the contents in every cell in each colony. In this way, we
simulated a worst-case scenario in which smaller colonies, such as new “package” bees
containing 7,000 to 10,000 worker bees are hived on plastic foundation frames or a
swarm of bees initiating a new nest, may consume higher amounts of potentially
contaminated nectar until wax combs are built for nectar storage.
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This study is the first show to adverse effects on queen bee behavior and worker
bee hygienic behavior inside the hive. Measures of colony development, including
worker foraging, brood production and pollen stores, showed a dose-response at the
colony-level, with adverse effects gradually lessening as the population size increased.
The results may be used to inform models that could extrapolate the data on survival and
reproduction to predict risks of neonicotinoid exposure on the population-level on fullsized field colonies (Kramer et al. 2011).
2.5.1 Imidacloprid dosage and environmental exposure
Environmentally relevant treatment doses of imidacloprid were determined by
assessing potential neonicotinoid exposure levels to bees based on the few available
residue studies from treated plants (Bonmatin et al 2005a, 2005b, Cutler and ScottDupree 2007, Doering et al 2004a, 2004b, 2005, Dively and Hooks 2010, Laurent and
Rathahao 2003, Krupke et al. 2012, Maus et al. 2004, Rundlöf et al. 2015, Schmuck et al.
2001). Imidacloprid was fed at 0, 10, 20, 50 and 100 ppb in 50% sucrose syrup repeatedly
every other day (pulse exposure) over three weeks. The “no-observable-adverse-effect
concentration” or NOAEC for imidacloprid currently accepted by Bayer scientists is 20
ppb (Schmidt and Schmuck 2000, Fischer 2009), which is substantially lower than the
NOAEC accepted by Bayer in 1997 (5000 ppb); other studies (e.g., documented by US
EPA 2003) have reported NOAEC levels even lower between 1-6 ppb. I predicted that
there would be few to no adverse effects observed with the lowest dose (10 ppb), but in
fact adverse effects were observed on all size colonies treated with 10 ppb. For example,
there was a reduction in queen egg-laying and worker bee foraging behaviors, and less
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comb area containing brood and pollen stores was found compared to untreated colonies
of the same size.
The quantity of treatment syrup fed was proportional to the colony population
(80, 160, and 320 ml for 1500 (1-frame), 3000 (2-frame), and 7000 (5-frame) bees,
respectively), however these quantities were insufficient to sustain colony development.
Bees fully consumed each treatment within 24 hours and all colonies were observed
foraging for floral resources. There were no differences in the amount of stored nectar or
honey among treatments for all colony sizes. Additionally, comb nectar tested positive
for imidacloprid residues indicating bees were storing some of the treated syrup for later
consumption.
The chronic pulse exposure to imidacloprid directly exposed bees in a way that
mimicked how freely foraging bees might collect a variety of contaminated and
uncontaminated food sources over a typical three week bloom period in a natural field
setting. The lower imidacloprid treatment doses (10 and 20 ppb) related to residues
characteristically found in the nectar and pollen of many agricultural crops, such as
apples and cucurbit vegetables, treated by soil-drench and foliar spray applications
following label rates (Doering et al 2004a, Dively and Hooks 2010). While some crops
such as cucurbits can have higher residue levels when neonicotinoids are applied via drip
irrigation, the higher doses (50 and 100 ppb) better represented residue levels found more
commonly in urban landscape plants (Rhododenron spp. and Amelanchier spp.
(serviceberry, shadbush) shrubs, Tilia cordata (linden) and Cornus mas (Cornelian cherry
trees) treated by soil-drench and tree trunk injections that can express residues in the ppm
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range (Dively and Hooks 2010, Doering et al 2004b, Doering et al 2005, Maus et al.
2004).
It is important to note that most studies on seed-treated crops, like soy, maize, and
canola, generally detected residue levels in nectar and pollen at <10 ppb (Bonmatin et al
2005a, Bonmatin et al 2005b, Cutler and Scott-Dupree 2007, Krupke et al. 2012,
Schmuck et al. 2001) and therefore may be too low to be considered here for comparison.
Regardless, there are other examples in which seed-treated plants have yielded residue
levels greater than 10 ppb. For example, pollen collected directly from foraging bees
during treated maize-seed planting yielded residue levels (clothianidin), in several
samples, greater than 10 ppb with one detection as high as 88 ppb, likely as a result from
drift of abraded seed coating (Krupke et al. 2012). Treated sunflower and canola seeds
have also resulted in residues of clothianidin in pollen and nectar at 10 ppb or higher
(Laurent and Rathahao 2003, Rundlöf et al. 2015). In addition to collecting potentially
contaminated nectar and pollen sources, bees must collect water for thermoregulation of
the colony (Seeley 1995). Neonicotinoid contamination in water puddles near seedtreated maize fields during planting has been as high as 63.4 µg/L (thiamethoxam)
(Samson-Robert et al. 2014). Other studies have found guttation, or plant exudates
derived from xylem collected by bees as a water source (Joachimsmeier et al. 2012), of
seed-treated maize can also exhibit high levels of neonicotinoids from >10 mg/L to 346
mg/L (Girolami et al. 2009, Maus et al. 2012, Tapparo et al. 2011, Simon et al 2013).
Another important consideration in determining neonicotinoid exposure to bees is the
impact of non-target plants, such as dandelions (Taraxacum officinale), white clover
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(Trifolium repens), and sweet clover (Melilotus spp) growing on the margins of
agricultural crops and on treated urban turfs that are susceptible to neonicotinoid uptake
and may exhibit residue levels from <10 ppb (dandelions near seed-treated maize) to 89319 ppb in clover nectar when turfs were treated with clothianidin spray application
(Krupke et al. 2012, Larson et al. 2013) illustrating the immense need for more residue
data to better assess environmental exposure and risk of systemic neonicotinoids to bees.
2.5.2 Effects on queen bee behavior and colony development
We directly exposed honey bee colonies to imidacloprid and examined potential
indirect effects on queen bee behavior and colony development. Our data indicate there
were does-dependent adverse effects of imidacloprid even at the lowest dose of 10ppb on
honey bee queen egg-laying and locomotor activity that directly inhibited brood
production and colony growth. Pollen stores, necessary for brood rearing, were also
adversely affected at all doses and colony sizes further suppressing colony development
(Table 3). Previous laboratory and field studies have shown that sub-lethal exposure to
neonicotinoids (imidacloprid, clothianidin, and thiamethoxam) can reduce queen
production and disrupt colony initiation in bumblebees (Bombus spp.) (Elston et al. 2013,
Goulson 2015, Larson et al. 2013, Scholer et al. 2014, Tasei et al. 2000, Whitehorn et al.
2012). Field studies examining colony-level effects of neonicotinoids on honey bee and
bumblebee colonies, as well as solitary bees, have also reported higher queen failure
events and supercedure rates when exposed to neonicotinoids (Dively et al. 2015,
Goulson 2015, Laycock et al. 2012, Sandrock et al. 2013, Sandrock et al. 2014). In those
studies, however, the behaviors of the exposed honey bee queens were not recorded. In
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another field study, small honey bee colonies (containing 500 workers) chronically
exposed to sunflower honey spiked with imidacloprid (2, 5, 10, or 20 ppb) resulted in
slight differences in the egg-laying cycle (or presence of eggs) of queens among
treatments, but actual egg-laying behavior was not observed (Schmuck et al. 2001). It is
also unclear whether queens in that study were limited in the amount of available comb
cells to deposit eggs, which could have biased the results. In this study, we did not
observe queen supercedures, however, 4 absconding events, where the entire colony left
the hive, occurred in the smaller colonies (1- and 2-frame) treated at 10ppb and one 5frame colony treated at 100ppb. In one case, the marked absconding queen (treated at
10ppb) flew out of her observation hive but was then seen the next day in another
experimental colony treated at 100ppb and the invaded queen (treated at 100ppb) was
found dead outside the hive.
In a field setting queen bees are not directly exposed to environmental toxicants,
but are indirectly exposed via trophallaxis or food sharing when fed by worker nurse
bees. Trophallaxis in social insects can attenuate toxicity predominantly in compounds
eliciting dose-dependent delayed-action toxicity (Klotz and Reid, 1993, Rondeau et al.
2014, Rust et al. 2004). For example, ants that directly fed on sugar-milk baits laced with
insecticides (donor ants) evenly distributed toxicants among nestmates (recipient ants)
through trophallaxis (Klotz and Reid, 1993). The transfer of lethal concentrations of
toxicants in sugar-milk baits from donor to recipient ants rendered toxicants benign
possibly due to the dilution to sub-lethal levels by other uncontaminated food or bodily
fluids already in the gut. Through trophallaxis, queen bees and brood are fed royal jelly
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and brood food, proteinaceous glandular secretions derived from fresh and stored pollen,
or beebread eaten by nurse bees to stimulate production of secretions from the
mandibular and hypopharyngeal glands (Seeley 1995). Neonicotinoid contamination of
beebread has been documented generally at low levels, however in some samples levels
were as high as 170 ng/g (acetamiprid and thiacloprid) (Giroud et al. 2013). The pathway
by which contaminated food would reach queens and brood through trophallaxis would
likely originate from the mandibular and hypopharyngeal glands located in the head.
Imidacloprid and particularly highly toxic metabolites (olefin and 5-hydroxy
imidacloprid) have been detected in the heads of worker bees after being fed 14C labeled
imidacloprid (Suchail et al. 2004). Although little has been reported about neonicotinoid
contamination in glandular secretions, imidacloprid was detected in royal jelly at low
levels (0.3 – 1 µg/kg) when bees were fed imidacloprid (100 ug/kg) in supplemental
pollen and other insecticides, such as coumaphos, have been detected in royal jelly and
brood food (Dively et al. 2015, Smodis Skerl et al. 2010).
In our study, indirect exposure to imidacloprid through trophallaxis likely resulted
in a diluted or “filtered” exposure to queen bees and brood. The degree of dilution
corresponded to the number of worker bees (i.e., population size) that shared or moved
the contaminated syrup through the hive. Worker nurse bees attending to the queen bee,
or retinue bees, were observed feeding and grooming queens in all colonies throughout
the experiment, indicating workers did not perceive any problems with affected queens.
For this reason, it is unlikely that the reduced egg-laying by queens was the result of poor
queen attendance but was rather due to some physiological effect from exposure to
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neonicotinoids. Even though queens were indirectly exposed to imidacloprid at levels
likely more dilute than treatment doses, queens in treated colonies exhibited reduced egglaying across all weeks with no significant differences among treatment dose between
weeks 2 and 3, except for in 5-frame colonies at 10, and 20 ppb doses (Table 2.2). This
suggests that imidacloprid at all doses affected queen behavior and reduced egg-laying
immediately within the first week, particularly for the smaller (1-, and 2-frame) colonies,
then continued to suppress egg-laying through the entire exposure period. Furthermore,
queens in all treated colonies spent 35 to 80% of time in each 15 minute observation
period immobile and thus reproductively unproductive compared to queens in untreated
colonies (13-34%), and the time spent resting increased as colony size decreased.
Although there was a dose-dependent response in queen behavior, toxicity at the low
dose (10 ppb) compared to the high dose (100 ppb) was not significantly different in all
colony sizes illustrating the sensitivity of queens to neonicotinoid exposure. These
findings may help explain higher incidences of queen failures and supercedures reported
by beekeepers and in previously mentioned colony-level field studies on colonies treated
with neonicotinoids, although research is needed to test this idea.
The adverse effects on queen behavior extended to colony level effects. There
was significantly less brood and more highly disrupted brood patterns observed in
colonies after three weeks of imidacloprid exposure at all doses and population sizes
compared to untreated colonies. Brood production is highly correlated with population
size or the number of brood rearing nurse bees and foragers collecting pollen and is
therefore a good measure for grading colony health (Allen and Jeffree 1956, Todd and
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Reed 1970, Eckert et al. 1994, Harbo 1986). Brood pattern is also used to assess the
health of the developing brood and the queen. “Spotty” or irregular brood patterns often
indicate the presence of brood diseases, such as American or European foulbrood,
chalkbrood, or Idiopathic Brood Disease (vanEngelsdorp et al. 2013). In the absence of
disease and other characteristic symptoms, poor brood pattern may indicate a failing
queen. A healthy fecund queen will lay eggs in a very organized manner starting from the
center of each frame and moving outward producing a solid uninterrupted area of brood
while failing queens lay eggs in a disorganized manner that results in brood of varying
stages interspersed throughout the hive, which reduces the efficiency of brood feeding
and incubation. However, factors other then poor queen quality may explain and or
contribute to spotty brood patterns, including the availability of pollen. Brood care
(nursing frequency and duration) of first to third instar larvae is strongly correlated with
the amount of pollen in the hive (Schmickl and Crailsheim 2002). At times of pollen
deficits, older larvae (>4 days) receive preferential feedings because they are closer to
pupation and have already received substantial investment ,while younger larvae are
more likely to be cannibalized to compensate for the protein shortage (Schmickl and
Crailsheim 2001, Schmickl et al. 2003). In our study, imidacloprid exposure had the
strongest effect on the amount of pollen stored in the hive. Untreated colonies had on
average 4.3% ± 0.34 (std error) of all cells containing stored pollen, 6-17 times the
amount compared to all treated hives, which had <2% of all cells containing pollen
(10ppb: 0.9% ± 0.51; 20ppb: 1.5% ± 0.32; 50 ppb: 0.6% ± 0.35; and 100ppb: 0.5% ±
0.36). Preferential cannibalism of young larvae due to pollen deficits may explain the
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high variation in the number of cells containing larvae compared to eggs and pupae
among treatments. Another explanation for lower amounts of brood in treated colonies is
the potential direct toxicity due to imidacloprid exposure via contaminated brood food,
which can alter the physiology and development of larvae (Derecka et al. 2013, Yang et
al. 2012). In addition, larvae exposed to low levels of imidacloprid (0.04 ng/bee) during
development may have impaired olfactory associative behaviors as adults that can cause
further delayed effects on normal hive functions (Yang et al. 2012). The overall effects
on brood production (eggs and pupae) and pattern in this study were dose-dependent and
significantly different among all treatments and colony sizes indicating pronounced harm
to colony development (Figure 2.8 & 2.9). And it is likely that poor brood pattern and
health was caused by a combination of factors, including effects of neonicotinoids on the
queen behavior, direct toxicity to developing larvae from contaminated food sources,
reduced brood care and lack of pollen, however, it is unclear which factors had the
greatest impact on brood development.
2.5.3 Effects on worker bee behavior
2.5.3.1 Out-hive activity (foraging)
Foraging behavior of worker bees was adversely affected, which may explain the
deficit of pollen stores found in treated colonies. Significantly fewer foragers, including
pollen foragers, were observed entering and exiting 2- and 5-frame colonies exposed to
neonicotinoids at all doses (foraging in 1-frame colonies was not observed). A number of
studies have demonstrated adverse effects of neonicotinoid exposure on foraging
behavior in bees in laboratory settings or at artificial feeders (Bortolotti et al. 2003, Colin
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et al. 2004, Gill et al. 2012, Henry et al. 2012, Matsumoto 2013, Mommaerts et al. 2010,
Yang et al. 2008). Bees trained to neonicotinoid-treated syrup at feeders were unable to
orient back to the hive and exhibited reduced recruitment of new foragers to feeders. It is
unclear in our study if foragers that consumed treated syrup before leaving the nest were
unable to navigate back to the nest, or if they were too intoxicated or not stimulated to
forage at all. Foraging, particularly pollen collection, is highly regulated in honey bee
colonies and is influenced by supply (amount of stored pollen) and demand (amount of
brood) (Eckert et al. 1994, Schmickl and Crailsheim 2002, 2004). Demand for pollen is
communicated through the presence of brood pheromone produced by larvae; the more
larvae in the hive the more pollen foraging is induced (Filmer 1932, Al-Tikrity et al.
1972, Pankiw et al. 1998). The reduced pollen foraging by workers in our treated
colonies may have led to lower brood production capacity. Intoxicated bees may have
been unable to detect or respond to brood pheromone signals because neonicotinoids
affect olfactory sensitivity and motor capabilities of bees (Aliounane et al. 2009,
Decourtye et al. 2004, Oliveira et al. 2012, Palmer et al. 2013, Williamson and Wright
2013).
2.5.3.2 In-hive activity (hygienic behavior)
Hygienic behavior is a critical component of a honey bee colony’s behavioral
defense strategy (Wilson-Rich et al. 2009, Evans and Spivak 2009), against pests and
pathogens and is defined as the ability of honey bee workers to detect and remove disease
infected, and mite-infested brood from the nest (Rothenbuhler 1964, Spivak 1996). We
tested 5-frame colonies for hygienic behavior as a surrogate measure for in-hive activity.
Our data suggests that colonies exposed to high levels of imidacloprid (50 and 100 ppb)
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were significantly slower at removing the freeze-killed brood compared to untreated
colonies. This reduction of in-hive activity can disrupt normal hive functioning. Worker
bees in these colonies may have been unable to detect dead brood or were motorimpaired and possibly inactive, similarly to foragers and queens in treated colonies. In
addition to reduced in-hive worker activity due to imidacloprid exposure, the implications
on hygienic task performance could affect the colonies ability to prevent the spread and
transmission of pest and pathogens, potentially making colonies exposed to
neonicotinoids more susceptible to disease and parasite outbreaks at high exposure levels
(Alaux et al. 2010, Alburaki et al. 2015, Pettis et al. 2012, Di Prisco et al. 2013, Vidau et
al. 2011).
2.5.4 Effect of colony size
Our hypothesis was that the effects of imidacloprid treatment on queen egg-laying
and activity would decrease with increasing population density due to the colony
regulating the flow of resources fed to the queen, and the greater number of worker bees
collecting outside (untreated) food resources, which would weaken potential negative
effects. Greater population size may also buffer exposure through increased trophallaxis
among nestmates that dilutes toxicants as contaminated nectar is passed among
nestmates. Our findings indicated that colony size was a significant factor in reducing the
toxicity and degree of affliction in treated colonies but only between the smaller (1- and
2-frame) and larger (5-frame) colonies. Queens from 5-frame colonies exhibited less
toxicity, had twice as many eggs laid and travelled greater distances per observation
compared to the two smaller colonies of the same treatment. In addition, effects on egg79

laying rate in 5-frame hives were more gradual and graded (dose-dependent) over time
than compared to 1- and 2- frame colonies (Table 2.2) indicating exposure to
neonicotinoid was buffered by the larger population size and toxicity increased as
exposure time increased. Few differences were observed in egg-laying rates and
inactivity of queens between 1- and 2-frame colonies indicating that the smaller two sizes
were not very different from each other. This finding suggests that full-size field
colonies may be less affected and queens less likely to become exposed by similar doses
and proportional exposure rates. There is still a possibility that the queen may become
affected even at low doses particularly with longer chronic exposures.
Healthy eusocial honey bees maintain a well-organized colony. The division of
labor among individual bees is highly regulated as a result of social interactions and
feedback mechanisms controlled by pheromones (Camazine 1991, Robinson 1987,
Schmickl and Crailsheim 2004). The community structure and colony-level organization
of honey bee colonies is such that the most vulnerable and valuable individuals (queen
bee and brood) are spatially segregated and centrally located in the hive along with the
youngest adult worker bees, or nurse bees, that tend to the queen and care for the brood.
Middle-aged bees tend to be on the periphery (where most stored nectar and pollen are
located) where they receive and process incoming nectar and pollen, secrete new wax,
perform hygienic behavior and groom nestmates. The oldest worker bees tend to remain
near the entrance and are responsible for guarding the entrance and foraging for nectar,
pollen, water, and propolis (plant resins used to protect against mold and bacterial growth
in the hive) (Winston, 1987).
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In epidemiological terms, the age-based structure of the colony leads to
“organizational immunity” against pathogen transmission (Stroeymeyt et al. 2014). The
same social network interactions that comprise organizational immunity may be extended
to pesticide exposure and attenuation of toxicity. Organizational immunity has the effect
of isolating infected or intoxicated individuals through reduced social interactions and
spatial segregation of affected bees (Cremer et al. 2007). Though little is understood
about the triggers and mechanisms of organizational immunity, the induction of
detoxifying capacity through increased activity of enzymes in individual honey bees is
negatively correlated with population size (Smirle 1993). Thus small colonies may rely
more on social isolation and metabolic detoxification to avoid transmission of toxicants
to younger hive bees that are more sensitive to pesticide toxicity and have lower
detoxification capacities compared to older foraging bees (Smirle and Winston 1988). In
contrast, larger colonies have more workers that may bring back uncontaminated forage
to directly dilute collected toxicants via trophallaxis with nestmates. It may thus be more
advantageous for larger colonies to increase social interactions to attenuate toxicants
rather than rely on metabolic detoxification that can be energetically costly, further
reinforcing the “buffering” capacity of population size to environmental toxicants.
Despite the ability to induce detoxification capacity through behavioral modulations
(increased social interactions or avoidance), honey bees have considerably fewer
enzymes (cytochrome P450 monooxygenases, glutathione S-transferase, and
carboxyl/cholinesterases) involved in the metabolic detoxification of pesticides encoded
in the genome compared to non-social insects, potentially making them more sensitive to
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pesticide exposure than targeted pest insects. While many detoxification enzymes have
been identified and studied, little information is available on the detoxifying enzymes that
target neonicotinoids (Claudianos et al. 2006, Iwasa et al. 2004, Johnson 2008, Johnson et
al 2006, 2010, 2012, Smirle 1993, Smirle and Winston 1988).
2.5.5 Worker population
There were no statistical differences in the initial and final worker bee populations
in any of the treated and untreated colonies after being exposed to imidacloprid at varying
doses for three weeks (Figure 2.8). Worker bee population size has often been used to
assess colony-level health of field colonies. Field studies on full-sized honey bee colonies
exposed to neonicotinoids found no effect on worker mortality or population size among
treatments and it has been concluded that there is no direct link between neonicotinoids
and colony decline (Cutler and Scott-Dupree 2007, Cutler et al. 2014, Dively et al. 2015).
Other studies have shown that exposed foragers were unable to return to the hive because
the neonicotinoids, fed at label-rate doses from artificial feeders, adversely affected
homing and orientation ability (Bortolotti et al. 2003, Henry et al. 2012, Mommaerts et
al. 2009). In our study, worker bees in treated colonies may have spent more time
intoxicated due to exposure within the safety of the hive (via contaminated food stores),
rather than actively foraging. Therefore, worker bee losses due to foraging may have
been mitigated and the final population probably consisted mostly of the original worker
population with too few worker losses and contributions from newly emerged workers to
make a significant difference among treatments given the short experimental period.
Although some studies (Cresswell 2013, Laycock and Cresswell 2013) on bumblebees
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found some indication of resilience or recovery from pulse exposure to neonicotinoids, it
is unknown whether honey bee workers (and queens) can detoxify and recover from
effects of chronic neonicotinoid exposure. The treated colonies in our study were set
back severely in brood production and pollen stores. In fact, the ratio of adult worker
bees to pupae was dose-dependent and increased from 1.6 ± 0.5 in 10ppb treated colonies
to 4.6 ± 2.2 in 100 ppb treated colonies (untreated = 1.3 ± 0.2). Even though the colonies
in our study were smaller than field colonies, Harbo (1986) found that colonies
containing 4500 and 9000 worker bees produced more brood per adult bee than colonies
containing 17 000 and 35 000 bees. Therefore population size was not a limiting factor
for brood production and rearing capacity, and the observed adverse effects on brood
production in treated colonies were a result of neonicotinoid exposure either directly on
brood or indirectly through diminished brood care and a lack of pollen. Our findings
suggest that colonies may appear healthy (based on population size) but colonies exposed
to imidacloprid were actually doing quite poorly based on brood (eggs and pupae) and
pollen stores, which have long-term consequences for survival and may be better
indicators of colony productivity (pollination services) and health (Filmer 1932, Todd
and Reed 1970). Therefore, worker population, as a quick assessment on its own, may not
be a reliable measure to assess colony health.
2.5.6 Unused cells
Space was not a limiting factor for colonies, in our experiment, as demonstrated
in the amount of unused cells in all treatments and colony sizes. We separated the unused
cells with and without drawn wax comb and found 35-60% of unused cells had drawn
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wax comb to further show that there were plenty of cells readily available for egg
deposition or food storage in both treated and untreated colonies.
2.5.7 Residue analysis
The average residue levels detected by chemical analysis in treatment syrup were
very close to the intended dosage with the exception of 20 ppb, which was actually higher
than intended (Figure 2.9). Chemical residue analysis of adult worker bees, and stored
nectar or honey collected from inside comb cells after the chronic exposure period
provided confirmation of estimated exposure levels of imidacloprid to bees. For each
colony size, imidacloprid residue detection in worker bees increased with treatment dose
as expected, however residue levels were lower than the treatment dose fed to bees.
These results are likely due to bees diluting imidacloprid exposure levels through the
collection of uncontaminated nectar in the field, dilution through trophallaxis
interactions, and possibly detoxification (Cresswell et al. 2012, Iwasa et al. 2004, Suchail
et al. 2003). The highest concentrations of residues in bees were detected in 50 and 100
ppb treatments of 2-frame sized colonies but there was also higher variation among these
samples. High residue levels in 2-frame worker bees may be explained by high levels of
imidacloprid detected in stored comb nectar. Lower concentration of residues detected in
5-frame colonies was possibly due to the presence of larger worker populations and thus
a higher proportion of forager bees able to collect outside (untreated) resources and a
greater number of social interactions (trophallaxis) mediating exposure levels. Only three
samples of adult bees and of stored nectar/honey were collected and analyzed from
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treatment group each year, which may have caused the higher variation of residues
among samples.
Individual queen bees were tested for residues; however, no imidacloprid or
metabolites were detected, possibly because individual queens (weighing < 1 g) provided
insufficient sample weight to obtain accurate results. Another possibility is that only
metabolites were present in queen bees especially if exposure occurred via trophallaxis or
food sharing. Limits of detection for metabolites were likely too high and not sensitive
enough to detect levels less than 10 and 25 ppb for imidacloprid olefin and 5-OH
imidacloprid, respectively. Comb nectar or honey samples yielded higher residue levels
than the treatment syrup fed to colonies particularly for 2- and 5-frame colonies fed 20,
50 and 100 ppb (Figure 2.10). The higher residue detections may have been due to the
bees evaporating excess water and converting treatment syrup into more concentrated
stored honey that may be consumed by bees at a later time potentially causing delayedtoxicity long after the initial exposure.

2.6 Conclusion
This study provides evidence that environmentally-relevant dietary neonicotinoid
pesticide exposure can have detrimental sub-lethal and dose-dependent effects on honey
bee queen fecundity and colony development, specifically by suppressing egg-laying
behavior and brood production. There was a reduction in worker bee foraging activity
and pollen collection when colonies experienced chronic pulse exposures to imidacloprid
at all doses. Worker bee hygienic behavior performed inside the hive was also impaired
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but only at high doses (50 and 100 ppb). These behavioral impairments decrease in
severity with increasing population size but are sustained through the chronic exposure
period. Our findings indicate that intermittent exposures to sub-lethal levels of
neonicotinoids may not directly kill colonies but may cause substantial setbacks in colony
development. Over time, weakened colonies could become more susceptible to pests
and pathogens and other stressors, or fail to survive. This study was not designed to test
whether queens and colonies could recover from adverse effects once exposure ended.
Interpretation of the environmental relevance of our findings may require additional
studies on full-sized field colonies. However, given the logistical difficulty in observing
queen behavior in full-sized colonies, an alternative would be the extrapolation of our
findings through modeling population-level effects to elucidate the long-term impacts of
imidacloprid exposure on honey bee colony functioning and development (Kramer et al
2011). This study provides a mechanistic explanation for how sublethal effects of
neonicotinoids may impair short-term colony functioning, and offers insights into
potential effects of imidacloprid exposure on long-term colony survival (Byrden et al.
2013).
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2.8 Table legend
Table 2.1 The number of 1-frame, 2-frame, and 5-frame experimental hives exposed to
varying imidacloprid treatments (0, 10, 20, 50, and 100 ppb) over three weeks from 2012
to 2014.
Table 2.2 Statistical output (p values) for individual interaction effects between time
(week 1, 2, and 3), imidacloprid treatment dose (0, 10, 20, 50, and 100ppb), and colony
size (1-, 2-, and 5-frame) for egg-laying behavior in honey bee queens chronically
exposed to imidacloprid syrup. The overall interaction effect for the model was not
significant ((dose*size*week) interaction: F=0.93; df=16, 1053; p=0.54). Asterisks (*)
indicate p values <0.05.
Table 2.3 Average (±SE) brood production at each developmental stage, food stores
(nectar and pollen) in comb cells, and number of unused cells in 1-frame, 2-frame, and 5frame colonies exposed to imidacloprid (0, 10, 20, 50, 100 ppb) for three weeks.
Different letters denotes significant statistical differences among treatment levels within
each colony size at α<0.05. See text (pgs. 50-51) for complete statistical details (F-values,
df).
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2.9 Tables

Table 2.1 The number of 1-frame, 2-frame, and 5-frame experimental hives exposed to
varying imidacloprid treatments (0, 10, 20, 50, and 100 ppb) over three weeks from 2011
to 2014.

1-frame
2-frame
5-frame
total

0
6
6
6
18

10
2
2
4
8

20
7
8
5
20

98

50
6
6
5
17

100
6
6
4
16

Table 2.2 Statistical output (p values) for individual interaction effects between time
(week 1, 2, and 3), imidacloprid treatment dose (0, 10, 20, 50, and 100ppb), and colony
size (1-, 2-, and 5-frame) for egg-laying behavior in honey bee queens chronically
exposed to imidacloprid syrup. The overall interaction effect for the model was not
significant ((dose*size*week) interaction: F=0.93; df=16, 1053; p=0.54). Asterisks (*)
indicate p values <0.05.

Colony size
1-frame

2-frame

5-frame

Imidacloprid treatment (ppb)
10
20
50
100
0.008*
0.88
0.016
0.21

Week
w1 vs w2

0
0.71

w1 vs w3

0.48

0.008*

0.64

0.06

0.09

w2 vs w3

0.76

0.80

0.64

0.50

0.75

w1 vs w2

0.002*

0.40

0.03*

0.20

0.97

w1 vs w3

0.05

0.90

0.001*

0.11

0.88

w2 vs w3

0.31

0.30

0.15

0.70

0.21

w1 vs w2

0.85

<0.001*

0.59

0.73

0.03*

w1 vs w3

0.003*

<0.001*

0.002*

0.97

0.007*

w2 vs w3

<0.001*

<0.001*

0.001*

0.68

0.62
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Table 2.3 Average (±SE) brood production at each developmental stage, food stores
(nectar and pollen) in comb cells, and number of unused cells in 1-frame, 2-frame, and 5frame colonies exposed to imidacloprid (0, 10, 20, 50, 100 ppb) for three weeks.
Different letters denotes significant statistical differences among treatment levels within
each colony size at α<0.05. See text (pgs. 50-51) for complete statistical details (F-values,
df).

ppb

1frame

2frame

5frame

Eggs

Larvae

Pupae

Nectar

0

901 ±126 a

884 ±257 a

1262 ±229 a

325 ±110 a

235 ±45 a

2953 ± 404 a

10

222 ±218 b

16 ± 7 a

1219 ±79 a

150 ±150 a

93 ±11 a

4860 ±352 a

20

489 ±117 b

385 ±85 a

1017 ±268 a

305 ±106 a

125 ±51 a

4237 ±299 a

50

432 ±126 b

519 ±205 a

988 ±318 a

534 ±315 a

40 ±19 a

4045 ±747 a

100

423 ±126 b

351 ±120 a

710 ±320 a

283 ±97 a

51 ±22 a

4742 ±535 a

0

1085 ±278 a

520 ±247 a

3428 ±563 a

848 ±575 a

471 ±103 a

6765 ±1262 a

10

561 ±377 ab

453 ±452 a

1474 ±479 bc

408 ±408 a

109 ±68 ab

10113 ±1782 ab

20

512 ±95 b

355 ±86 a

1836 ±261 b

773 ±224 a

169 ±42 ab

9472 ±223 ab

50

397 ±120 b

368 ±113 a

1146 ±307 bc

509 ±149 a

68 ±16 b

10628 ±494 ab

100

428 ±102 b

119 ±88 a

558 ±243 c

511 ±260 a

28 ±15 b

11472 ±535 b

0

2360 ±437 a

2244±693 a

6830 ±1132 a

4845 ±919 a

1859 ±471 a

14653 ±2545 a

10

964 ±499 b

1239 ±549 a

4038 ±1457 ab

4027 ±546 a

203 ±94 b

22320 ±2321 b

20

1486 ±138 ab

2531 ±929 a

4791 ±1232 ab

4067±779 a

426 ±166 b

19488 ±3098 ab

50

1746 ±386 ab

2069 ±723 a

3295 ±978 b

3407 ±668 a

217 ±142 b

22056 ±2317 b

100

1489 ±302 ab

1076 ±497 a

3645 ±1079 ab

4123 ±1879 a

217 ±141 b

22242 ±3749 b

100

Pollen

Unused

2.10 Figure legend
Figure 2.1 Observation hive used for 1-frame and 2-frame experimental hives containing
1500 and 3000 worker bees and a laying queen, respectively (left). Observation sheds
held 4-6 free-foraging experimental hives in temperature and humidity controlled settings
(right).
Figure 2.2 Ulster observation hive for 5-frame experimental hives containing roughly
7000 worker bees and a laying queen. The frame containing the laying queen was placed
in the upper level during observation periods while the other four frames and a feeder
remained in the lower portion of the box. The entrance of the hive is located in the lower
level and is shown taped closed in this picture for ease of transporting bees to observation
sheds.
Figure 2.3 Average (SE) number of eggs laid per 15 minute observation period pooled
over three week chronic exposure of imidacloprid (IMD) (0, 10, 20 50, and 100 ppb) in
1-frame, 2-frame, and 5-frame sized colonies ((dose*size*week) interaction: F=0.93;
df=16, 1053, p=0.54; (dose*size) interaction: F=6.17; df=8, 1053; p=8.5e-8). Different
letters denotes significant statistical differences among treatment levels within each
colony size at α<0.05. Results indicate that untreated queens laid significantly more eggs
than treated queens at all colony sizes.
Figure 2.4 Average (SE) distance travelled (cm) per 15-minute observation period by
queens in 1-frame, 2-frame, and 5-frame colonies exposed to imidacloprid (IMD)
treatments (0, 10, 20, 50 and 100 ppb) in 50% sucrose pooled over three weeks
((dose*size*week) interaction: F=1.31; df=16, 2153, p=0.18; (dose*size) interaction:
F=4.02; df=8, 2153; p=9.5e-5). Different letters denotes significant statistical differences
among treatment levels within each colony size at α<0.05. Results indicate that untreated
queens traveled significantly more than treated queens in 1- and 2-frame colonies only.
Figure 2.5 Proportional time (±SE) spent resting per 15 minute observation by queens in
1-frame, 2-frame, and 5-frame colonies exposed to imidacloprid (IMD) at varying levels
(0, 10, 20, 50, 100 ppb) chronically for three weeks ((dose*size*week) interaction:
F=1.66; df= 16, 1213; p=0.05; (dose*size) interaction: F=3.31; df=8, 1213; p=9.5e-4).
Different letters denotes significant statistical differences among treatment levels within
each colony size at α<0.05. Results indicate that untreated queens spent significantly less
time resting and immobile compared to treated queens in all colony sizes.
Figure 2.6 Average ±SE number of worker bees flying in (IN) and out (OUT) of 2-frame
and 5-frame-sized colonies treated with varying levels of imidacloprid (0, 10, 20, 50, and
100 ppb). Statistical analysis was separate for foragers flying IN (Dose effect: F=50.00;
df=4, 837; p<2e-16; colony size effect: F=250.66; df=1, 837; p<2e-16; interaction effect:
F=1.19; df=4, 837; p=0.31) and OUT(Dose effect: F=44.46; df=4,837; p<2e-16; colony
size effect: F=404.85; df=1,837; p<2e-16; interaction effect: F=3.03; df=4, 837; p=0.02).
Data is pooled over three weeks and different letters denote significant statistical
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differences in the number of foragers flying both in and out among treatment levels at
α<0.05. Results indicate a dose-dependent effect on foraging in 2-frame colonies but not
in 5-frame colonies.
Figure 2.7 Hygienic behavior assays (±SE) on worker honey bees from “5-frame” size
colonies before and after chronic imidacloprid exposure (Dose effect: F=4.50; df=4, 18;
p=0.01). Different letters denotes significant statistical differences at α<0.05 among
treatment levels for post treatments only (no significant differences found in pretreatment assay (F=0.32; df=4,18; p=0.9). Results indicate significantly lower hygenic
behavior in higher treatments (50 & 100 ppb) only.
Figure 2.8 A) Examples of brood patterns from colonies chronically exposed to
imidacloprid (0, 10, 20, 50 and 100 ppb) during brood rearing illustrating a dosedependent effect where the amount of empty cells in a given brood area increases with
treatment concentration; B) parallelogram containing 100 cells used to standardize brood
pattern measures.
Figure 2.9 Average percentage (±SE) of cells not containing pupae (empty) in a brood
area of 100 cells separated by colony size (1-, 2-, and 5-frames) and imidacloprid (IMD)
exposure (0, 10, 20, 50 and 100 ppb) (Dose effect: F=10.93, df=4, p<0.0001; colony size
effect: F=2.08, df=2, p=0.14; interaction effect: F=1.26, df=8, p=0.3). Greater % of
empty cells indicates worse brood patterns and overall brood health. Different letters
denotes significant statistical differences among treatment levels within each colony size
at α<0.05. Results indicate significantly worse (more empty cells) brood pattern,
particularily at higher treatments (50, and 100 ppb), compared to untreated colonies.
Figure 2.10 Final adult worker bee population (±SE) after three weeks of chronic
imidacloprid (IMD) exposure at varying levels (0, 10, 20, 50, and 100 ppb) in 1-frame, 2frame, and 5-frame colonies. There were no significant differences among treatment
levels within all three colony sizes (F=1.42; df=4, 55; p=0.241). Dotted lines represent
initial populations for each colony size.
Figure 2.11 The average (± SE) level of imidacloprid residues detected in treatment
syrup fed to honey bee colonies over three weeks. No statistical analysis were performed.
Figure 2.12 The average (± SE) level of imidacloprid residues detected in adult worker
bees collected from experimental colonies of different sizes (1-, 2- and 5-frame) treated at
0, 10, 20, 50, and 100ppb imidacloprid (IMD) after three weeks of chronic exposure. No
statistical analysis were performed.
Figure 2.13 The average (± SE) level of imidacloprid residues detected in stored nectar
or honey collected from comb cells inside experimental colonies of different sizes (1-, 2and 5-frame) treated at 0, 10, 20, 50, and 100ppb imidacloprid (IMD) after three weeks of
chronic exposure. No statistical analysis were performed.
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2.11 Figures
Figure 2.1 Observation hive used for 1-frame and 2-frame experimental hives containing
1500 and 3000 worker bees and a laying queen, respectively (left). Observation sheds
held 4-6 free-foraging experimental hives in temperature and humidity controlled settings
(right).
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Figure 2.2 Ulster observation hive for 5-frame experimental hives containing roughly
7000 worker bees and a laying queen. The frame containing the laying queen was placed
in the upper level during observation periods while the other four frames and a feeder
remained in the lower portion of the box. The entrance of the hive is located in the lower
level and is shown taped closed in this picture for ease of transporting bees to observation
sheds.
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Figure 2.3 Average (SE) number of eggs laid per 15 minute observation period pooled
over three week chronic exposure of imidacloprid (IMD) (0, 10, 20 50, and 100 ppb) in
1-frame, 2-frame, and 5-frame sized colonies ((dose*size*week) interaction: F=0.93;
df=16, 1053, p=0.54; (dose*size) interaction: F=6.17; df=8, 1053; p=8.5e-8). Different
letters denotes significant statistical differences among treatment levels within each
colony size at α<0.05. Results indicate that untreated queens laid significantly more eggs
than treated queens at all colony sizes.
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Figure 2.4 Average (SE) distance travelled (cm) per 15-minute observation period by
queens in 1-frame, 2-frame, and 5-frame colonies exposed to imidacloprid (IMD)
treatments (0, 10, 20, 50 and 100 ppb) in 50% sucrose pooled over three weeks
((dose*size*week) interaction: F=1.31; df=16, 2153, p=0.18; (dose*size) interaction:
F=4.02; df=8, 2153; p=9.5e-5). Different letters denotes significant statistical differences
among treatment levels within each colony size at α<0.05. Results indicate that untreated
queens traveled significantly more than treated queens in 1- and 2-frame colonies only.
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Figure 2.5 Proportional time (±SE) spent resting per 15 minute observation by queens in
1-frame, 2-frame, and 5-frame colonies exposed to imidacloprid (IMD) at varying levels
(0, 10, 20, 50, 100 ppb) chronically for three weeks: dose*size*week interaction, F=1.66;
df= 16, 1213; p=0.05; dose*size interaction, F=3.31; df=8, 1213; p=9.5e-4. Different
letters denotes significant statistical differences among treatment levels within each
colony size at α<0.05. Results indicate that untreated queens spent significantly less time
resting and immobile compared to treated queens in all colony sizes.
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Figure 2.6 Average ±SE number of worker bees flying in (IN) and out (OUT) of 2-frame
and 5-frame-sized colonies treated with varying levels of imidacloprid (0, 10, 20, 50, and
100 ppb). Statistical analysis was separate for foragers flying IN (Dose effect: F=50.00;
df=4, 837; p<2e-16; colony size effect: F=250.66; df=1, 837; p<2e-16; interaction effect:
F=1.19; df=4, 837; p=0.31) and OUT(Dose effect: F=44.46; df=4,837; p<2e-16; colony
size effect: F=404.85; df=1,837; p<2e-16; interaction effect: F=3.03; df=4, 837; p=0.02).
Data is pooled over three weeks and different letters denote significant statistical
differences in the number of foragers flying both in and out among treatment levels at
α<0.05. Results indicate a dose-dependent effect on foraging in 2-frame colonies but not
in 5-frame colonies.
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Figure 2.7 Hygienic behavior assays (±SE) on worker honey bees from “5-frame” size
colonies before and after chronic imidacloprid exposure (Dose effect: F=4.5; df=4, 18;
p=0.01). Different letters denotes significant statistical differences at α<0.05 among
treatment levels for post treatments only (no significant differences found in pretreatment assay (F=0.3; df=4,18; p=0.9). Results indicate significantly lower hygenic
behavior in higher treatments (50 & 100 ppb) only.
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Figure 2.8 A) Examples of brood patterns from colonies chronically exposed to
imidacloprid (0, 10, 20, 50 and 100 ppb) during brood rearing illustrating a dosedependent effect where the amount of empty cells in a given brood area increases with
treatment concentration; B) parallelogram containing 100 cells used to standardize brood
pattern measures.
A

B

0
ppb
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Figure 2.9 Average percentage (±SE) of cells not containing pupae (empty) in a brood
area of 100 cells separated by colony size (1-, 2-, and 5-frames) and imidacloprid (IMD)
exposure (0, 10, 20, 50 and 100 ppb) (Dose effect: F=10.9, df=4, p<0.0001; colony size
effect: F=2.1, df=2, p=0.14; interaction effect: F=1.3, df=8, p=0.3). Greater % of empty
cells indicates worse brood patterns and overall brood health. Different letters denotes
significant statistical differences among treatment levels within each colony size at
α<0.05. Results indicate significantly worse (more empty cells) brood pattern,
particularily at higher treatments (50, and 100 ppb), compared to untreated colonies.
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Figure 2.10 Final adult worker bee population (±SE) after three weeks of chronic
imidacloprid (IMD) exposure at varying levels (0, 10, 20, 50, and 100 ppb) in 1-frame,
2-frame, and 5-frame colonies. There were no significant differences among treatment
levels within all three colony sizes (F=1.4; df=4, 55; p=0.241). Dotted lines represent
initial populations for each colony size.
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Figure 2.11 The average (± SE) level of imidacloprid residues detected in treatment
syrup fed to honey bee colonies over three weeks. No statistical analysis were performed.
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Figure 2.12 The average (± SE) level of imidacloprid residues detected in adult worker
bees
collected from experimental colonies of different sizes (1-, 2- and 5-frame) treated at 0,
10, 20, 50, and 100ppb imidacloprid (IMD) after three weeks of chronic exposure. No
statistical analysis were performed.
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Figure 2.13 The average (± SE) level of imidacloprid residues detected in stored nectar
or honey collected from comb cells inside experimental colonies of different sizes (1-, 2and 5-frame) treated at 0, 10, 20, 50, and 100ppb imidacloprid (IMD) after three weeks
of chronic exposure. No statistical analysis were performed.
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Chapter 3: Sub-lethal effects of imidacloprid exposure on bumble
bee (Bombus impatiens Cresson) queen survival and nest initiation
3.1 Summary
Neonicotinoid insecticides are highly toxic to insects and are systemically
translocated to all parts of a treated plant including nectar and pollen. Bees become
exposed to neonicotinoids while foraging on treated crops, flowering trees, and
ornamental plants and may return to their hive with contaminated resources. Bumble bee
colonies have an annual life cycle, which begins after a mated queen emerges from
hibernation and forages for nectar and pollen to initiate a new nest. During her solitary
phase, which may last about 5 weeks, the queen is vulnerable to neonicotinoid exposure.
I assessed the effects of chronic (18-day) dietary imidacloprid exposure in syrup (1, 5, 10,
25 ppb) and pollen (0.3, 1.7, 3.3, 8.3ppb) on bumble bee (Bombus impatiens Cresson)
queen survival and nest founding in cage studies. Bumble bee queens showed sensitivity
to direct imidacloprid exposure and exhibited reduced survival at all doses, even as low
as 1 ppb, compared to untreated queens. All treated queens that survived initial exposure
eventually commenced nest initiation, or egg-laying, suggesting some recovery by queens
from neonicotinoid effects. However, there was a significant dose-dependent delay in
nest initiation, which led to delayed emergence of worker brood. Among queens that
initiated nests, there were no statistical differences in the amount of brood they produced
or in brood mortality, even though the initial brood was developing and feeding on
imidacloprid-treated pollen. Final nest weight was lower in colonies with treated queens
and queen weight was significantly lower for the highest treated queens (25ppb)
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compared to controls. This study is the first to show the direct impacts of imidacloprid at
field-relevant levels on individual queen survival, which caused the delay of nest
initiation and colony development in bumble bees.
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3.2 Introduction
Bee pollinators provide critical ecosystem services to numerous wild plants and
agricultural crops, contributing to about a third of all foods for human consumption,
including nutrient-rich fruits, nuts, and vegetables (Potts et al. 2010, Klein et al. 2007).
Honey bees, Apis mellifera L., are the most economically valuable agricultural pollinator
contributing $15 billion annually in added crop value in the US (Morse and Calderone
2000; Thapa 2006). Recent honey bee declines have highlighted the need to focus
research on all pollinator health issues (Lee et al. 2015, Spleen et al. 2013, Steinhauer et
al. 2014, vanEngelsdorp et al 2009, 2010, 2011, 2012). Honey bees, however, are not the
only bee species in decline and are not always the most efficient pollinators for many
crops and natural plant populations (Brittian et al. 2012, Cameron et al 2011, National
Research Council 2007). For example, wild bees are able to better enhance fruit set to
agricultural crops such as cranberries, blueberries, apples, and tomatoes (Biddinger et al.
2013, Garibaldi et al. 2013). Bee diversity, however, is important for sustaining long
term ecosystem services due to yearly differences in bee communities (Bartomeus et al.
2013, Gallai et al. 2009, Kremen et al. 2002). In addition to impacts on agricultural
productivity and food security, pollinator decline affects the ecological balance as
reflected by temporal shifts in natural plant communities where parallel declines in
insect-pollinated plants are replaced with the greater abundance of wind-pollinated plants
(Biesmeijer et al. 2006, Kevan & Phillips 2001).
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A number of managed and unmanaged bees have exhibited population declines
across North America (National Research Council 2007). At least four bumble bee
species, none of which were the commercially available B. impatiens, have experienced
dramatic decreases in abundance (up to 96%) and geographical range (23-87%)
(Cameron et al. 2011). Declines also have been observed in solitary and univoltine
species, particularly in bees that are habitat and flower specialists (Biesmeijer et al.
2006). It is widely thought that there are multiple factors that contribute to bee decline,
alone or in combination; for example, pesticide exposure, habitat loss and land-use
change, and pathogens (Cameron et al. 2011, Colla et al. 2006, Goulson et al. 2008,
Goulson 2015, Grixti et al 2009, Kremen et al. 2002, Potts et al. 2010). Neonicotinoids,
one pervasively used class of insecticides in agricultural and urban areas, have been the
focus of discussion as a major contributor to the decline of bees worldwide (Bryden et al.
2013; Cresswell 2010; Cresswell et al 2012; Gill et al 2012, Goulson et al. 2013, van der
Sluijs et al. 2014). Neonicotinoid insecticides are systemic, and can translocate to all
parts of a plant targeting a broad spectrum of piercing and sucking insect pests. The
concern is that neonicotinoid residues also translocate to plant nectar and pollen where
foraging bees may become unintentionally exposed. They act as nicotinic acetylcholine
receptor (nAChR) agonists in the central nervous system of insects (Elbert et al. 2008,
Jeschke et al. 2008, Tomizawa & Casida 2003). Neonicotinoids were first registered in
the early 1990’s and the Environmental Protection Agency (EPA) is currently undergoing
a special review of this class of insecticides to assess the adverse effects of
neonicotinoids on pollinators, to be completed before 2018.
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Currently, EPA uses honey bees as the model species to evaluate the non-target
toxicity of neonicotinoid insecticides to all bees. There are shortcomings, however, to
testing only honey bees because pesticide sensitivity can differ greatly among colonies
and even within individuals of the same colony (US EPA 2014, Decourtye et al. 2003,
Smirle and Winston 1988, Thompson and Hunt 1999). Honey bees are highly social
insects living in colonies containing a single egg-laying queen and between 10,000 –
60,000 worker bees depending on the time of season. Queen bees leave the hive only
once to mate and return to the hive for the remainder of their life. Importantly, they do
not forage outside the hive and are fed, groomed, and cared for at all times within the
colony by worker bees. Thus they are indirectly exposed to contaminated nectar and
pollen through the worker bees. In contrast, bumble bee colonies are annual and do not
survive the winter as a colony (as perennial honey bee colonies do). A mated bumble bee
queen hibernates underground alone for the winter and emerges the following spring to
initiate a new nest. Bumble bee queens forage on their own for about 5 weeks in spring
and early summer until the first clutches of brood on the nest develop fully into workers
(Evans et al. 2007). From that point on, worker bees take on foraging and brood care
roles while the queen remains in the hive and continues to lay eggs. During the early
solitary phase, bumble bee queens are vulnerable to direct contact with pesticides. The
effects of pesticide exposure on the queen are more indirect and buffered by the colony
when there are bumble bee workers present on the nest. The potential adverse effects of
neonicotinoids on the most vulnerable and important individual bee, the bumble bee
queen, provides an opportunity to study downstream individual effects and subsequent
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colony level effects. This study also provides insight on the potential effects on the
commercially available B. impatiens species as well as other unmanaged bumble bee
species.

3.3 Methods
3.3.1 Experimental set-up and treatments
Newly mated bumble bee queens (Bombus impatiens Cresson) were purchased in
three batches from Koppert Biological Systems on July and September 2014 and April
2015. All queens were of similar age and were in diapause at the time of purchase. To
stimulate queens to emerge from diapause, they were treated with carbon dioxide (99%)
for 2 minutes then kept in cold storage (2 ˚C) overnight. The following day queens were
treated again with carbon dioxide for 20 minutes then placed into narrow wooden nesting
cages (5.7 x 13.4 x 11.0 cm) with side glass panels. The cages contained two chambers,
the brood chamber and the foraging chamber. The brood chamber, where the nests were
formed, was covered on the outside with a black plastic liner to maintain darkness and
mimic underground nesting conditions. The foraging chamber was left uncovered
allowing light to enter, simulating above ground foraging (Figure 3.1). Cages were held
in a Percival incubator (model I-30NL) with a constant temperature of 30˚C and relative
humidity of 60-70%.

Queens from each purchase batch were randomly assigned to a treatment group
and 10 queens per treatment group were chronically exposed to imidacloprid in 50%
sugar syrup at 0, 1, 5, 10, or 25 ppb for 18 days. Between July 2014 and April 2015, a
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total of 30 queens were exposed at each concentration. These treatment levels reflect a
typical flower bloom period when bees may become exposed to neonicotinoids in
contaminated nectar and pollen in the environment. Stock solutions of imidacloprid (100
ppm) were prepared using 99.5 ± 0.5% technical grade imidacloprid purchased from
Chem Service, Inc (PS-2086) dissolved with agitation in 50% sucrose overnight .
Treatment solutions were prepared by making serial dilutions from the stock solutions
every week. Treatment syrup (3 ml) was provided in small feeder cups in the foraging
chamber three times a week (Monday, Wednesday, Friday), totaling 8 feedings over 18
days. Additionally, imidacloprid treatment syrup was mixed with honey bee-collected
pollen and formed into pollen balls each weighing 2 ± 0.01 grams (2:1 pollen to syrup).
Final imidacloprid concentrations in the pollen balls were 0, 0.3, 1.7, 3.3 and 8.3 ppb.
Pollen balls were lightly coated with natural beeswax to maintain moisture and placed in
the brood chamber. One treated pollen ball was given to each queen and remained in the
cage for the duration of the experiment because the queens initiated their wax nests on
top of the provisioned pollen. Control queens were given untreated syrup and pollen and
treated queens were given the following doses: 1ppb syrup+0.3ppb pollen, 5ppb
syrup+1.7ppb pollen, 10ppb syrup+3.3ppb pollen, or 25ppb syrup+8.3ppb pollen.
Herein, the doses will be referred to by the syrup treatment levels (1, 5, 10, and 25 ppb).
After the 18-day treatment period, treated syrup was removed and queens were given
untreated syrup ad libitum and untreated pollen balls (2 g) every two weeks.
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The third set of queens purchased from Koppert on (April 2015) was used only
for chemical residue analysis. These queens (10 per treatment group) were fed through
the 18-day chronic treatment period, then collected and frozen at -20˚C.

3.3.2 Measurements
During the chronic exposure period the imidacloprid treatment syrup that
remained after each feeding was measured to calculate the amount of syrup consumed.
Potential effects of imidacloprid exposure on individual queen bees were determined
every other day by recording queen mortality and time of nest initiation, as defined by the
presence of the first eggs. Effects on colony development were examined by quantifying
brood production, the number of nectar pots (cup-like structures made from wax
containing bee-collected syrup), and amount of dead larvae contained within or ejected
from the nests during and after imidacloprid exposure. The experiment and measurements
continued until the first clutch of brood emerged as adults, marking the end of the
queen’s solitary phase and the end of the experiment. After the first brood emergence, the
nest was weighed and the remaining brood clusters were dissected to quantify the number
of viable eggs, developing healthy larvae, and dead or discolored larvae and pupae
(Figure 3.2). Any surviving queens remaining after a total of 13 weeks were terminated
and nests were weighed and dissected.

3.3.3 Chemical residue analyses
Imidacloprid treatment syrup and pollen balls were tested for residues of
imidacloprid and two metabolites, imidacloprid olefin and 5-OH imidacloprid. Samples
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were analyzed by USDA Agricultural Marketing Service, National Science Laboratory
(AMS-NSL) in Gastonia NC. A total of ten samples (3ml) of imidacloprid treatment
syrup (2 per treatment) were collected from each replicate experiment. Treated pollen
balls from replicate experiments were grouped together into one sample per treatment
concentration (6-8 g) for chemical analysis. A total of 15 queen samples (3 per
treatment) from the final trial were also collected after the 18-day exposure period to
confirm exposure rates due to imidacloprid treatments. Given the average weight of
individual queens (< 1g) each residue sample consisted of 3-4 queens of the same
treatment per sample to obtain enough material (>3 g) for more precise extraction and
analysis. The USDA-AMS-NSL laboratory extracted samples using the QuEChERS
(Quick, Easy, Cheap, Effective, Rugged, and Safe) pesticide extraction method (AOAC
OMA 2007.01) and acetonitrile water solutions to test against certified standard reference
materials. The samples were analyzed with LC-MS/MS utilizing the parent and
confirmatory ions of (imidacloprid, olefin, and 5-OH imidacloprid) analytes of interest.
3.3.4 Statistical analysis
Survival analyses on the following measures: time to queen mortality, time to nest
initiation (as indicated by the presence of eggs), and time to first brood emergence; were
conducted using Kaplan-Meier curves and non-parametric analysis of covariance
(ANCOVA) using Cox’s Proportional Hazards model to test for differences among
treatments compared to untreated queens over 13 weeks. To test normality, ShapiroWilk’s tests and visual comparisons of the data were made using quantile-quantile plots
(QQ plot) and normal probability plots of the standardized data compared against the
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standard normal distribution to determine if the data fit normal distributions, then data
were transformed using square-root, log, or power^3 transformations as needed. In
addition to Kaplan-Meier curves and ANCOVA analyses, one-way analysis of variance
modeling (ANOVA) was performed on the overall average number of days to queen
mortality (square-root transformed), nest initiation (log transformed), and first brood
emergence to account for censored subjects (i.e. queens that died or produced no brood)
to compare effects across and among different treatment levels. Nest weight was
calculated by weighing each nest with all containing brood and dividing by the total
grams of treated (1) and untreated pollen balls (1-6 provisioned to each queen every two
weeks throughout the experimental period) because pollen balls are incorporated into the
nest as eggs are deposited and larvae develop directly in the pollen balls. There were no
statistical differences between the two replicates (batches) within a treatment group,
therefore data from the 20 queens per treatment were pooled for all statistical tests.
Analysis of syrup consumption rate among treatments was divided by the first nine days
(feedings 1-4) and last nine days (feedings 5-7, consumption not measured after feeding
8) of imidacloprid exposure. The reason for this division and discretizing the time
variable was to examine syrup consumption rate among treatments before signs of nest
construction were visible, as indicated by small pits formed in the provisioned pollen to
deposit eggs, and after queens started nest construction, as there may be differences in
syrup consumption due to higher energy expenditures when queens began egg-laying.
Differences among treatments in imidacloprid syrup consumption rate, proportional nest
weight, final queen weight (power^3 transformed), total brood count, and number of
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nectar pots were calculated using ANOVA and Tukey HSD multiple comparison mean
separation tests at a significance of α=0.05 to compare effects across and among different
treatment levels. All statistical analyses were completed in Rstudio [version 3.2.0]
(Chambers et al 1992).

3.4 Results
3.4.1 Treatment dosage
There was a significant interaction effect between treatment dose and time of
feeding (F=6.22; df=1, 490; p=7e-5). Therefore simple effects at each dose and time were
examined. The mean amount of imidacloprid syrup consumed every other day during the
first nine days (feedings 1-4) of exposure and prior to nest construction ranged from 1.5
to 1.7 ml and was not statistically different among treatment groups (p>0.63). During the
last nine days (feedings 5-7; consumption not measured after feeding 8) of imidacloprid
exposure and after nest construction began, mean (± std) syrup consumption in untreated
queens was 2.3±0.5 ml, which was significantly more than the 1.8±0.6, 1.6±0.5, 1.5±0.5,
and 1.4±0.6 ml consumed by queens that were treated at all concentrations (p=6.9e-5)
(Figure 3.3). There were no significant differences in consumption rate among any of the
feedings by queens within each treatment level (p>0.68) except in control queens
(p=4.2e-5). Chemical residue analysis of the imidacloprid treatment syrup fed to queens
resulted in treatment levels very close to the intended concentration (Table 3.1). There
were no imidacloprid residues detected in untreated syrup and pollen, 1 ppb treatment
syrup, or in pollen from the lower two treatment levels (0.3 and 1.7 ppb). Imidacloprid
residues in queens were detected in 5, 10, and 25ppb syrup treatments at 28-38% of the
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treatment dosage. The limit of detection for imidacloprid, olefin, and 5-OH imidacloprid
was 1, 10 and 25 ppb, respectively.
3.4.2 Queen mortality
Bumble bee queen mortality was observed in 14, 35, 30, 40, and 65% of queens
fed 0, 1, 5, 10, and 25ppb imidacloprid syrup, respectively. Survival analyses indicated
that there was greater mortality in bumble bee queens treated at 1, 10, and 25ppb syrup
and mortality occurred significantly sooner compared to untreated queens (p<0.05).
Mortality of queens treated with 5ppb, however, was not different compared to all other
treatments including the controls (p=0.407). The mean number of days to queen mortality
was significantly longer for untreated queens, averaging 38±15 (std) days compared to
17±11,12±7, and 15±10 days in queens treated at 1, 10 and 25ppb syrup) (F=3.95;
df=4,33; p=0.01) (Figure 3.4).
3.4.3 Nest initiation and brood emergence
Nest initiation, or the start of egg-laying by untreated queens began on day 15±2,
significantly earlier compared to all treated queens that began laying eggs on days 23±5,
28±8, 29±8, and 45±17 in 1, 5, 10, and 25ppb syrup, respectively (F=27.82; df=4,65;
p=1.8e-13). There were no statistical differences observed among 1, 5, and 10 ppb syrup
treated queens, however queens from the highest treatment group (25 ppb syrup) began
egg-laying significantly later than all other treated queens. All but one untreated queen
initiated egg-laying after 13 weeks. All surviving untreated and treated queens eventually
initiated nests, however not all nests with eggs lead to successful brood emergence (Table
3.2). Brood emergence, or the birth curve marking the first worker bee to emerge as an
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adult, was significantly different among nests with untreated queens and nests with 5, 10,
and 25ppb syrup treated queens (F=5.49; df=4,53; p=8.9e-4). Time to first brood
emergence in nests of 1ppb treated queens was not different from untreated or other
treated queens. The mean (±std) number of days to first brood emergence was 50±7,
57±11, 60±6, 60±4, and 65±10 in nests initiated by 0, 1, 5, 10, and 25ppb syrup treated
queens, respectively (Figure 3.5).
3.4.4 Colony-level measures
Colony-level measures were taken at the onset of first brood emergence marking
the end of the experiment for each individual queen. There were no statistical differences
among treatment groups in the number of nectar pots (F=0.28; df=4,55; p= 0.89) total
brood (eggs, larvae, and pupae (F=0.96; df=4,61; p=0.44), and the number of dead or
discolored larvae and pupae either ejected from or still contained within the nest (F=1.69;
df=4, 96; p = 0.16). The proportional final nest weight per gram of provisioned pollen
given to queens was higher for untreated queens, mean (±std) 0.74±0.1 compared to
0.67±0.2, 0.59±0.13, 0.59±0.1, and 0.59±0.1 grams for 1, 5, 10, and 25ppb syrup treated
queens. There were significant differences in final nest weight between untreated and
5ppb and 10ppb syrup treated queens (F=3.43; df=4,61; 0.01), but not between untreated
and 25ppb treated queens, likely due to low sample size of remaining 25ppb treated
queens (n=7) Figure 3.6).
Final queen weights were also determined at the end of the experiment and the
mean (±std) queen weights for untreated and 5ppb treated queens, 0.78±0.1 and 0.76±0.1
respectively, were significantly higher compared to queens in the highest 25ppb syrup
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treatment (0.61±0.1) (F-=5.93; df=4,93; p=0.0003). There were no statistical differences
between 1ppb (0.69±0.1) and 10ppb (0.72±0.1) syrup treated queens when compared to
all other treated and untreated queens (Figure 3.6).
The majority of experimental queens had brood that emerged between 53-65 days,
when the experiment was terminated. There were five queens that initiated nests but did
not have emerged brood after 13 weeks: 1ppb (n=1), 5ppb (n=2), 10ppb (n=1), and
25ppb (n=1) treated syrup. The 1ppb treated queen initiated egg-laying on day 25, the
5ppb and 10ppb queens initiated egg-laying on day 27, and the 25ppb treated queen
began egg-laying on day 39. The experiment was terminated at week 13 (91 days) for
these 5 remaining queens, and dissection of these nests revealed either no healthy brood,
or brood at the egg and or larval stages but no pupae, indicating some potential effects on
larval development.

3.5 Discussion
In this study, field-relevant doses of imidacloprid in syrup and pollen were
administered over an 18-day period to individual bumble bee (B. impatiens) queens, and
the effects of queen fecundity and nest initiation were quantified. Significant adverse
effects were found on the survival of queens treated with 1, 10, and 25ppb imidacloprid,
with mortality ranging from 2.5-4.6 times higher in treated queens compared to untreated
queens. In queens exposed to imidacloprid at all doses, egg-laying was delayed, which
in turn delayed nest initiation. As a result of delayed nest initiation, the emergence of the
first brood was significantly later in the higher treatments (5, 10, and 25 ppb) compared
to the control and lowest dose (1 ppb) colonies. Among the queens treated at higher
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doses (5, 10, and 25 ppb) that were able to initiate nests, brood emergence was observed
between days 48-83, compared to days 39-65 in untreated and 1ppb treated colonies,
indicating some delayed recovery by treated queens once imidacloprid exposure ended.
In treated queens that did establish nests, there was no strong evidence of lingering
effects of imidacloprid on colony-level measures, such as brood production or final nest
weight. Queens in the wild that are exposed to low levels of imidacloprid during the
solitary nest founding phase of their life cycle may suffer reduced survival and/or delays
in nest initiation, which in turn could severely impact colony development and
reproductive success for annual bumble bee colonies. Previous studies have observed
adverse effects of neonicotinoids on B. terrestris and B. impatiens micro-colonies
(queenless and queenright) but this is the first study to examine the effects directly on
individual bumble bee queens and nest initiation (Bryden et al. 2013, Elston et al. 2013,
Fauser-Misslin et al. 2014, Feltham et al 2014,Gradish et al. 2010, Laycock & Cresswell
2013, Larson et al. 2013, Laycock et al. 2012, 2013, Rundlof et al 2015, Scholer &
Krischik 2014, Tasei et al. 2000, Whitehorn et al. 2012).
3.5.1 Field-relevant treatment dosage
Environmentally relevant treatment levels of neonicotinoid exposure correspond
to concentrations that bees may come in contact with while foraging on contaminated
nectar, pollen, or guttation (plant exudates) in treated plants or water sources near treated
fields. Neonicotinoid residue concentrations detected in plants may vary greatly and
depend on several factors, including the method by which the insecticide was applied
(seed treatment, foliar spray, soil drench, etc.), the plant type (woody or herbaceous), and
130

other abiotic factors such as soil moisture and temperature (Alsayeda et al. 2008,
Bonmatin et al 2005a, 2005b, Cutler and Scott-Dupree 2007, Doering et al 2004, 2005,
Dively and Hooks 2010, Laurent and Rathahao 2003, Krupke et al. 2012, Maus et al.
2004, Rundlöf et al. 2015, Schmuck et al. 2001). Residue levels can even vary among
different parts (leaves, roots, nectar, pollen, etc) of the same plant (Alsayeda et al. 2008,
Bonmatin et al. 2003, Dively et al 2012, Laurent and Rathahao 2003). Determining
environmentally relevant exposures can thus be a challenge particularly when residues
can be detected at very low levels (ppb range) in agricultural seed-treated crops and at
extremely high levels (ppm range) in many treated ornamental shrubs and trees (Dively
and Hooks 2010, Doering et al 2004, Doering et al 2005, Maus et al. 2004).
Field-relevant exposure rates are more narrowly described by concentrations of
residues detected in treated agricultural crops, rather than in urban landscapes, and thus
may be of greater importance given the abundance of field-treated crops in the landscape.
In addition, during the nest initiation phase bumble bee queens would most likely become
exposed to early spring blooming trees and flowering weeds, such as dandelions, that
may become contaminated from seed-treatment planting dust (Krupke et al. 2012). In
2007, agricultural cropland covered over 408 million acres and accounted for about 18%
of the total lands in the US, compared to urban land in the US that covered 61 million
acres, or 3% of total lands (US Department of Agriculture Economic Research Service, in
a 2007 report). The prevalence of agricultural crops increases the likelihood that bees can
be exposed to neonicotinoids at agricultural exposure rates rather than higher exposure
levels from treated urban ornamental plants. Major agricultural crops, such as corn, soy,
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and canola, are treated with neonicotinoids as a seed-coating to protect seeds or
seedlings, and result in low, generally less than 10 ppb, neonicotinoid residue levels in
nectar and pollen (Bonmatin et al 2005a, Bonmatin et al 2005b, Cutler and Scott-Dupree
2007, Krupke et al. 2012, Schmuck et al. 2001). Higher residues (e.g., clothianidin
detected at >10 ppb) have been observed in some agriculturally seed-treated sunflower
and canola nectar and pollen (Laurent and Rathahao 2003, Rundlöf et al. 2015). Other
agricultural crops, such as apples and cucurbit vegetables, treated by soil-drench, drip
irrigation, and foliar spray applications following label rates also have resulted in higher
residues in nectar (up to 90 ng/g) and pollen (up to 100 ng/g) (Doering et al. 2004, Dively
and Kamel 2012). In this study, we use low, field-relevant dosages in syrup (1, 5, 10ppb)
and pollen to reflect the exposure in agricultural landscape and a 25ppb dose in syrup to
reflect the high end of field-relevant agricultural rates. The potential effects of
neonicotinoids on bumble bee queens were quantified during the “solitary phase” of their
life cycle when queens must forage alone for nectar and pollen to provision and initiate a
nest and are thus vulnerable to direct contact with insecticides. We used low levels of
imidacloprid in provisioned pollen balls (0.3, 1.7, 3.3, 8.3ppb) to reflect residues found in
pollen of seed-treated crop to examine potential adverse effects on developing brood that
eat the pollen directly (Bonmatin et al 2005a, Bonmatin et al 2005b, Cutler and ScottDupree 2007, Krupke et al. 2012, Schmuck et al. 2001). Queen bees may also consume a
small portion of the provisioned pollen as well.
Chemical analysis of treatment syrup fed to queens and pollen fed to brood
detected imidacloprid levels close to the intended dosage. Imidacloprid was not detected
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in 1ppb syrup or 0.3ppb and 1.7ppb pollen balls likely because dosage was too close to
the limit of detection of 1ppb for imidacloprid. Imidacloprid concentration levels detected
in bumble bee queens were lower than the dosages fed to queens, indicating queens were
likely detoxifying or voiding chemicals through the digestive system (Cresswell et al.
2013, Xu et al. 2013). No metabolites were detected in any of the samples because the
limit of detection was much higher for olefin (10ppb) and 5-OH imidacloprid (25ppb)
metabolites compared to the parent compound.
3.5.2 Effects on bumble bee queens
The survival analyses indicated a biphasic response on queen toxicity in which
significantly higher mortality was observed in the lowest and higher doses (1, 10, and
25ppb syrup) compared to untreated and 5ppb syrup treated queens. Although there was a
difference in the survival curves between 5ppb syrup treated queens and all other treated
queens, the number of treated queens that died among treatments were similar (Table 2)
indicating the imidacloprid exposure at all field-relevant levels tested can be lethal to
bumble bee queens when directly exposed. The average number of days to mortality
between 5ppb syrup treated queens and all other treatments was not significant due to the
mortality of two queens that occurred at day 46 and 48 of the experiment. To contrast,
only three untreated queens died and no mortality occurred during the sugar syrup
treatment period. Queen weight was generally higher in untreated queens but only
significantly different from 25ppb syrup treated queens. The nest initiation event curves
represented the time the first eggs were laid by each queen and illustrated the
significantly more narrow time frame initial egg deposition occurred (between day 13-20)
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in all untreated queens, including the three untreated queens that subsequently died for no
known reason. Surviving treated queens began laying eggs significantly later than
untreated queens and slowly continued to initiate nests for several weeks after exposure.
The span of time in which nest initiation occurred in treated queens took place over 12,
26, 28, and 41 days among 1, 5, 10, and 25ppb syrup treated queens within the same
treatment. This delay suggests that bumble bee queens were recovering from
imidacloprid exposure in a dose-dependent manner. Delayed nest building activity has
been shown in queenless B. terrestris micro-colonies exposed to thiamethoxam at 10 ppb
(Elston et al 2013). In this study nest initiation was suppressed even at the lowest
imidacloprid dose (1ppb) indicating that queens may be more sensitive to neonicotinoid
exposure compared to worker bumble bees. Dose-dependent recovery from
neonicotinoid exposure has also been previously shown with micro-colonies of B.
terrestris treated at varying imidacloprid doses ranging from 0.06 to 98 ppb in syrup
(Laycock et al. 2013) indicating bumble bee colonies can recover from neonicotinoid
toxicity. In addition, individual worker bumble bees (B. terrestris) have recovered from
neurotoxic effects on foraging and locomotor ability 48 hours after ingestion and
clearance of imidacloprid syrup at 98 and 128 ppb (Cresswell et al.2013).
3.5.3 Colony-level measures
Among the queens that survived each treatment, there were no differences in the
amount of total brood they produced. However, these results may have been skewed by
the fact that nests were ended at different time points, and the nests initiated by untreated
queens had the shortest brood rearing opportunity, as they were the first to exhibit brood
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emergence and end the experiment. Despite having the shortest brood rearing time, nests
initiated by untreated queens were generally heavier but only significantly heavier than
nests initiated queens treated with 5ppb and 10 ppb syrup. In addition, worker
development time, or the span from egg laying to brood emergence, was shorter for
treated nests and averaged 35±11, 33±9, 31±8, and 25±15 days for 1, 5, 10, and 25ppb
treatments, respectively, compared to 35±7 for untreated nests however these differences
were not statistically different. There were no differences in the number of dead or
ejected larvae among all treatments indicating no effects on larval development. The
results of total and dead brood measures suggest that significant differences observed in
the time of first brood emergence were likely due to delayed nest initiation and not due to
the imidacloprid contamination in provisioned pollen.
Colony-level measures did not exhibit any dose-dependent response or provide
strong evidence for adverse effects on brood production and colony development,
indicating that the main effects of imidacloprid treatment, in this study, was observed on
queen survival and nest initiation. A few studies have shown no effects of neonicotinoids
at field-relevant doses on bumble bee colony health (FERA 2013, Moradin & Winston
2003), on newly emerged worker bee weights when exposed during larval development
(Franklin et al 2004, Moradin & Winston 2003), on amount of brood produced in treated
micro-colonies Franklin et al 2004, Moradin & Winston 2003), or foraging activity
(Franklin et al 2004). However, several other studies on bumble bee micro-colonies
indicate there are adverse effects of neonicotinoid exposure on colony development,
brood production, production of future gynes and drones, and worker bee longevity,
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health, and behavior when larvae were exposed during development (Bryden et al. 2013,
Cresswell et al. 2013, Elston et al 2013, Fauser-Misslin et al. 2014, Feltham et al 2014,
Gradish et al. 2010, Larson et al. 2013, Laycock & Cresswell 2013, Laycock et al. 2012,
2013, Rundlof et al 2015, Scholer & Krischik 2014, Tasei et al. 2000, Whitehorn et al.
2012)

3.6 Conclusion
The results of this study suggest that bumble bee queens are sensitive to
neonicotinoid toxicity but if they can survive chronic low level exposure they are likely
to recover and commence brood production. However, the effects on nest initiation may
cause severe setbacks for bumble bee queens and colony development. Bumble bee
colonies are annual and depend on rapid colony development to obtain the worker force
necessary to maximize the production of future queens (gynes) and males for colony
reproductive success. Seasonal constraints may thus limit the production of these critical
reproductive individuals, limiting population growth the next summer. Delayed colony
development also could disrupt phenological synchrony with flowering plants that is
already affected by global climate change and lead to further reduced plant-pollinator
interactions affecting seed production and ecosystem services (Forrest 2014, Rafferty et
al 2014).
Field-relevant dietary exposure to the systemic neonicotinoid imidacloprid, even
as low as 1 ppb, can cause adverse effects on bumble bee queen survival and nest
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initiation. To our knowledge, this is the first study to show direct effects on individual
bumble bee queens subjected to worst-case scenario when, in early spring, foraging
queens initiating nests may directly come into contact with contaminated nectar and
pollen. Our results are supported by previous studies that observed delayed nest initiation
and reduced colony reproductive success in Bombus spp. micro-colonies due to
neonicotinoid exposure at low field-relevant doses (<10ppb) (Fauser-Missilin et al. 2014,
Laycock & Cresswell 2013, Laycock et al. 2012, 2013, Whitehorn et al. 2012).
Neonicotinoids impacting bumble bee queen egg-laying behavior, as we have shown,
may be the underlying mechanism for reduced colony development and growth.
However, nest initiation and brood emergence were only delayed, not inhibited,
suggesting that bumble bee queens affected by low level neonicotinoid exposure can
recover once exposure ends. These findings elucidate the importance of evaluating risk
from neonicotinoids in different castes such as reproductive queens and males and nonreproductive workers as they may exhibit differences in sensitivity to pesticides.
Furthermore, solitary bees, Osmia bicornis, have exhibited effects on brood production
and lower reproductive output (greater male-biased offspring) due to low field-relevant
dietary exposures to clothianidin neonicotinoid (Sandrock et al 2014, Rundlof et al. 2015)
indicating a need for more research on the potential impacts of neonicotinoids on solitary
bee survival and nesting behavior.
Pesticide sensitivity can differ at various phases in a bee’s life. Our results suggest
that bumble bee queens are likely more sensitive to neonicotinoids, even at exposures as
low as 1ppb, during the “solitary” nest construction phase due to direct contact while
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foraging on contaminated plants compared to when daughter worker bees take over the
foraging role and queens are then fed by workers and buffered from direct exposure. In
honey bees, pesticide sensitivity can differ even among worker bees of different ages and
among bees present during the summer versus winter seasons (Decourtye et al. 2003,
Smirle and Winston 1988). Greater neonicotinoid sensitivity has also been observed
among foraging bumble bees compared to similar bumble bees without foraging behavior
in laboratory studies (Mommaerts et al. 2010). These studies demonstrating varying
pesticide sensitivities and influencing factors illustrate the many gaps in our knowledge
about potential non-target effects of neonicotinoids and the need for research addressing
the complex life histories and natural behaviors of different types of bees in regards to
pesticide risk assessment and regulatory decisions. This study highlights a major concern
and a greater need for protecting pollinators from neonicotinoids particularly in the early
spring when bumble bee queens are nesting or when nests are small and thus more
vulnerable.
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3.8 Table legend
Table 3.1 Chemical analysis of imidacloprid residues in treatment syrup and pollen fed to
queens, and queens collected at the end of the 18-day exposure period. Metabolites olefin
and 5 0H-imidacloprid were not detected. Limit of detections for imidacloprid, olefin,
and 5 OH- imidacloprid were 1, 10 and 25 ppb, respectively.
Table 3.2 The initial number of queens (n) compared to the number of queens that died
or initiated nests and that had successfully emerged brood after 18 days of chronic
imidacloprid treatment (ppb) in syrup and pollen.
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3.9 Tables
Table 3.1 Chemical analysis of imidacloprid residues in treatment syrup and pollen fed to
queens, and queens collected at the end of the 18-day exposure period. Metabolites olefin
and 5 0H-imidacloprid were not detected. Limit of detections for imidacloprid, olefin,
and 5 OH- imidacloprid were 1, 10 and 25 ppb, respectively.
type
syrup

pollen

queens

ppb
0
1
5
10
25
0
0.3
1.7
3.3
8.3
0
1
5
10
25

ave
ND
ND
4.8
8.9
25.9
ND
ND
ND
2.2
7.1
ND
ND
1.9
2.9
7.1

std
--0.4
1.6
2.3
-------0.5
0.9
1.3
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Table 3.2 The initial number of queens (n) compared to the number of queens that died
or initiated nests and that had successfully emerged brood after 18 days of chronic
imidacloprid treatment (ppb) in syrup and pollen.
syrup
(ppb)
0
1
5
10
25

pollen
(ppb)
0
0.3
1.7
3.3
8.3

dead
n queens
21
3
20
7
20
6
20
8
20
13

initiated
nests
17
13
14
12
7

emerged
brood
17
12
12
11
6
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3.10 Figure legend
Figure 3.1 Experimental bumble bee nesting cages (5.7 x 13.4 x 11.0 cm) illustrating two
separate chambers: a brood chamber where supplemental pollen was provided and a
forage chamber where treatment syrup was provided in small cup feeders (left). A black
plastic covering was placed over the brood chamber to keep the brood chamber and nest
in darkness to stimulate natural underground conditions (right).
Figure 3.2 Post experiment colony-level measures included final weight of nests
containing brood clusters and nectar pots (left), quantification of eggs per cell (middle),
larvae (right), and pupae (not shown).
Figure 3.3 Mean (±SE) amount of treatment syrup consumed by each queen over 18days of exposure to imidacloprid (IMD) concentrations of 0 (control), 1, 5, 10, and 25
ppb. Significant differences at α=0.05 were not detected during days 1-9 (feedings 1-4;
indicated in gray) before signs of nest construction (pits formed in provisioned pollen in
preparation for egg deposition) were observed but differences were detected after nest
construction began or >9 days of exposure (feedings 5-7) between control and treated
queens (F=6.22; df=1, 490; p=7e-5).
Figure 3.4 Survival curve for queens chronically exposed to varying concentrations of
imidacloprid (IMD) in syrup (0, 1, 5, 10, 25 ppb) and in pollen (0, 0.3, 1.7, 3.3, 8.3 ppb)
for 2.5 weeks (left). Box and whisker plots represent the median (black line) ± lower and
upper interquartiles (box) and the minimum and maximum (whiskers) for the time of
death among treatments (F=3.95; df=4,33; p=0.01) (right). Outliers are shown as open
circles and different letters denote significance at α=0.05. Results indicate significant
differences between untreated queens and queens treated at 1, 10, and 25 ppb but not
queens treated at 5 ppb.
Figure 3.5 Event curves for nest initiation, or egg deposition, (F=27.82; df=4,65; p=1.8e13 ) (A) and first worker brood emergence (F=5.49; df=4,53; p=8.9e-4) (C). The + at
beginning of event steps correspond to nest initiation events by multiple queens observed
on the same day. Box and whisker plots represent the median (black line) ± lower and
upper interquartiles (box) and the minimum and maximum (whiskers) for the number of
days to nest initiation (B) and first worker brood emergence (D) for queens treated with
different imidacloprid (IMD) syrup treatments (ppb). Outliers are shown as open circles
and different letters denotes significance at α=0.05. Results show a dose-dependent effect
on nest initiation and significant differences were observed in worker brood emergence
between control and and higher treatments (5, 10, and 25 ppb) but not at the lowest
treatment (1 ppb).
Figure 3.6 Box and whisker plots represent the median (black line) ± lower and upper
interquartiles (box) and the minimum and maximum (whiskers) for the total amount of
healthy brood (F=0.96; df=4,61; p=0.44) (A), dead or discolored brood (eggs, larvae, and
pupae) (F=1.69; df=4, 96; p = 0.16) (B), the proportional nest weight per gram of
provisioned pollen (F=3.43; df=4,61; 0.01) (C) and queen weight (F-=5.93; df=4,93;
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p=0.0003) (D) among nests in which queens were treated with different levels of
imidacloprid (IMD) treatments (ppb). Outliers are shown as open circles and different
letters denotes significance at α=0.05. No significant differences were found in total and
dead brood measures. Differences were observed in final nest weight and queen weight,
however, they were not dose-dependent differences.
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3.11 Figures
Figure 3.1 Experimental bumble bee nesting cages (5.7 x 13.4 x 11.0 cm) illustrating two
separate chambers: a brood chamber where supplemental pollen was provided and a
forage chamber where treatment syrup was provided in small cup feeders (left). A black
plastic covering was placed over the brood chamber to keep the brood chamber and nest
in darkness to stimulate natural underground conditions (right).

Brood chamber

Forage chamber
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Figure 3.2 Post experiment colony-level measures included final weight of nests
containing brood clusters and nectar pots (left), quantification of eggs per cell (middle),
larvae (right), and pupae (not shown).
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Figure 3.3 Mean (±SE) amount of treatment syrup consumed by each queen over 18days of exposure to imidacloprid (IMD) concentrations of 0 (control), 1, 5, 10, and 25
ppb. Significant differences at α=0.05 were not detected during days 1-9 (feedings 1-4;
indicated in gray) before signs of nest construction (pits formed in provisioned pollen in
preparation for egg deposition) were observed but differences were detected after nest
construction began or >9 days of exposure (feedings 5-7) between control and treated
queens (F=6.22; df=1, 490; p=7e-5).
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Figure 3.4 Survival curve for queens chronically exposed to varying concentrations of
imidacloprid (IMD) in syrup (0, 1, 5, 10, 25 ppb) and in pollen (0, 0.3, 1.7, 3.3, 8.3 ppb)
for 2.5 weeks (left). Box and whisker plots represent the median (black line) ± lower and
upper interquartiles (box) and the minimum and maximum (whiskers) for the time of
death among treatments (F=3.95; df=4,33; p=0.01) (right). Outliers are shown as open
circles and different letters denote significance at α=0.05. Results indicate significant
differences between untreated queens and queens treated at 1, 10, and 25 ppb but not
queens treated at 5 ppb.
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Figure 3.5 Event curves for nest initiation, or egg deposition, (F=27.82; df=4,65; p=1.8e13) (A) and first worker brood emergence (F=5.49; df=4,53; p=8.9e-4) (C). The + at
beginning of event steps correspond to nest initiation events by multiple queens observed
on the same day. Box and whisker plots represent the median (black line) ± lower and
upper interquartiles (box) and the minimum and maximum (whiskers) for the number of
days to nest initiation (B) and first worker brood emergence (D) for queens treated with
different imidacloprid (IMD) syrup treatments (ppb). Outliers are shown as open circles
and different letters denotes significance at α=0.05. Results show a dose-dependent effect
on nest initiation and significant differences were observed in worker brood emergence
between control and and higher treatments (5, 10, and 25 ppb) but not at the lowest
treatment (1 ppb).
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Figure 3.6 Box and whisker plots represent the median (black line) ± lower and upper
interquartiles (box) and the minimum and maximum (whiskers) for the total amount of
healthy brood (F=0.96; df=4,61; p=0.44) (A), dead or discolored brood (eggs, larvae, and
pupae) (F=1.69; df=4, 96; p = 0.16) (B), the proportional nest weight per gram of
provisioned pollen (F=3.43; df=4,61; 0.01) (C) and queen weight (F-=5.93; df=4,93;
p=0.0003) (D) among nests in which queens were treated with different levels of
imidacloprid (IMD) treatments (ppb). Outliers are shown as open circles and different
letters denotes significance at α=0.05. No significant differences were found in total and
dead brood measures. Differences were observed in final nest weight and queen weight,
however, they were not dose-dependent differences.
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Chapter 4: An adverse outcome pathway (AOP) for effects of
neonicotinoid insecticides on colony development in social bee
pollinators

4.1 Introduction
Bees, particularly the honey bee (Apis mellifera L), are economically important to
agriculture, providing pollination services that contribute about one-third of the human
diet including many nutrient-rich fruits, vegetables, and nuts (Eilers et al. 2011, Klein et
al. 2007, Morse and Calderone 2000, Potts et al. 2010, Robinson & Morse 1989, Thapa
2006). Recent declines in managed honey bee and other unmanaged bee species have
caused increasing public concern, as a lack of bees poses significant risks to the security
of global food production and immeasurable costs to ecosystem services (Lee et al. 2015,
Kevan & Phillips 2001, NCR 2007, Spleen et al. 2013, Steinhauer et al. 2014,
vanEngelsdorp et al 2010; 2011; 2012). Many parasites, pathogens, and pesticides have
been identified as contributing factors to bee health decline (Colla et al. 2006, Goulson et
al. 2008, Goulson 2015, vanEngelsdorp et al. 2009). The current consensus among
scientists is that bee decline cannot be explained by a single factor, but rather by a
complex of independent and interactive factors. Some factors have been highlighted as
major contributors, including abiotic stressors such as changes in the landscape leading to
reduced floral forage diversity and poor nutrition (Cameron et al. 2011, Grixti et al 2009,
Kremen et al. 2002, Potts et al. 2010, Smart 2015).
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Neonicotinoid insecticides also have been identified as a major contributing factor
to bee decline in North America and several European countries (Bryden et al. 2013;
Cresswell 2010; Cresswell et al 2012b; Gill et al 2012, Goulson et al. 2013).
Neonicotinoid insecticides are nicotinic acetylcholine receptor (nAChR) agonists that are
pervasively used to target a broad spectrum of insect pests on various agricultural and
ornamental plants (Elbert et al. 2008, Hladik et al. 2014, Jeschke et al. 2008, Jeschke et al
2011, Tomizawa & Casida 2003). Unlike older classes of insecticides that act only via
contact exposure, neonicotinoids pose a higher risk due to the systemic nature of the
compound and the potential oral toxicity they pose to bees (Suchail et al. 2000). Once
applied, neonicotinoids can translocate to all parts of the plant, including the nectar,
pollen, and guttation (or plant exudate collected by bees as a water source) where
foraging bees may become exposed (Dively and Hooks 2010, Doering et al. 2004a-b,
Doering et al. 2005, Girolami et al. 2009, Joachimsmeier et al. 2012, Krupke et al. 2012,
Laurent and Rathahao 2003, Maus et al. 2004, 2012, Rundlöf et al. 2015, Simon et al.
2013, Tapparo et al. 2011).
The severity of the impacts to bee health and other wildlife from neonicotinoids
has been highly debated and has generated considerable interest and controversy over the
last decade (reviewed in Blacquiere et al. 2012, Carreck & Ratnieks 2014, Chagnon et al.
2015, Cresswell 2010, Gibbons et al. 2014, Godfray et al. 2014, Goulson 2013, 2015,
Mason et al. 2013, Maus et al 2003, van der Sluijs et al. 2014, Walters 2013). The
controversy has also highlighted flaws in the risk assessment procedure of pesticides,
based on older chemistries and mode of action. This public and scientific scrutiny has
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spurred changes in the regulatory process to deal with the newer chemistry of systemic
insecticides (Alix et al. 2009, Halm et al. 2006, Thompson 2012, Thompson and Maus
2007, US EPA 2012). The main objective of these improvements has been to increase
field realism in risk assessment procedures for testing non-target effects of systemic
insecticides on bee pollinators. Since then more studies and data have been generated to
meet the extended requirements for toxicity testing. The data collected from these
numerous studies differ in methodologies and focus on various biological levels of
organization from effects at the molecular level to the whole organism. The
interpretation of such an immense amount of data has proven a great challenge.
This chapter reviews improvements made to the regulatory process for assessing
the risk of systemic insecticides on non-target bee pollinators. A new integrated Adverse
Outcome Pathway (AOP) approach is also described that can better organize, interpret,
and assess toxicity data and more accurately inform regulatory decisions. Finally,
existing knowledge on the effects of neonicotinoids on bees, from a vast array of studies,
is synthesized into an organized conceptual framework that follows the constructs of the
AOP approach. This construct will likely help clarify the impacts of neonicotinoids on
bee health, prioritize research to address gaps in knowledge, and identify possible riskmitigation options.

4.2 Improvements in regulatory actions for mitigating pesticide risks to
bees
The US EPA has recently improved pollinator risk-assessment procedures for
evaluating the potential risks of pesticides to bees, particularly to the most economically
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important pollinator in agriculture, the honey bee (Apis mellifera) (US EPA 2014). Honey
bees are used in risk-assessment toxicity testing as the surrogate species to evaluate risks
to other non-Apis bees (US EPA 1996a-c). Risk assessment and toxicity testing help
establish appropriate uses (acceptable targets) and regulatory decisions (application rates
and timing) for pesticides to minimize non-target, or unintended, effects on bees (US
EPA 2014).
The improvements made to pollinator risk assessments include a multi-tiered
approach. At each progressive tier (Tier I, Tier II, Tier III), further enhancements and
options to mitigate risk are identified based on data collected from previous studies. The
identified improvement areas include effect studies that examined impacts of systemic
insecticides on honey bee health, behavioral measures, and exposure studies that analyze
levels of insecticidal residues expressed in contaminated nectar and pollen of treated
plants. Implementing risk mitigation options does not depend on the completion of all
tier-testing, and may occur at any stage of the risk assessment process. Tier I screening is
the standard laboratory toxicity testing for assessing lethal rates to individual adult and
immature worker bees. The objective of Tier I screening is to protect populations of
interest, such as honey bee colonies, by conservatively evaluating lethal effects on
individual bees through acute and chronic toxicity testing in highly-controlled laboratory
settings. To evaluate the level of concern (LOC) for a pesticide, the acute and chronic
lethal dose that kills 50% of a test population, or LD50, is determined when bees are fed,
or come into contact with, a single active ingredient or toxicant over a range of
concentrations. A ‘no observable adverse effect concentration’ (NOAEC), or the lowest
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concentration at which no sub-lethal effect was observed, may also be determined. To
obtain Tier 1 risk quotients (RQ), the toxicity data (LD50s and NOAECs) are combined
with estimated exposure concentrations (EEC), which are determined from residue
studies of plants treated with known application rates or model-generated estimates. Risk
quotients are used to assess whether there is a potential risk to bees from contact, oral, or
inhalation exposure of a particular pesticide. The resulting RQ estimates for acute and
chronic exposure are compared to the corresponding level of concern (LOC). If the RQ
exceeds the LOC then potential risks for adverse effects on bees must be further
investigated through refinements on Tier I testing or through higher-tiers (Tier II and III).
Refinements to Tier I testing include exposure studies, or studies of residue
concentrations on and in treated plant matrices (leaves, roots, nectar and pollen) to
characterize more field-realistic exposure levels to bees. In addition, uncertainties about
any data collected under laboratory settings and extrapolation of such data into biological
and ecological contexts is recommended to be addressed in higher-tier testing. For
example, Tier II assessments utilize in vivo studies to examine the effects of particular
pesticides on bees under semi-field conditions where other abiotic and biotic stressors
may be present and where behavioral modulations by interactions among nestmates or
compensatory responses to pesticide exposure may occur in nature. Tier II screening
provides further examination of potential lethal and sub-lethal effects on individuals of
different castes (queens, drones, and worker bees) at various life stages (adult and
immature) under semi- field conditions.
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Risks identified through Tier II testing and associated uncertainties can be further
vetted through Tier III assessments using field studies examining effects on full-sized
honey bee colonies placed in or near crops treated with pesticide applications at labeled
rates to mimic the actual exposure levels bees would come into contact in the
environment. Although Tier III studies are designed to obtain the most field-realistic data
on pesticide effects and exposure risks, there are several challenges to performing these
large-scale studies. Data collection in field studies, for example, requires greater effort,
and measures must be taken to mitigate the effects from other variables, such as disease,
pests, and other agrochemicals. The mixing of treatment groups (e.g., groups of colonies)
can also be a major problem when, for example, bees from one treatment group rob hive
resources from a neighboring colony in a different treatment group when colonies are
opened for health assessments (e.g., Dively et al. 2015). Another major challenge in field
studies is obtaining proper control (untreated) colonies in situations where foraging bees
may visit treated and untreated crops. The untreated control crops must be far enough
away for bees to avoid other agrochemicals, but close enough to treated crops so that the
landscapes are comparable in nutrition to treated colonies. Failure to adequately control
these variables may mask treatment effects and affect data collection or the interpretation
of results (e.g., Thompson et al 2013, Goulson 2015).
Tier II and III assessments can help identify more targeted options to mitigate
risks, however, results from Tier III testing at the colony-level are often complex and
require more comprehensive interpretation. Both Tier II and III testing can lead to
greater controversy over their results due the outside variables compared to results from
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individual-level Tier I testing done under highly-controlled laboratory settings with few
additional variables to consider. The EPA is currently reevaluating neonicotinoids and
assessing risk to bee pollinators using this extended testing guideline to be completed by
2018. The current risk-assessment procedure, while greatly improved, still lacks the
framework to integrate and make sense of the results collected from the different tier
screenings in an ecologically meaningful way.

4.3 Adverse Outcome Pathways (AOPs)
To enter the agrochemical market, new chemicals must be assessed for potential
risks and impacts on non-target organisms and the ecosystem. Major challenges to
scientists performing ecological-risk assessments include the rapid development of new
chemicals and the high demand for more efficient risk-assessment procedures. Another
challenge is the interpretation of data from numerous studies that use diverse
methodologies under both laboratory and field conditions. The improved guidelines
provided for risk assessment testing, while helpful, do not always relate the data collected
from studies within and among different tier levels. Additionally, the current riskassessment procedure focuses on lethal endpoints directly caused by toxicant exposure
and does not consider sub-lethal and indirect effects that may modify individual bee
behavior and, ultimately, normal colony functions in a way that could lead to colony
health decline.
Accurate interpretation of data and evidence for causal links across varying
biological levels is critical to assessing risk and effects of chemicals with ecological
relevance (Kohler and Triebskorn 2013). AOPs are recently developed conceptual
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frameworks that can organize and examine existing data to establish connections between
the direct effects of chemical toxicants on the macro-molecular level with potential
adverse outcomes at higher biological levels of organization relevant for risk assessments
and policy decision-making (Ankley et al. 2009). In other words, AOPs provide a way to
connect data from highly controlled laboratory settings, which may focus on
physiological effects at the molecular or cellular level, with data collected from less
controlled semi-field or field settings. Such settings, for example, might focus on the
behavioral effects at the whole-organism level, or, in the case of honey bees, at the
colony level. An AOP shifts the focus from whether the toxicant kills or not, to the more
complicated and nuanced study of the pathways by which indirect or sub-lethal effects
may lead to mortality or other adverse effects of interest. AOPs can also be used to focus
future research needs by identifying knowledge gaps at particular biological levels of
organization.
Based on the Organisation for Economic Co-operation and Development
(OECD), an international organization focused on coordinating and harmonizing
regulatory policies to respond to international problems, the basic requirements to create
an AOP are three main blocks of information (OECD 2013). The first required block of
information is the physical and chemical properties of a toxicant that lead to an initial
anchoring event, such as the molecular interactions of the chemical with a non-target
organism. For example, neonicotinoid insecticides act by binding to the nicotinic
acetylcholine receptors (nAChRs) in the nervous system of bees. The molecular
initiating event (MIE) must be clearly defined, as it is the starting point for the
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mechanistic sequence of events leading to the adverse outcome. The second block of
information required for creating an AOP is the other anchoring event or what the OECD
refers to as the ‘final adverse outcome (FAO)’ of interest, however, it is simply a
specified adverse outcome and may not be the final outcome of regulatory concern. The
FAO is designed to be more flexible as it may specify outcomes other than mortality. For
example, sub-lethal effects on foraging behavior in honey bees may be an appropriate
FAO. A major criterion for selecting an appropriate FAO is its regulatory relevance so
that it corresponds with some consequence of economic or ecological importance and has
obtainable protection goals. A specified FAO, for example the effects on honey bee
foraging, could impact economically important pollination services and crop yields and
therefore has regulatory relevance. While the FAO is designed to include lethal and sublethal effects, only a single well-defined adverse outcome may be used with a single
molecular initiating event (MIE) in an AOP at a time. Many MIEs may trigger a single
or multiple adverse outcomes, but the current guideline suggests a separate AOP for each
combination. The benefit is that there are clearly defined pathways for each outcome of
interest; thus each AOP is easier to interpret. On the other hand, many AOPs are likely
required for each toxicant, which may hinder the comprehensive review of all effects of
each toxicant. The last block of information required to create an AOP are the key events,
or the intermediary steps, that establish the causal connections between the initiating
event and FAO anchors. Key events are identified from existing literature and can range
from in vivo, in vitro, and other studies that focus on toxicant effects at lower molecular
or genetic levels. Once the basic blocks of information have been collected, the AOP is
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assessed by evaluating the quality of key event studies, including whether the methods
are repeatable, the data are reproducible, and the degree of scientific support. The
confidence of an AOP is also determined by addressing how well characterized each
block of information is and evaluating the limitations.
The concept of AOPs is relatively new and the eventual objective is to use AOPs
in a transparent and assessable way to inform risk assessments and regulatory decisions
(Ankley et al. 2009). The information gathered for AOPs serve to prioritize further
testing needs, classify toxicity, inform labeling (such as application rates, timing, and
restrictions), and define risk to non-target organisms. An AOP is meant to act as a “living
document” that may be amended over time as more studies and knowledge gaps are filled
so that regulatory action may keep up with scientific output and address environmental
safety concerns and demands.
This review defines and describes the three main blocks of information needed to
create the foundation for an AOP in regards to neonicotinoids and bee health. The goal is
to build from this foundation to formally submit the AOP to the OECD database, or AOP
Knowledge Base, through the web-based collaborative forum (AOPwiki) that allows
researchers to continually contribute more information as more studies are completed. In
this way, the extensive literature on the potential impacts of neonicotinoids on bee
pollinators can be organized and interpreted in a useful and timely manner to inform
regulatory action.
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AOP: Potential inhibition of colony development and growth in social bees
(honey bees and bumble bees) due to neonicotinoid insecticides binding to
nicotinic acetylcholine receptors in the central nervous system
4.4 Molecular initiating event (MIE)
Neonicotinyl insecticides are an important class of pesticides used to control a
broad spectrum of sucking and piercing insect pests of plants and animals. The Office of
Pesticide Programs has listed neonicotinoids as safer alternatives compared to older
classes of insecticides, such as organophosphates, carbamates, and pyrethroids, due to
unique properties that reduce risks to pesticide handlers and the environment. These
properties include high insect selectivity, low mammalian toxicity, systemic coverage,
and persistent residual action. Neonicotinoids are a class of chloronictonyl
nitroguanidine or cyanoamidine insecticides that have excitatory action on nAChRs in the
nicotinic cholinergic nervous system (Tomizawa and Casida 2003, 2011, Casida and
Durkin 2013, Kollmeyer et al. 1999, Matsuda et al. 2001, Suchail et al. 2001, Tomizawa
et al. 2000, 2007). Acetylcholine (ACh) is the endogenous agonist or excitatory
neurotransmitter that acts on nAChRs in the nervous system. Acetylcholine
neurotransmitter is released from the presynaptic membrane by exocytosis and binds to
nAChR which are ligand-gated channels located on the post synaptic membrane of
neurons. Binding of the neurotransmitter to the receptor molecules causes conformational
changes in the ligand-gated ion channels that open and allow the influx of extracelluar
Na+ and efflux of intracellular K+ leading to the depolarization of the membrane potential
and synaptic transmission of a nerve impulse. It can also allow the influx of other cations,
such as Ca2+, that may activate other signaling pathway cascades. Neonicotinoids have a
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higher affintity to nAChR than ACh, the most abundant neurotransmitter in the insect
nervous system (Gauthier 2010). As a result, neonicotinoids rather than ACh, bind to
nAChRs activating constant transmission of nerve signals, an excitatory action that at low
doses may cause hyperactivity but with increasing concentration and exposure time can
cause severe tremors or paralysis in exposed bees as more nAChRs are bound (Laurino et
al 2013, Rondeau et al. 2014, Schmuck 2004). Acetylcholine esterase is unable to
degrade neonicotinoids as they normally would with ACh when bound to nAChRs,
therefore, the nervous system eventually becomes desensitized to the point where it can
no longer respond to any further stimulus because neurons cannot return to their initial
state of equilibrium, which leads to eventual death. Neonicotinoids have a high affinity
for nAChRs because of the electronegative pharmocophore, or tip, on neonicotinoids that
binds tightly to nAChRs causing separation of neonicotinoids bound to nAChRs unlikely
(Buckingham et al. 1997, Tennekes 2010, 2011, Tomizawa et al. 2003). In addition to
the actions of the parent neonicotinoid compound, Nauen et al. (2001) demonstrated that
acetylcholine stimulation of neurons, isolated from honey bee antennal lobes, can be
inhibited by the presence of imidacloprid and two major metabolites (olefin and 5hydroxy(OH)-imidacloprid) suggesting some neonicotinoid metabolites have a high
affinity to nAChRs and can cause toxicity as well. Furthermore, neonicotinoids, unlike
nicotine, are non-protonated at physiological pH and therefore can penetrate the ionimpermeable diffusion barrier in the sheath surrounding the insect central nervous system
and act on target sites much easier than nicotine (Tomizawa and Casida 2003). The high
selectivity of neonicotinoid action on insect nervous systems compared to mammalian
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nervous systems is due to differences in the nAChR subtypes unique to insects (Casida
and Quistad 2004, Jones et al. 2006, Matsuda et al. 2005, Tomizawa and Casida 2003,
Tomizawa e al. 2000, 2007). For example, four nAChR subgroups have been identified in
honey bee brains (Apisα2, Apisα3, Apisα7-1, and Apisα7-2) (Thany et al. 2010). These
subunits are the target sites for neonicotinoid binding, which then cause that activation of
sensory neurons and interneurons that play major roles in cognitive, motor, and
mechanosensory functions such as learning, memory, olfactory signaling, visual
processing, and foraging behavior. However, individual nAChR subunits confer distinct
properties on a receptor and binding, thus the degree of toxicity may depend on subunit
composition (Romanelli and Gualtieri 2003). For example, the nitro- or cyano-guanidine
moieties bind to loop C Tyr-188 of the nAChR while the nitro oxygen and cyano nitrogen
atoms bind to Cys-190/Ser-189 (Tomizawa et al 2007). In addition, the nitro and cyano
regions of neonicotinoid compounds facilitate electronegative charges that provide
electronic conjugation or the overlap of a p-orbital that allow movement of delocalized
electrons to specific regions in the receptor molecule and may lower the molecular
energy and increase stability differently in the neonicotinoid-nAChR complex. In fact,
neonicotinoids containing the nitro-substituted compounds (imidacloprid and its
metabolites, thiamethoxam, clothianidin, dinotefuran, and nitenpyram) elicit higher
toxicity than those with the cyano-substituted compounds (acetamiprid, thiacloprid)
(Decourtye and Devillers 2010, Iwasa et al. 2004, Jeschke et al. 2008).
In this AOP, the molecular initiating event is defined as neonicotinoids binding to
the nAChRs. Binding of nAChR typically occurs in nAChR-rich areas such as ganglia
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found in the abdomen, thorax and insect brain as indicated by detections of radio-labeled
neonicotinoids in those tissues after oral exposure in honey bees (Brunet et al. 2005,
Gauthier 2010, Suchail et al. 2003, 2004).

4.5 Final adverse outcome (FAO)
The FAO, or specified adverse outcome, defined in this AOP is the inhibition or
suppression of colony development and growth, measured by colony weight, adult and
immature worker bee populations, and food stores. Colony growth is an economically
important measure for assessing honey bee and bumble bee colony health as it directly
relates to the number of foraging bees available to provide sufficient pollination services
(Filmer 1932, Fukada 1983). The amount of brood (immature bee population) is also a
valuable indicator of the quality of bee colonies and the pollination services they may
provide because the amount of brood drives the amount of food (pollen) bees need to
collect to feed the developing population (Hellmich and Rothenbuhler 1986, Todd and
Reed 1970). In addition, food stores in the colony and foraging rates, particularly for
pollen -- the source of protein required for brood rearing-- are positively correlated with
future worker population levels and thus are good indicators of colony development
(Eckert et al. 1994, Harbo1986, Schmickl and Crailsheim 2004).

4.6 Key events
Adverse Outcome Pathways include key events, or effects studies, that are
divided into several categories based on the different levels of biological organization.
Greater support or weight-of-evidence is given to AOPs when key events vary in
biological levels of organization and relationships among key events (up- or down169

stream) can be described (OECD guideline No. 184). To create an AOP for eusocial bees
(honey bees and bumble bees), the original AOP categories of biological organization
have been modified and re-defined to reflect the different caste system of individuals
(reproductive and non-reproductive) that form the colonies (e.g., bumble bees) or the
“super-organisms” (e.g., honey bees) where the unit of selection is the colony rather than
the individual bee (Ankley et al. 2009)(Table 4.1).
4.6.1 Molecular & cellular levels
Key events that occur at the molecular and cellular level consist of effects either
directly measured or inferred from modulations on gene expression. For example, several
studies have shown that neonicotinoids can affect the activity of various enzymes that can
be measured directly. Acetylcholine esterase enzymes break apart Ach, which causes the
neurotransmitter to lose its affinity to bind to nAChRs so that the membrane action
potential can reset and return to equilibrium. However, when neonicotinoids bind to
nAChRs acetylcholine esterase is unable to affect neonicotinoids or binding between
neonicotinoids and nAChRs. As a result acetylcholine esterase levels build up and the
levels are therefore a good indicator, or biomarker, for assessing exposure rates (Alburaki
et al. 2015, Boily et al. 2013). In addition, glucose oxidase (GOX) is an enzyme used as
an indicator of social immunity, or collective immune defenses through behavioral,
physiological, and organizational adaptations (Cremer et al. 2007). GOX can produce
hydrogen peroxide that acts as a preservative in honey and also sterilizes food to prevent
disease transmission among nestmates. More importantly, the hydrogen peroxide
produced by GOX has antimicrobial properties and can inhibit pathogen development in
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the colony. For example, GOX activity was significantly decreased in honey bees
chronically fed imidacloprid (7µg kg-1) for 10 days and subsequently exposed to Nosema
spp. microsporidian gut pathogen, indicating suppression of immune responsiveness but
only from the interactive effects of exposure to both stressors (Alaux et al. 2010). Other
enzymes that are modified by neonicotinoid exposure include the elevated activities of
carboxylesterase E1, glutathione-S-transferase, catalase, and cytochrome oxidase and the
depression of carboxylesterase E2 activity by thiamethoxam (Badiou-Bénéteau et al.
2012, Decourtye et al. 2004a). Many of these enzymes are responsible for critical defense
mechanisms and thus survival in bees. For example, glutathione-S-transferase and
carboxylesterases are involved in the detoxification of endogenous and exogenous
substances and act to protect tissues from oxidative stress caused from toxicant exposure.
Modifications to the activity of these enzymes indicate active and energetically costly
immune responses caused by neonicotinoid exposure that may further impact normal
physiological functions.
In addition to modifications of enzyme activity from neonicotinoid exposure,
studies have shown direct effects at the cellular level. Increased histochemical alterations
of digestive and regenerative type cells in the midgut have been observed when
Africanized honey bees were exposed to thiamethoxam (0.43 ng/µl of diet). These
alterations include cytoplasm vacuolization, increased apocrine secretion and cell
elimination that impair physiological functions and reduce worker bee longevity (Oliveira
et al. 2012). Whole-cell recordings from Kenyon cells of mushroom bodies, isolated from
honey bee brains, and bathed in imidacloprid (10-500nM) and clothianidin (1-100nM)
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confirmed sustained activation of neuronal firing and desensitization of Kenyon cell
nAChRs suggesting potential effects on cognitive and motor functions. Additionally, bath
application of a combination of imidacloprid (10-50nM) and coumaphos oxon (10nM), a
metabolite of the commonly used beekeeper-applied organophosphate miticide
(coumaphos), further increased the magnitude of depolarization on Kenyon cell and
elicited additive effects on Kenyon cell recordings (Palmer et al. 2013) indicating
interactions with other pesticides may be of concern.
While effects measured from enzyme and cell activity are more clearly
understood, effects of neonicotinoids on gene expression may be more difficult to
interpret. For example, chronic oral exposure to imidacloprid (2 µg/L) to honey bee hives
resulted in up-regulation of RNA levels for a series of genes encoding detoxifying P450
enzymes, down-regulation of genes involved in glycolytic and sugar metabolism
pathways, and down-regulation of the Hsp90 gene in honey bee worker larvae (Derecka
et al 2013). The up-regulation of detoxifying P450 enzymes is likely an immune response
to toxicant exposure. However, the down-regulation of glycolytic and sugar metabolism
pathways may infer impacts on muscle contractions and flight performance. Downregulation of Hsp90 may also infer some interference with the larval development
process although it is not a clear link. Another study showed a causal link between
neonicotinoid exposure and immunosuppression in honey bee workers (Di Prisco et al.
2013). In the Di Prisco (2013) study, NF-ĸB activation for immune signaling was
negatively modulated in honey bees exposed to clothianidin or imidacloprid. As a result,
a common honey bee virus (Deformed Wing virus), typically existing at sustained low172

level infections in bees, exhibited insecticide-induced viral proliferation when bees were
previously exposed to sub-lethal doses of clothianidin or imidacloprid (0.1 -10 ppb)
indicating immunosuppression by neonicotinoid exposure through inhibited antiviral
defenses.
In summary, the key events, or effect studies, acting on the molecular and cellular
levels indicate active detoxification responses and immunosuppression effects in honey
bees when neonicotinoid exposure occurs in combination with other stressors (viruses
and endoparasites). There are also indications that neonicotinoids can cause impairments
in cognitive, physical, and physiological functioning due to alterations of neuronal cells,
digestive and regenerative midgut cells, and modulation of genes involved in
development and motor functions. Yet, what is not clearly understood is how the central
nervous system and immune systems are linked in bees. There is a study that shows the
CNS can regulate innate immunity in response to stress and infection through the
activation of NF-ĸB transcription signaling in insects (An et al. 2012). There are also
positive correlations between associative learning performance and metabolite stress
resilience of honey bees, indicating a relationship between the CNS and metabolic
processes (Amdam et al. 2010); however, more research would be needed to fully
understand these linkages in bees.
4.6.2 Tissue and organ levels
Few studies have examined the effects of neonicotinoids on bees at the tissue and
organ level and these effects are not well differentiated from cellular studies.
Histochemical alterations have been observed in honey bee brains and optic lobes when
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bees were exposed to sub-lethal level of thiamethoxam (0.43 ng/µl of diet) presumably as
the result of cytoplasmic and nuclear condensation of cells. Xylidine-Ponceau staining of
brain and optic lobe tissues was also used to assess protein synthesis by cells. Increased
staining intensity in bees exposed to thiamethoxam indicated higher expression of heat
shock proteins that are responsible for protecting cells against various stressors.
However, chronic exposure to neonicotinoids may extend stress demands, overcome the
ability of heat shock proteins to protect cells, and lead to cell death. This theory is
supported by cytotoxicity observed in Kenyon cells of the mushroom bodies in honey bee
brains and optic lobes when bees were exposed to sub-lethal levels of thiamethoxam
(0.043 ng/µl of diet) (Oliveira et al. 2012). In another study, larvae of Melipona
quadrifasciata stingless bees were fed imidacloprid (0.0056-0.28µg/bee) with resulting
negative effects on development of mushroom bodies in the brain and impaired walking
behavior after the larvae emerged into adults (Tomé et al. 2012), indicating sustained
neurological or cognitive damage. Brain and optic lobe damage caused by cytotoxicity
could lead to cognitive, motor, and sensory impairment and may be the mechanistic
explanation for long term behavioral effects observed in honey bees exposed to
neonicotinoids. A study mentioned in the previous section that showed interaction
effects with Nosema spp. on a molecular level also found honey bees exposed to
imidacloprid, Nosema spp., and the combination had smaller hypopharyngeal glands
compared untreated honey bees (Alaux et al. 2010). Hypopharyngeal glands are critical in
honey bees as they secrete enzymes involved in social immunity (Fontana et al. 2004)
and produce the proteinaceous food substance fed to developing worker bee larvae
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(Moritz and Crailsheim 1987). Hypopharyngeal size is positively correlated with
glandular activity and protein synthesis that result in the production of worker brood food
(Knecht and Kaatz 1990). Smaller hypopharyngeal glands due to neonicotinoid exposure
may impact brood-rearing capacity and thus affect colony development. Furthermore,
worker bumble bee (Bombus terrestris) fecundity was reduced due to impaired ovary
development when queenless colonies were exposed to imidacloprid (98 µg/kg)
indicating some direct physiology effects on reproduction and brood-rearing (Laycock et
al. 2012).
4.6.3 Individual-bee level (non-reproductive workers)
4.6.3.1 Lethal effects: Most existing knowledge on the potential impact of
neonicotinoids on bees has focused on effects at the individual-bee level, particularly on
adult worker bees. Laboratory toxicity studies illustrate a wide range of lethal
concentrations via oral exposure (as measured by the median lethal dose or LD50) from
3.7-100 ng per bee (Decourtye et al. 2003, Laurino et al. 2011, Nauen et al. 2001,
Schmuck et al. 2001, Suchail et al. 2001). Further, neonicotinoid sensitivity differs
among bee species (Biddinger et al 2013, Cresswell et al. 2012a, Mommaerts et al. 2010)
and among different honey bee sub-species (A.m. mellifera LD50=24ng/bee; A.m.
caucasica LD50=14ng/bee) (Laurino et al. 2013, Suchail et al. 2000). Neonicotinoid
sensitivity also differs within individuals of the same bee species. For example, honey
bees physiologically adapted for summer conditions are more vulnerable to neonicotinoid
toxicity (lowest observable effect concentration (LOEC) = 12µg/kg) compared to winteradapted bees (LOEC = 48µg/kg) (Decourtye et al. 2003). In addition, actively foraging
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bumble bees (B. terrestris) experience mortality at lower concentrations (LC50 = 20ppb)
compared to bumble bees that are not allowed to actively forage (LC50=59ppb)
(Mommaert et al. 2010) indicating higher toxicity when active ingredients were
metabolized. In fact, two metabolites of imidacloprid, olefin and 5-OH imidacloprid,
have been identified that may be responsible for some lethal and biphasic toxicity
responses observed in exposed bees. Olefin is more toxic (LD50~25ng/bee) than the
parent compound, imidacloprid, while 5-OH imidacloprid is less toxic
(LD50>200ng/bee) (Schmuck et al. 2003a, Suchail et al. 2001). Imidacloprid and
metabolites have been detected in nAChR-rich tissues, likely ganglia, in the head, thorax,
and abdomen of exposed bees (Brunet et al. 2005, Suchail et al. 2004) indicating active
binding from both parent and metabolite compounds in those areas. Decreasing LD50
values as exposure time increases also indicates that the toxicity of imidacloprid and
metabolites may increase with time as nAChR receptors are continually bound and
rendered inactive due to desensitization (Suchail et al. 2001).
Other studies have shown high mortality in adult worker honey bees exposed to
lethal levels of neonicotinoid contaminated dust from treated corn seeds released into the
air during planting (>10 mg/L to 346 mg/L ) (Tapparo et al. 2012, Marzaro et al. 2011,
Girolami et al. 2013, Pistorius et al. 2009). Guttation, or plant exudates derived from
xylem, from treated corn collected by bees as a water source (Joachimsmeier et al. 2012),
can also exhibit high lethal levels of neonicotinoids from >10 mg/L to 346 mg/L
(Girolami et al. 2009, Maus et al. 2012, Tapparo et al. 2011, Simon et al 2013). Bees may
be exposed to guttation droplets contaminated with systemic neonicotinoids from other
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flowering crops, such as canola, sunflower, onions, cucumbers, and various non-target
weeds, such as dandelions (Taraxacum officinale), white clover (Trifolium repens), and
sweet clover (Melilotus spp) growing on the margins of treated agricultural crops and on
treated urban turfs (Krupke et al. 2012, Larson et al. 2013, Pistorius et al. 2011). Guttation
frequency and intensity vary with crop type and plant growing stages, representing a
potential risk throughout the growing season for foraging bees (Pistorius et al. 2011).
4.6.3.2 Sub-lethal effects: While lethal effects and the loss of worker bees directly
impact colony development (particularly in chronic or repeated dose exposures), sublethal effects may directly or indirectly relate to the final adverse outcome and are more
difficult to interpret. Effects of neonicotinoids on worker bee longevity, cognitive
functions and foraging activity have direct implications on brood-rearing and colony
development. Numerous studies have shown an array of these effects under various
laboratory and field conditions. In addition, neonicotinoid exposures vary among these
studies making interpretation and comparison among studies difficult to discern. Further,
effects on cognitive functions, such as learning, memory, and homing orientation, direct
influence foraging activity and may be the mechanistic explanation for reported
reductions in foraging rates and efficiency, or amount of pollen brought back. To better
clarify the following studies on worker bee behavior, studies were divided to illustrate
conditions that yielded no effects versus those that resulted in negative effects on
foraging activity which includes worker longevity, foraging rate and efficiency (amount
to pollen brought back), homing ability, and other cognitive functions (learning and
memory) important for foraging.
177

4.6.3.3 No effects on foraging activity: Several studies have shown no effects on honey
bee worker mortality or longevity (Cutler and Scott-Dupree 2007) or on foraging or
feeding activity (Pilling et al. 2013, Schmuck et al. 2001, Schnier et al. 2003, Tasei et al
2001, Thompson et al. 2013); however, these studies examined the effects of seed-treated
canola, corn, or sunflowers that express generally low levels of clothianidin,
imidacloprid, or thiamethoxam in nectar and pollen (<10ppb). In contrast, there are only
two studies that report no effects on foraging in honey bees (5, 20, or 100 µg/kg Dively et
al. 2015) and bumble bees (B. impatiens; 6 or 36 ppb Franklin et al. 2004) when colonies
were fed imidacloprid or clothianidin, respectively, in pollen at exposure levels greater
than seed-treatment rates (>10ppb). Although the Dively et al. (2015) study concluded
that there was no main dose effect on foraging rate over the 4-months of observations, it
was noted that there was significantly lower (12%) foraging activity between exposed
colonies and untreated colonies during August and September when floral resources are
more limited. In the Franklin et al. (2004) study, authors noted that fewer foragers were
available to test at the higher dose, which may have affected their ability to detect a
potential pesticide effect. In sum, bee foraging behavior, if affected at all by
neonicotinoids, may be altered only after exposure to levels that are higher than are
presented through seed-treatment rates.
4.6.3.4 Effects on foraging activity: Bumble bee workers (B. impatiens) from microcolonies exposed to imidacloprid-infused pollen at 19ppb in greenhouses had reduced
longevity (Gradish et al. 2010). Whereas free-foraging bumble bee micro-colonies
exposed to imidacloprid in syrup and or pollen (≤10ppb) and tagged with radio-frequency
178

identifications (RFID) exhibited reduced pollen foraging efficiency, or spent more time
foraging but brought back less pollen than compared to untreated bees (0.7ppb syrup and
6ppb pollen Feltham et al 2014; 10ppb syrup Gill et al. 2012; 10ppb syrup Gill and Raine
2014). It should be noted in the Gill et al. (2012) and Gill and Raine (2014) studies that
while pollen foraging efficiency decreased, foraging rate increased. The authors
suggested that this effect may reflect higher recruitment of foragers as a response to
reduced pollen foraging efficiency, although there is not experimental evidence for this.
There is some indication that bumble bees that exhibited impaired motor and feeding
activities due to oral exposures of imidacloprid (98 or 125µg/kg) in a laboratory study
can clear imidacloprid from the body within a few days and recover behaviorally
(Cresswell et al. 2013).
Another sub-lethal effect of neonicotinoids on worker bee foraging behavior is the
impairment of homing and orientation skills that inhibit foraging bees from returning to
their hive. Impairment of homing ability in honey bees due to oral imidacloprid exposure
was consistently reported at known high (50-1000ppb; Bortolotti et al. 2003, Fischer et
al. 2014,Yang et al. 2008) and low (6ppb; Colin et al. 2004) rates, as well as from
exposures to seed-treated crops (< 10ppb) (Tasei et al. 2000). Honey bees exposed to oral
doses of thiamethoxam (1.3 ng/g in 20µl syrup; Henry et al. 2012a-b) and thiacloprid (0.1
mM; Fischer et al. 2014) also showed significantly reduced homing ability. Contact
exposure to clothianidin (>2.2 ng) and dinotefuran (>7.5 ng) elicited impaired homing
flights in honey bees (Matsumoto 2013). Impairment of homing ability indicates
cognitive impairment of navigational memory formation, the likely result of cellular
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effects of neonicotinoids on Kenyon cells in the brain mushroom bodies previously
mentioned. The inability for foragers to return to the hive with critical brood-rearing
pollen stores may directly impact colony-level effects on brood production and colony
development and will be further discussed in the subsequent sections.
Further evidence of cognitive impairment includes effects on learning and
memory that may also affect foraging ability, particularly nectar and pollen collection
efficiency. Numerous laboratory studies have reported effects of imidacloprid exposure
either fed in syrup or pollen (1-50ppb) that resulted in impaired medium- and long-term
memory formation (Decourtye et al. 2004a), reduced olfactory learning capacity or
performance (Decourtye et al. 2001, 2003, Guez et al. 2001, 2003, Ramirez-Romero et al.
2005), reduced visual learning capacity (Han et al. 2010), and inability to discriminate
between olfactory conditioned odors (Decourtye et al. 2004b, Williamson and Wright
2013). Imidacloprid exposure at higher exposure rates (100, 500 ppb) caused reductions
in normal hive activity with nestmates suggesting potential impairment in the ability to
communicate through social interactions, such as grooming and trophallaxis or foodsharing (Medrzycki et al. 2003). To further complicate our understanding of potential
effects from neonicotinoids, as with foraging behavior, exposure to imidacloprid at low
levels may not always affect cognition. In fact one study found that exposure to
imidacloprid at 1.25 ng/bee facilitated simple learning through proboscis extension reflex
habituation (Lambin et al 2001). Finally, imidacloprid exposure during larval
development (0.04 ng/larva) led to impairments in learning in the adult bee via olfactory
associative behaviors, indicating possible long-term and sustained effects on cognitive
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functions (Yang et al 2012). Other neonicotinoids have also been tested for effects on
memory and learning performance in honey bees. Thiamethoxam exposure impaired
olfactory memory at levels as low as 0.1ng/bee while learning was impaired at 1 ng/bee
(Aliouane et al. 2009). Although less toxic than imidacloprid and thiamethoxam,
acetamiprid impaired long-term memory formation at similar exposure rates (0.1 µg/bee)
(El Hassani et al 2008).
Given the complexity of results and array of potential effects, a major knowledge
gap in this area of research is the threshold or exposure rate at which the effects occur.
But in order to establish accurate effects levels, exposure rates for each bee must be
clearly identified rather than estimated, particularly for those studies that exposed a group
of bees or the entire colony and then observe individual-level effects assuming that each
observed bee consumed equal proportions.
4.6.4 Individual-bee level (reproductive queens and drones)
There have been very few studies on the effects of neonicotinoids on the
reproductive individuals (queen and drone bees) in social bee colonies likely because
queen and drone bee behavior can be labor-intensive and is difficult to observe in fullsize colonies without disrupting normal colony functions. Queen mortality was found in
bumble bee colonies after 11-weeks of chronic exposure to imidacloprid or clothianidin
through laboratory feeding at levels greater than 10 ppb (B. impatiens; Schloer and
Krischik 2014) or after 9-weeks of chronic exposure in colonies fed thiamethoxam or
clothianidin (<5ppb) and also exposed to Crithidia bombi, a trypanosome gut parasite (B.
terrestris; Fauser-Misslin et al. 2014). My studies (Chapter 2, 3) focused on the effects on
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bumble bee (B. impatiens) queens during the solitary phase of the bumble bee colonies’
life cycle when queens first come out of winter diapause and must forage for resources to
initiate a nest. Bumble bee queens directly exposed to imidacloprid through syrup (125ppb) and pollen (0.3-8ppb) delayed nest initiation and had reduced egg-laying during
the two week exposure period but also exhibited dose-dependent recovery after exposure
(Chapter 3). Reductions in egg-laying behavior and locomotor activity were also
observed in honey bee queens when small honey bee colonies were chronically fed
imidacloprid (10-100ppb) syrup (Chapter 2). Studies examining the effects on
neonicotinoids on Osmia bicornis, a solitary bee, showed reduced nesting success when
exposed to clothianidin seed-treated canola (Rundlöf et al. 2015) as well as reduced and
male-biased brood production when exposed to thiamethoxam (2.9µg/kg) or clothianidin
(0.45µg/kg) in syrup (Sandrock et al. 2014a). There were also some sub-lethal effects on
larval development for O. lignaria fed imidacloprid at 30, 300 ppb. However, there were
no lethal effects found on O. lignaria or Megachile rotundata bees at the larval stage
when fed imidacloprid or clothianidin at 3, 6, 30, or 300 ppb (Abbott et al. 2008).
The limited studies on the potential effects of neonicotinoids on reproductive
queen bees has shown negative effects on egg-laying, locomotive ability, and nest
initiation behavior that may directly affect colony development. Given the importance of
the reproductive individuals (queens and drones), more extensive research should be done
to relate these individual-level effects measured during or immediately after
neonicotinoid exposure to colony-level measures such as brood production sustained over
longer periods of time after exposure.
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4.6.5 Colony-level
Colony-level effect studies are conducted on full-sized colonies or on modified
micro-colonies either in a field or in green house setting. Effects observed at the colonylevel directly relate to the final adverse outcome on colony development, and include
measures of colony mortality, worker bee population, brood production, food (nectar and
pollen) stores. Here, colony development may refer to colony performance and rate of
growth over the entire season or through a shorter time frame such as during the early
stages of colony development. Most studies examining colony-level effects have been on
bumble bee (B. terrestris) micro-colonies to simulate the early stages of colony
development. Many of these studies have shown inhibition or suppression of brood
production and colony growth, as measured by colony weight. These effects have been
reported at chronic exposure levels ranging from 0.06-100µg/kg for imidacloprid (Bryden
e al. 2013, Laycock and Cresswell 2013, Laycock et al. 2012, Gradish et al 2010, Tasei et
al. 2000, Scholer and Krischik 2014, Whitehorn et al. 2012) and thiamethoxam (Elston et
al. 2013, Laycock et al. 2013, Fauser-Misslin et al. 2014), and 1.5-170µg/kg for
clothianidin (Fauser-Misslin et al. 2014, Larson et al. 2013, Rundlöf et al. 2015, Scholer
and Krischik 2014). Several of the same studies report adverse effects on colony
reproductive success as a result of reduced production of future gynes (queens) and
drones (Fauser-Misslin et al 2014, Larson et al. 2013, Rundlöf et al. 2015, Whitehorn et
al. 2012). One study showed that bumble bee colonies could recuperate and that dosedependent recovery occurred once colonies were no longer exposed to neonicotinoids
(Laycock and Cresswell 2013). A few studies show no effect on brood development or
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colony growth in bumble bee colonies. For example, B. occidentalis and B. impatiens
colonies exposed to imidacloprid (7 or 30 ng/g) or clothianidin (6 or 36ppb) in pollen
(Morandin and Winston 2003, Franklin et al 2004) elicited no effect on colony size,
pollen consumption, worker weights, or production of brood, gynes, and drones. B.
terrestris colonies exposed to imidacloprid or clothianidin seed-treated sunflower or
canola crops also elicited no effects on colony measures (Tasei et al 2001, Thompson et
al 2013). However, in the Thompson et al (2013) study neonicotinoid residues were
detected in hive samples of some control colonies, likely due to treatment mixing from
free-foraging bees visiting unassigned treatment crops. Therefore, when reanalyzed based
on whether residues were detected in colonies or not colonies with detectable levels of
neonicotinoid residues had significantly reduced colony growth and production of gynes
(Goulson 2015), illustrating the importance of establishing true controls in field studies to
accurately interpret potential pesticide effects.
Compared to the effects seen on bumble bee colonies, most studies on honey bee
colonies have shown no effects at the colony-level especially when exposed to seedtreatment rates. In fact, several studies on the effects of imidacloprid, clothianidin,
thiamethoxam, thiacloprid, and acetamiprid seed-treated canola, corn, or sunflowers
(Cutler and Scott-Dupree 2007, Cutler et al. 2014, Nguyen et al. 2009, Pilling et al. 2013,
Pohorecka et al. 2012, Schmuck et al. 1999, 2001, 2003b, Schnier et al. 2003, Stadler et
al. 2003) revealed no effects on brood production, food stores, or colony weight and
mortality. Honey bee colonies fed higher levels of imidacloprid (0.5, 5 mg/L; Faucon et
al. 2005 and 5, 20, 100µl/kg; Dively et al. 2015) in syrup and or pollen also exhibited no
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effects on worker population, brood production, and food stores, although in the Dively et
al. (2015) study overwintering mortality was significant higher in treated colonies. Other
studies on honey bee colonies have showed dose-dependent dwindling of adult and brood
populations during neonicotinoids exposure (Sandrock et al 2014b, Yamada et al. 2012).
In the Sandrock et al (2014b) study colonies were fed low levels of clothianidin (2ppb) or
thiamethoxam (5ppb) in pollen over two brood cycles, and in addition to observing
reduced adult and brood population, queen supercedure rates were higher in treated
colonies but no colony losses were recorded. In the other study, higher colony losses
were observed, though, exposure levels were considerable higher (dinotefuran at 1, 2, 10
ppm; clothianidin at 0.4, 0.8, 4 ppm in syrup and pollen) compared to other studies
(Yamada et al. 2012).
The effects on the colony-level vary greatly even among studies using similar
exposure rates. Some of the studies strengthen the AOP while others may weaken or blur
causal linkages. Many of the studies showing strong colony effects have been from
studies using micro-colonies while fewer studies on larger full-sized colonies have
showed no or little effects. To improve our understanding of the potential neonicotinoid
effects at the colony-level, research should be focused on the influence of population size
on pesticide exposure in bee colonies, particularly to better understand queen bee
exposure rates and brood production (Chapter 2). Larger colonies may be able to better
buffer neonicotinoid exposure with greater foraging efforts toward contaminated and
uncontaminated floral sources (bumble bees and honey bees) and or through increased
social interactions (grooming and trophallaxis in honey bees) that dilute neonicotinoid
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residues collected from contaminated nectar and pollen. Knowledge on the influence of
worker population size on queen exposure would provide insight on how to result data
from micro-colonies containing a few bees to large full-sized honey bee colonies
potentially containing 30,000 bees.
4.6.6 Population-level
Population-level effects are defined by effects of neonicotinoids that may impact
the group of colonies under study, and typically involve the interaction of another stressor
on the colonies. For example, clothianidin and imidacloprid at levels ranging from 10-50
ng increased viral proliferation of Deformed Wing Virus (DWV) (Di Prisco et al. 2013)
while exposure to thiamethoxam seed-treated corn increased levels of Black Queen Cell
Virus (BQCV) in honey bee colonies (Alburaki et al. 2015). In addition, imidacloprid
(0.7-70 ppb) and thiacloprid (5.1 ppb) promoted spore production and growth of the
microsporidian gut pathogen Nosema sp. in honey bee workers in caged laboratory
studies (Alaux et al. 2010, Pettis et al. 2012, 2013, Vidau et al. 2001). Varroa destructor
ectoparasitic mites are vectors for viral transmission and is the most prominent pathogen
affecting honey bee colony health. A few studies have noted increased Varroa levels
when exposed to neonicotinoid exposure, suggesting potential interaction effects
(Alburaki et al 2015, Dively et al. 2015); however, more studies are required to
substantiate these findings.
In addition to interactions with biotic stressors, some abiotic factors may increase
the toxicity of neonicotinoids. High humidity, for example, increased mortality in
foraging bees exposed to neonicotinoid dust particles released from seed-treatment
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plantings (Girolami et al. 2012). And fungicides, particularly ergosterol biosynthesis
inhibitors (EBI), can also synergize and enhance toxicity of neonicotinoids (Schmuck et
al. 2003b, Thompson et al. 2014) and for that reason are often used in combination with
neonicotinoids in seed-treatments and tank mixtures.

4.7 Conclusions
The key events, or effect studies, acting on the molecular and cellular levels
indicate active detoxification responses to neonicotinoid exposure and potential
impairments in cognitive, physical motor, and physiological functioning due to
alterations of neuronal cells, digestive and regenerative midgut cells, and modulation of
genes involved in development and motor functions. The activity of enzymes involved
detoxification and social immunity are also affected in various ways. These effects are
upstream of and may explain increased susceptibility to pathogens and decreased survival
or longevity in worker bees which would affect colony development and growth (Figure
4.1), however to substantiate these findings the effects on enzyme activity, cellular
alterations, and modulations in gene expressions would need to be further studied in
colonies exposed to neonicotinoids.
Studies examining effects on the tissue and organ level are limited and represent
an important knowledge gap as they may serve as the mechanistic explanation for effects
observed at higher levels of biological organization. The studies that examine effects of
neonicotinoids on the tissue and organ level presented here suggest potential impacts on
brood production, brood-rearing, and cognitive and sensory impairment in worker bees
and are supported by evidence of these effects at the individual- and colony-levels.
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The majority of existing knowledge is on effects of neonicotinoids at the
individual-level on non-reproductive worker bees. Studies show lethal effects on worker
bees as well as sub-lethal effects on worker bee behavior and cognitive functions that
would affect worker productivity and impact colony development. The studies that
showed no effects were generally examining effects of seed-treatments. This indicates
that low-level exposure from seed-treatments (<10ppb) would likely not impact worker
bee behavior and cognitive functions. However, seed-treated crops are repeatedly planted
and some crops require subsequent applications (foliar spray, soil drench, or chemigation,
etc.), which could influence the concentration of accumulating residues in nectar of
pollen potentially picked up by foraging bees. Therefore, environmental exposure of
neonicotinoids to bees would have to be better assessed to determine actual exposure
levels in the field. Once information is obtained on accurate environmental exposure rates
to bees from known application rates and methods (seed, foliar spray, soil-drench, etc),
then effects studies may be compared at those rates to inform regulatory application
labelling to better protect pollinators (Figure 4.2).
Studies on reproductive individuals show neonicotinoids affect queen mortality
and behavior (egg-laying and locomotor functions) that impact brood production and thus
colony development in honey bees and bumble bees. Queen fecundity in solitary Osmia
spp. bees was also affected by neonicotinoid exposure, indicating an additional concern
for other solitary bees. In addition to reduced egg-laying, high queen failure and
supercedure rates have been reported as a major problem in bee decline (vanEngelsdorp
et al. 2013). This may be due to direct effects from neonicotinoid exposure or indirectly,
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through poor mating or low sperm viability. Given that studies have shown motor deficits
in worker and queen bees, drones may also be impacted in a similar way that may inhibit
proper mating, affect sperm deposition or viability. However, no studies, as of yet, have
examined effects on drone bees. Therefore, this is an area of research that represents a
critical knowledge gap and should be further addressed.
At the colony-level, there are far more studies showing effects of neonicotinoid
exposure on bumble bee colonies than on honey bee colonies, indicating bumble bees
may be more sensitive to neonicotinoid toxicity. This apparerntly increased sensitivity
may simply be an artifact of how much easier micro-colonies of bumble bees are to
manage and use in toxicity testing compared to full-sized honey bee colonies. In addition,
population size may affect exposure rates as the number of foraging bees influences the
amount of neonicotinoid-contaminated foods that are brought back to the hive.
Furthermore, smaller colonies are more impacted by the loss of foragers (due to homing
failure) and resources than larger colonies that can recruit more foragers. Therefore,
bumble bee colonies that are inherently smaller (~ 200 workers at peak growth) may
likely be impacted more by effects of neonicotinoids than large honey bee colonies (~40
000 worker at peak growth). To improve our understanding of the potential neonicotinoid
effects at the colony-level, research should be focused on the influence of population size
on pesticide exposure rate in bee colonies. This may be more easily accomplished
through population-models which have been used to project long-term impacts on colony
development in a few studies (Rondeau et al. 2014, Bryden et al. 2013, review of models
in Becher et al. 2013).
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Population-level effects of neonicotinoids mostly deal with interaction effects
with other transmissible stressors. Viruses and pathogens are easily transferred to other
bees from direct physical contact, food-sharing, or from visiting the same foraging sites.
Therefore studies showing colonies exposed to neonicotinoids also had increased levels
of viruses (DWV, BQCV), and endo- (Nosema spp) and ecto-parasites (Varroa
destructor) indicate a major concern for disease and pathogen transmission among and
between colonies. Further, disease and pathogen transmission may extend past the apiary
or regional population-level as honey bee colonies are routinely transported across the
national for pollination services of different crops. Therefore, in the future, distinctions
should be made at the population level to include regional effects or effects on the apiarylevel as opposed to effects on a larger national- or global-scale because there is little data
available for national or global health trends. Lastly, community-level and ecologicallevel categories could also be added in the future to examine effects of neonicotinoids
and or impacts on other bee species as well as on plants and other wildlife. Currently,
there are no studies on effects of neonicotinoids on bee communities but there are two
review articles examining trends in global wildlife declines and neonicotinoid use
(Gibbon et al. 2013, Mason et al. 2013). Community-level and ecological-level
assessments would provide further information on ecological impacts of neonicotinoids,
however, these categories do not relate to the specified FAO and are beyond the scope of
this AOP.
To conclude, there are several direct causal linkages to various negative effects on
honey bees and bumble bees identified across multiple levels of biological organization
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giving the AOP more weight-of-evidence for the adverse outcome of inhibited colony
development by neonicotinoid exposure. However, there are also a lot of inferred
linkages between effects that would require more research to substantiate those
relationships. Importantly, more exposure studies are needed so that effects observed in
laboratory and field studies may then be compared and related to actual environmental
exposure and risk in nature (Figure 4.2). Currently, the data suggest that residues from
seed-treated plant nectar and pollen collected by bees are low and likely pose little risk.
On the other hand, the neonicotinoid contaminated dust emitted from seed-treated corn
(Zea mays) during planting can cause lethal effects and contaminate non-target flowering
plants growing near the margins of crop fields and visited by bees. The residue
concentrations found in those contaminated plants are at levels that could cause harm and
pose a risk to bees. Corn planting also occurs in the early spring, when bumble bee
queens are foraging to initiate nests and when honey bee colonies are generally smaller
thus bees are more vulnerable to neonicotinoid exposure from flowering weeds
contaminated by neonicotinoid-treated corn dust. Therefore, an appropriate
recommendation is to restrict neonicotinoid seed-treatments until dust emissions can be
significantly reduced and no longer contaminate non-target plants visited by bees. Also,
neonicotinoid seed treatments on crops such as soybeans (Glycine max) have shown little
to no overall benefit in soybean production and should be removed as a seed-treatment
(US EPA 2014). Further, economic analysis of the benefits that neonicotinoid treatments
provide to other crops applied to the seed or by other methods (foliar spray, soil drench,
chemgation, etc..) should be evaluated and weighed against the exposure risk, or amount
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of residues expressed in treated plant nectar, pollen, or guttation potentially picked by
foraging bees to more accurately inform regulatory decisions. For example, the European
Food Safety Authority has recently released a report confirming that the use of
neonicotinoids as foliar sprays poses risks to bees. In the assessment, high risks were
either confirmed or high risk could not be excluded or finalized due to data gaps (EFSA
2015). The US EPA is in the current process of their own re- evaluation of neonicotinoids
to be completed by 2018 and the causal linkages and knowledge gaps identified in this
AOP should help prioritize and focus future research so that risk assessments may be
completed and mitigation options identified to protect pollinators.
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4.9 Table legend
Table 4.1. Key events, or effects studies, are categorized by different levels of biological
organization. Shown here are the original AOP categories and the modified categories
that reflect the biological organization of social bees acting as a colony unit (bumble bee
colonies) or “super-organism” (such as honey bee colonies).
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4.10 Tables
Table 4.1 Key events, or effects studies, are categorized by different levels of biological
organization. Shown here are the original AOP categories and the modified categories
that reflect the biological organization of social bees acting as a colony unit (bumble bee
colonies) or “super-organism” (such as honey bee colonies).
Original AOP

Modified categories for social bees

categories
cells

Molecular/cellular-level: genes, proteins, cells

tissues

Tissue/organ level: brain, muscles, sensory organs

organs

Individual-level (non-reproductive individuals): worker bees
Individual-level (reproductive individuals): queens + males (drones)

organism

Colony-level: colony unit or super-organism

population

Population-level: groups of colonies
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4.11 Figure legend
Figure 4.1. Summary of adverse outcome pathway key events in different levels of
biological organization and arrows indicate relationships between key events. The two
AOP anchor points are indicated by the circles (dotted= molecular initiating event (MIE);
solid=measures of inhibited colony development which is the final adverse outcome
(FAO). Larger fonts and thicker arrows indicate greater weight of evidence. Solid arrows
indicate direct linkages while dotted arrows represent inferred linkages.
Figure 4.2. Adverse outcome pathway key events in bumble bees (+) or honey bees (*) at
different levels of biological organization as indicated by arrows. Different arrow lengths
illustrate the range of exposure rates (ppb) in which “effects” or “no effects” were
observed. Exposure rates (ppb) were divided by residue levels typically found in seedapplied, agricultural, or urban landscapes.
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4.12 Figures
Figure 4.1 Summary of adverse outcome pathway key events in different levels of
biological organization and arrows indicate relationships between key events. The two
AOP anchor points are indicated by the circles (dotted= molecular initiating event (MIE);
solid=measures of inhibited colony development which is the final adverse outcome
(FAO). Larger fonts and thicker arrows indicate greater weight of evidence. Solid arrows
indicate direct linkages while dotted arrows represent inferred linkages.

210

Figure 4.2 Adverse outcome pathway key events in bumble bees (+) or honey bees (*) at
different levels of biological organization as indicated by arrows. Different arrow lengths
illustrate the range of exposure rates (ppb) in which “effects” or “no effects” were
observed. Exposure rates (ppb) were divided by residue levels typically found in seedapplied, agricultural, or urban landscapes.
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