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Abstract 

 

Title of Dissertation:  The role of pesticides on honey bee health and hive maintenance 

with an emphasis on the neonicotinoid, imidacloprid 

 

Josephine D. Johnson, Doctor of Philosophy, 2012 

 

Dissertation Directed by: Dr. Katherine Squibb, Professor of Medicine, Division of 

Environmental Epidemiology and Toxicology and Jeffery Pettis, Researh Leader, Bee 

Research Lab, USDA-ARS 

 

Imidacloprid (IMI), a neonicotinoid insecticide, arrived on the world market in 1991 and 

has been under study ever since for its potential negative impacts on the non-target 

species Apis mellifera (honey bees). This neurotoxin, a mimic of nicotine, binds to 

nicotinic acetylcholine receptors and disrupts nerve transmission, thereby killing target 

insects.  Two studies described here attempt to quantitate  IMI’s presence in surface 

water and  to track its movement through the vascular system of the red maple (Acer 

rubrum) to determine to what levels honey bees are exposed through water, pollen, and 

nectar. Of the 108 water samples collected, 9 samples ranged from 7-131ppb 

(LD50=280ppb), and 14 samples were at the limit of detection by ELISA assay. The red 

maple study revealed ranges of IMI in plant tissue of 0-53,300 ppb in leaves, 0-5440 ppb 

flowers, 0-32 ppb pollen, and  0 ppb in nectar, supporting evidence of predominantly 

xylem transport. Differences in IMI movement by soil and trunk injections and in male 

and female trees were apparent.  Since sub lethal doses have been implicated in foraging 

disruption, reproductive changes, and memory loss, a hive study was undertaken to 

determine if developmental or behavioral effects were seen at levels of 5, 20, and 100ppb 

when hives were exposed to a dosed commercial pollen product.  Following adult 

emergence, longevity and behavior were monitored under normal observational hive 

conditions. Only two behaviors were noteworthy for aberrance; guarding at the 



 

entranceway (almost significant) and a dose dependent presence of dosed bees attending  

larval filled cells (significant). Since honey bees undergo a task related development, 

larval cell location implies an arrestment in early adult development. Hives are collection 

sites for chemicals in the environment which can partition into lipophilic wax, aqueous 

honey, or proteinaceous pollen. A synergy study was undertaken to study the effects of 

IMI, fluvalinate (a beekeeper applied acaricide), and chlorothalonil (fungicide) on honey 

bees when the pesticides were applied separately or in combination to observation hives. 

Incidence of drift, the movement of bees from their home hive into a foreign hive, was 

most severe in hives treated with all three pesticides.    
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1. Introduction 
 

Pollinators are in decline (NRC 2007).  Several of the factors associated with this decline 

are habitat loss, competition with introduced species, climate change, environmental 

changes due to chemicals applied to the environment, pollution, and changes in land use.  

Among the environmental factors, pesticide use has drawn attention. A balance exists 

between the benefits of pesticide use which control populations of unwanted species 

thereby increasing agricultural productivity or protection of natural resources, and the 

potential harm which pesticides may have on non-target species. Pesticides may be water 

or fat soluble, may be applied in solid, liquid, and airborne formulations, and are 

chemically designed to target specific life forms, including bacteria, fungi, plants, insects, 

as well as larger animals. The honey bee (Apis mellifera), a beneficial pollinator to US 

agriculture, may be a non-target species affected by pesticide use.  Since honey bees 

gather resources such as pollen, nectar, sap, and water from the vicinity around the hive, 

they can be exposed to pesticides.  Some exposure may occur through flowers but 

depending upon a pesticide’s solubility, it may move into water sources. Some pesticides 

may have a direct effect on the honey bee, others may indirectly affect bee health by 

compromising beneficial symbionts living in the hive such as fungi which break down 

the pollen grain coats thereby allowing bees to access the pollen protein within.  The 

intent of this thesis is to investigate what routes a pesticide, specifically the 

neonicotinoid, imidacloprid (IMI), may take to enter a hive and what effect three 

pesticides, with emphasis on imidacloprid, play in altering honey bee maturity, success in 

hive maintenance, and longevity.  
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These studies will concentrate in four areas. The first is to determine how much of a 

pesticide (imidacloprid) is in the honey bee’s immediate environment. The second is to 

assess how much of the pesticide, when injected into a plant, reaches the hive. The third 

is to assess what happens to a hive in which that pesticide is consciously applied within 

the hive confines. The fourth is to assess what effects are measurable in hives in which 

more than one pesticide is applied. In general, this thesis attempts to track one pesticide’s 

route from the environment to the hive and then to the bees themselves, the impact of the 

pesticide on behavior, and finally potential synergistic effects with other pesticides 

introduced from the environment. 

 

2. Background 
 

2.1  Pollinator/honey bee decline 

 

The honey bee has been intensely studied because of its value to agriculture (Morse and 

Calderone 2000), its ability to be managed, its ability to be studied as an individual or as 

a superorganism (hive). The honey bee genome (565 mB) is completely mapped.  There 

are three honey bee traits that are critical to this study. First, honey bees have a relatively 

predictable time line of maturity (see Table 1).   Newly emerged bees undergo a task 

related development that involves maintaining food supplies, attendance to the queen and 

brood, and attention to hive hygiene before finally becoming foragers at 21 days.  They 

forage until they die at ~35 days (spring & summer). Wintering bees live longer, do not 

forage unless the ambient temp exceeds 45°C, and cluster to maintain warmth around the 

queen and themselves. Second, honey bees will consistently return to a flower source 

once the source has been determined to be the most rewarding, in terms of quantity and 

quality of nectar and pollen, until that source is either depleted or overshadowed by a 
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better source. Third, honey bees are accurate when they return to their hive entrance. The 

foragers recognize their hive by nearby shapes and colors, and gps positioning (Horridge 

2007).  Foragers use sun position, polarized light patterns in the sky, chemical cues, and 

dance-based directions given to them by their sister workers in the hive to navigate out to 

food sources and back to the hive. These normal behaviors will provide the background 

against which aberrant behavior will be judged for this study. 

2.1.1 Chemical pressures on the hive 

 
Pesticides, along with pathogens and potential human mismanagement, may be 

considered to be the three major contributors that negatively impact honey bee health. 

Pesticides include insecticides, herbicides, rodenticides, fungicides, and fumigants and      

insecticides, herbicides, and fungicides, in particular, may affect the honey bee itself, its 

food sources, or symbionts within the hive. A forager canvases food sources in a radius 

of one to five miles and thus may be exposed to a spectrum of chemicals, some of which 

she may introduce to the hive through pollen, propolis, nectar, or water. The absence of 

light and the relatively stable temperature within a hive coupled with an absorbent 

hydrophobic surface (wax) or the high sugar content of the aqueous medium of honey 

provides a potentially stable environment for organic compounds that can partition into 

either matrix. This stability within the hive could be offset by the catabolic enzymes from 

symbiotic yeasts, molds, and bacteria which can metabolize carbohydrates, lipids and 

proteins (Gilliam 1997) if the xenochemicals are similar structurally to these natural 

biochemicals.  Independent of potential exposures in the field, beekeepers apply 

pesticides and chemicals to hives to eradicate biological invaders and parasites and it is 

these applied chemicals that show most prominently in background levels  of “chemicals” 



 

4 
 

in general. With little to no flow of the chemicals out of the hive, especially if they are 

wax-bound, the hive has the potential to maintain a chemical cocktail, and synergism 

between the chemicals could exist. 

Four studies that investigated the degree to which pesticides are present within the hive 

are mentioned briefly. In an Italian study, Porrini et al. (2003) found that between1983-

86, before the introduction of IMI and the class of neonicotinoids on the world market, 

the pesticides that showed up most frequently in the hive were phosphoorganics, 

carbamates, and some chloroorganics. Their assessment was based on dead bee counts 

taken in hives. When a certain threshold of dead bee counts was reached, they analyzed 

the pollen for presence of xenochemicals.  In a study in France, Chauzat et al. (2006), 

searched for 36 pesticide residues in pollen and found 19 residues. Of the 73 samples 

tested, only 9 samples were free of residues. Imidacloprid and 6-chloronicotinic acid 

were found in 69% of all pollen samples.  In the eleven samples containing IMI, values 

ranged from 1.1 to 5.7µg/kg. In the 28 samples in which 6 chloronicotinic acid exceeded 

the limit of quantitation, the values ranged from 0.6 to 9.3 µg/kg. In a U.S. study, Mullin 

et al. (2010) detected 121 pesticides by LC/MS/ MS and GC/MS in honey, pollen and 

comb in 887 surveyed hives. A recent study in Uruguay undertaken by Pareja et al. 

(2011), analyzed by GC/MS or GC-ECD/FPD the number of pesticides in active and 

depopulated hives. In the depopulated hives, they detected only fipronil and imidacloprid 

in the samples collected from honey comb, bees, honey and propolis, whereas in active 

hives they found coumphos, endosulfan, cypermethrin, ethion, and chloropyrifos.  

Imidacloprid was detected at averages of 377µg/kg and 60 µg/kg from honey comb and 
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propolis respectively, and coumaphos was present in the highest concentrations of all the 

pesticides. 

Beekeepers apply various chemicals to the hives for parasitic mite control. When Varroa 

mites arrived in the US in 1987, Apistan (fluvalinate) was used as a miticide but 

resistance developed in the 1990’s (Baxter et al. 1998, Elzen et al.1998, Lodesani 2004, 

Martin et al. 2002a).  Coumaphos, in the formulation “Check-mite”, was introduced in 

2000 as an emergency measure and was commercially available by 2007 but mite 

resistance quickly followed (Elzen et al. 2002, Lodesani 2004, Pettis 2004). Several 

compounds have been used since:  ApiGuard (thymol), Api Life Var (thymol), Mite 

Away II (formic acid), liquid formic acid, octanoate and sucrose octanoate esters, and 

oxalic acid. Commercial beekeepers use oxalic acid and to a lesser extent, Apiguard, 

presumably for a combination of ease of application and efficiency of result.  Hobbyist 

beekeepers sometimes use natural oils or concoct home brews of medications. (B. Smith, 

personal communication, 2008).   

Honey has been studied in several ways. Indices for properties such as viscosity, 

refraction, and color have been used to qualify honey into grades  Ojeda de Rodr  gue  et 

al. 2004).  Studies that analyze for the presence of substances such as antibiotics (Lopez 

et al. 2008), chemical warfare agents (Kolakowski et al. 2007), minerals (Nanda et al. 

2003), trace elements (Iskander 1996), adulteration from sucrose (Guler et al. 2007), 

nutraceutical potential (Tenore et al. 2012), and pesticides (Balayiannis and Balayiannis 

2008, Fernandez Garcia et al. 2004, Kenjeric et al. 2007, Tsvetkova et al. 1981) have 

been undertaken and are available in the literature.  However to date, only three standards 

for pesticide tolerances in honey have been established: coumaphos (0.15 ppm), tau-
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fluvalinate (0.02 ppm) and fenpyroximate (0.1ppm, revocation date 12/31/2013) (e-CFR 

5/2/2012). 

2.1.2 Biological Pressures on the hive 

 

The biological factors that adversely affect honey bee health come from bacteria, fungi, 

viruses, and animal endo- and ectoparasites. Among the bacteria are American foulbrood 

(Paenibacillus larvae), European foulbrood (Melissococcus plutonius), and Spiroplasma 

apis.  American Foulbrood infections are serious enough to necessitate burning the hive 

and all of its contents upon detection. European foulbrood is less aggressive. Spiroplasma 

causes crawling and tremors and is named ”May disease”, among other names  Evans 

and Schwarz  2011). Among the fungi, chalkbrood (Ascophaera apis) and stone brood 

(Aspergillus fumigatus) affect brood while two intracellular microsporidian fungi, 

Nosema apis and Nosema ceranae are widespread (Chen et al. 2008). Over the last two 

decades, N. cerana has overtaken N. apis to become the dominant Nosema species (Chen 

et al. 2008, Cornman et al. 2009, Klee et al. 2007).   Among the animal kingdom, the 

small hive beetle (Aethina tumida) and the varroa mite (Varroa destructor) are 

ectoparasites, while the tracheal mite (Acarapis woodi) is an endoparasite. The small hive 

beetle attacks brood and pollen within the hive (CSL 2003).  

Honey bees are subject to many viruses: deformed wing virus (DWV), Black queen cell 

virus (BQCV), Sac brood virus (SBV), Kashmir Bee Virus(KBV), Acute bee paralysis 

virus (ABPV), chronic bee paralysis virus (CBPV) (Chen and Seide 2007), Israeli Acute 

Paralysis Virus (IAPV) (Cox Foster et al. 2007), cloudy wing virus (CWV) (Carreck et 

al. 2010),  Kakugo virus (KV) (Fujiyuki et al. 2004), invertebrate iridescent virus type 6 

http://en.wikipedia.org/wiki/Aspergillus_fumigatus
http://en.wikipedia.org/w/index.php?title=Invertebrate_iridescent_virus&action=edit&redlink=1
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(IIV-6) (Forster 2011), slow paralysis virus (SPV), Arkansas Bee Virus, Bee Virus X 

(Bailey and Woods 1974),  Bee Virus Y (Bailey et al. 1980),  Lake Sinai virus  (LSV-1, 

LSV-2) and Big Sioux River Virus (BSRV) (Runckel et al. 2011).  The most prevalent 

viruses that infect honey bees in the US are DWV (vectored by Varroa mites), BQCV, 

ABPV, and SBV (Zhang et al. 2012, Runckel et al. 2011) 

Among the other biologicals living in the hive are beneficial fungi, molds, yeasts, and 

bacillus bacteria.  As pollen is converted to bee bread, yeasts are implicated in active 

fermentation and subsequent release of nutritional organic acids, while molds produce 

enzymes that are important in metabolism of proteins, lipids, and carbohydrates.  Molds, 

yeast and bacteria, some of which live in the guts of adult workers, produce enzymes, 

vitamins, antimicrobials, organic acids, and lipids that transform, stabilize, and preserve 

the bee bread made from pollen. Due to these microbes, bee bread is more nutritionally 

accessible to honey bees than corbicular pollen (Gilliam 1997). 

 

2.1.3 Management pressures on the hive  

 

Management stress is a term used to describe the unusual conditions that beekeepers may 

inflict on a hive.  Commercial beekeepers may truck their hives from southern to northern 

states to pollinate orchards and fruit crops as the warm weather reaches northern climes. 

In February each year, the bloom of the almond crop in the Great Central Valley in 

California draws roughly half of the hives in the US for pollination purposes. Many other 

travel events occur between hive providers and farmers on a shorter distance scale.  

Transfer of the hives from wintering status to spring, the physical movement of loading 

hives on and off trucks, and the travel itself with vibration, less water availability, and 
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inconsistent temperatures are examples of management stress.  With a million+ hives 

coming together in one area for the almond bloom, pathogen exchange between the 

colonies is inevitable. Another stress which is intended as beneficial but may have 

detrimental consequences, are the medications for hive care (Hawthorne and Dively 

2011). Although most beekeepers apply medications according to pesticide labels, some 

beekeepers will try concoctions that are off label. Feeding hives throughout the winter 

has become commonplace and when feeding is insufficient by beekeepers, hives can die 

from starvation late in the winter, when nectar and pollen stores have been depleted. 

2.2  Honey bee traits 

 

2.2.1 Perception 

 

One of the ways in which chemicals could affect hives is through the disruption of 

perception. IMI is a neurotoxin which affects neuromuscular receptors.  Presumably, if 

the muscles used in sight, flight, or grooming motions (to take three examples) were 

compromised by the pesticide’s presence, the diminishment of navigational skill, flight, 

and hygiene functions might seriously affect hive function. Understanding perception 

may help explain the effects of chemical disruption especially in the case of IMI, a 

neurotoxin. Honey bees use several sensory pathways to gather information from their 

environments. Unable to see red light, they can see yellow light and shorter wavelengths, 

even into the ultraviolet range. They orient to the sun when it is obvious, but on cloudy 

days they are able to navigate by polarized light patterns in the sky. Their eyesight is less 

refined than humans, resulting in a pixelated perception. Honey bees see motion and use 

this perception to communicate through dance (waggle dance). Distance is communicated 

by the number of wide circle or figure eight turns, direction by orientation angle, and 
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richness of food source by the vigor of their shaking.  Dancing to encourage grooming 

behavior and swarm dancing are attended by visual attention as well. Shivering is a 

device used by honey bees to warm their bodies when they need to fly in cool weather or 

to maintain warmth near brood or in the winter cluster. Honey bees can communicate by 

vibration. Bees respond quickly to dark intruders, perhaps because darker animals tend to 

invade their hives (bears, skunks, mice).  Lastly, honey bees have a sensitivity to 

magnetic fields which seems to be linked to crystals of magnetite (an iron based 

substance) contained in specialized cells within their abdomens (Gould and Gould 1995).     

The perception of smell is extremely important in the hive. The honey bee has the ability 

to distinguish at least 700 floral scents (Gould and Gould, 1995).  Gruter et al. (2006) 

studied how floral scents, acting as language about food, are translated from foragers to 

workers in the hive through trophallaxis to cultivate enthusiasm to forage among other 

foragers and new recruits. Honey bees may put odors to use: off gassing of antimicrobial 

volatile products in propolis may be an adaptive measure whereby honey bees protect 

their cavity nestmates from unwanted microorganisms (Simone-Finstrom and Spivak 

2010), and bees have been shown to recognize pesticide-laden pollen and seal it off with 

propolis (VanEngelsdorp et al. 2009). 

A major concern is the potential disruption by pesticides of the bee-to-bee social 

communication system realized in the exocrine system.  Queens, nurse bees, foragers and 

even brood emit pheromones to communicate and the signals are received by targeted 

females as well as drones.  The signals are composed of a single compound or blends of 

chemical compounds.  Many of the pheromonal compounds are non volatile and are 

distributed through the hive through grooming and trophallaxis (Leoncini et al. 2004).  
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Most bee pheromones contain volatile components. The queen produces queen 

mandibular gland pheromone as a means to signal her presence (Winston 1987).  

Workers use their Nasonov glands, located at the top rear of their abdomens, to produce a 

pheromone, which is actively fanned out from the hive following a disturbance (Gould 

and Gould 1995).  Eggs laid by anarchistic workers are policed and removed but Martin 

et al. (2002b) found that egg policing is not accomplished by marking the eggs, which 

suggests that smell may be the distinguishable trait.  Drones rely on olfactory detection of 

the queen pheromone during flight to mate (Sandoz 2006).   

2.2.2   Development/housekeeping 

 

Another way that neurotoxins like IMI, as well as other pesticides, could affect hive 

health is through disrupting development. Table 1 outlines some of the basic components 

of behavior development in honey bees.  If a pesticide was to disrupt development, some 

of the signs might be precociousness or a delay in foraging onset, reduced amounts of 

sealed brood, or inattention to hygiene (both as a hive maintenance component or 

individual grooming).  Many individual bees may sicken and die from an exposure event 

but the hive is designed to compensate for individual losses by removal of the corpses, 

renewed egg laying by the queen, and diligence to brood care and hygiene by worker 

bees.  The hive is a superorganism: it is composed of a group of individuals, each of 

which has a task based on its age and sex, who collectively maintain health and survival 

of the whole society.  It has already evolved to respond to pressures such as fluctuations 

in weather and season, internal hive overcrowding (trigger of swarm event), abundance of 

food sources, proximity of predators, and natural events. Sub lethal doses of pesticides 
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may be a minor stress relative to other natural stressors which result in mortality of 

immature and adult bees. 

Table 1. Timeline of development of task related behaviors in the hive. Queens, 

drones, and workers have different development times from egg to emergence (only 

worker information is given).  Information is estimated from Gould and Gould, 1995. 

 

Development stage Age day  Bee type Task 

Post emergence Live for one 

summer 

Drone (male) mate, die in autumn 

Post emergence ~7 days Queen (female) Mates 1 week after birth 

with 12+ drones 

Post emergence 3+ years queen lay eggs 

Pre emergence  10 days Egg/larva worker  

(female) 

fed pollen/honey 

Pre emergence 7 days Pupa (worker) Metamorphose to adult 

under cap 

Post emergence Days1-6 Adult worker Clean cells 

Post emergence Days 4-5 worker Nurse young larva 

Post emergence Days 7-18  worker Wax building,cell capping 

Post emergence Days 3-21 worker Patrolling 

Post emergence Days 3-19 worker Tend brood 

Post emergence Days 14-20 worker Pack pollen 

Post emergence Days 13-21 worker Orientation flights 

Post emergence Day 20 worker guarding 

Post emergence Day 20+ worker foraging 

Overwinter Mid fall to 

early spring 

worker  cluster 

Overwinter Mid fall to 

early spring 

queen Remain warm in cluster 

 

                              

2.2.3 Morphometrics 
      

Wing length, emerged brood weights, and gland weights are three examples of 

morphometric measures that can be easily obtained and may be predictive of individual 

bee health.  An obvious morphological aberrance can be seen in the crippled wings and 

lighter weights of bees that have deformed wing virus vectored by Varroa mites.  

Emerged brood weight is a standard metric to look for developmental issues but other 
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metrics may be used more specifically (eg. glands and organs in queens). Since 

neurotoxins are likely to affect brain function, proboscis extension response (Lambin et 

al. 2001, Decourtye et al. 2005), and perceptual tests (Horridge 2005, 2006, 2007),  such 

as the ability of a honey bee to return to her home hive, are more likely to be used in 

neurocentric studies.   

2.2.4  Synergistic effects 

 

Synergy, an effect between ingredients that is unpredictably impressive (positively or 

negatively) given the known baseline response of each separate ingredient, is difficult to 

study. Effects can be additive (A+B), synergistic (>(A+B)),  or antagonistic (<(A+B)). In 

the pesticide realm, the choice of which active ingredients to study synergistically is 

overwhelming because of the multitude of pesticides on the market, the special factors 

inherent in each environmental scenario, the presence of adjuvants, and the uncertainty in 

correctly targeting the behavior to be observed.  

Synergistic relationships between chemicals and their combined effects on a population 

are difficult to prove even with single organisms and a well defined location (Hayes et al. 

2006). The lifestyle of the honeybee compounds the difficulty already inherent in a 

synergism study due to the colony effect and because the radius of chemical influence 

may be several miles.  Honey bees are potentially at risk because  their water sources are 

often from evaporating pools (thereby concentrating contaminating chemicals) and the 

chemicals that are brought within the hive have a tendency to be well preserved in the 

dark, relatively temperature-stable, and diverse matrices –wax (lipid), pollen (protein), 

and honey (aqueous and carbohydrate)-provided by bees.  It is the long term prevalence 
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and accumulation of a cocktail of chemicals within the hive that is of concern to honey 

bee health and separating the effects to specific compounds can be difficult. 

2.2.5 Superorganism considerations 
 

One of the problems inherent in honey bee research is categorizing behavior as individual 

versus “whole hive”. As an example, the mortality of individual foragers exposed to a 

deadly pesticide in the field, may have little to no effect on the overwintering success of 

the hive, a success which is ultimately more meaningful biologically. The fate of an 

individual bee becomes meaningful only when the accumulated mortality load or degree 

of aberrance compromises the hive’s ability to compensate for the mortality or change in 

behavior. The hive has been described as a superorganism, namely a group of organisms 

that by their collective behaviors act as a single unit and respond to their environment in a 

collective manner. Defining the line between the importance of the individual’s health 

relative to the hive’s health is a challenge. The studies in this thesis attempt to capture the 

effects of pesticides on both the individual and the whole hive level but not necessarily 

within the same study. 

Overwintering success is the ultimate measure of colony health. The ability of a hive to 

survive the winter with food stores, hold parasites at manageable levels, create brood 

early in the spring, and quickly generate a foraging force as pollen and nectar sources 

become available with warmer weather is the true test of hive health. Maintenance of 

warmth within the cluster, strength of the queen (laying ability), and weather conditions 

contribute to the success. Beekeepers can enhance success by feeding the colonies as they 

go into winter but also by providing timely supplemental feedings either by internal food 

trays/frames within the hive, or outside the hive on days warm enough to allow flight 
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(>7.2°C).  Hives that fail to overwinter may fail because the winters have unusual 

weather patterns, the hive starved from low food stores, the cluster was too small to 

maintain a sufficient level of warmth (34°C), the queen was weak and the hive failed to 

requeen, the hive was overwhelmed by parasites or disease, or a management issue 

existed. The lack of overwintering success is normally a sign that serious problems are 

affecting the hive. Nationally, we lose 30-35% of our hives, up significantly from 

historical losses of 10-15% in the pre varroa/pre neonicotionid era (VanEngelsdorp et al. 

2007, 2008, 2010). The increase in colony losses is a fundamental reason why studies 

such as the ones contained in this thesis are undertaken. 

2.3 Imidacloprid 

IMI is the central pesticide under study in this thesis. It is a neurotoxin in the class of 

pesticides called neonicotinoids and it has been studied extensively for its negative 

effects on honey bees (Pareja et al. 2011, Bacandritsos et al. 2010, Pettis et al. 2012, 

Blacquiere et al. 2012)   This pesticide, its class, its level of use, its mode of action, its 

chemical affinity for the nicotinic acetylcholine receptor, and the receptor itself will be 

discussed next.   

2.3.1 History of use 

 

Three classes of pesticides attack nAChR’s; the nereistoxin analogues (derived from a 

marine annelid, Narahashi 1973), the nithiazine analogues (the neonicotinoids are in this 

category), and the spinosyns, which were originally isolated from a microorganism and 

have a different mode of action on the receptor compared to the other two (Kirst 2010). 

Imidacloprid, the first of the neonicotinoids, was introduced in 1991 by Bayer 

CropScience and represents 41.5% of the entire neonicotinoid market, a value of $2632 
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million in the US in 2009. Neonicotoinoids have been used to control aphids, 

leafhoppers, planthoppers, whiteflies, thrips and some insects in the orders lepidoptera 

and coleopteran. Like the other neonicotinoids, imidacloprid can target these general 

categories but is especially efficient against thrips, leafminers, mealybugs, and termites 

(Jeschke et al. 2011).  An indirect benefit of imidacloprid is the control of plant viruses 

that are carried by insect vectors as in the case of the barley yellow dwarf virus carried by 

Bemesia tabacci (Knaust and Poehling 1992).  Neonicotinoids may take the form of five 

membered rings (ex. imidacloprid, thiacloprid), six membered rings (thiamethoxam), or 

noncyclic compounds (nitenpyram, acetamiprid, clothianidin, dinitefuran) which form a 

ring-like intermediate when bound within the receptor site (Kagabu et al. 2003).    

      There are seven neonicotinoids available on the market and their relative popularities 

are probably reflected best by their sales in the US as shown in Table 2. 

Table 2. 2009 sales of neonicotinoids in US.  IMI was the largest selling pesticide in the 

world (Jeschke et al. 2011).  

Neonicotinoid Sales in 2009 

Imidacloprid  $1091 m 

Thiamethoxam $  627m 

Clothianidin $ 439m 

Acetamiprid $ 276m 

Thiacloprid $ 112m 

Dinotefuran $   79m 

Nitenpyram $     8m 

 

 

2.3.2 Chemical nature 
     

Neonicotinoids exist with different chemical moieties: N-nitroguanidines (imidacloprid), 

nitromethylenes (nitenpyram), and N-cyanoamidines (acetamiprid). A nitroguanidine has 

a characteristic bonding structure of –N-C(E)=X-Y. One aspect of the neonicotinoid 
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chemistry that is involved in binding to the receptor as well as causing a greater solubility 

in water is the conjugated electron withdrawing and electron donating system that gives 

neonicotinoids the name of being push–pull olefins (Kagabu 2008).  

Lipophilicity in the neonicotinoids can be altered by three trends which ultimately affect 

the application method.  Ring neonicotinoids are more lipophilic than the open chain 

structures. The structure of the pharmacophore functional group becomes progressively 

more water soluble from [=N-NO2] to [=N-CN] and finally to [=CH-NO2].     Depending 

on the E moiety, lipophilicity will increase in the order of NH<O<C<S (Kagabu 1996). 

The more lipophilic the neonicotionoid, the better its application as a seed treatment 

because roots are more efficient at uptake of lipophilic compounds compared to 

hydrophilic compounds (Briggs et al. 1982). Neonicotinoids move well by acropetal 

translocation in plants (Jeschke et al. 2011). 

Jeschke et al. (2011) lists the crops on which neonicotinoids are applied thereby verifying 

the ubiquity and popular use of these pesticides: vegetables, sugar beets, cotton, pome 

(apple, pear) and stone fruits (peach, plum), cereals, tobacco, potatoes, rice, citrus, and 

corn. Control of termites, white grubs, cockroaches, fleas, lice, flies, and ants can be 

undertaken by use of single formula neonicotinoids and ear mites, long star ticks and gulf 

coast ticks can be controlled by formulas combining neonicotinoids with other classes of 

active ingredients. Imidacloprid, the best seller of the neonicotioids, is used on 140 crops 

in 120 countries in several formulations; Gaucho (seed treatment), Admire and Confidor 

(foliar treatments) are the three most popular formulations. Imidacloprid went off patent 

in many countries in 2006 and is already available as a generic product in India and 

China. Since the introduction of IMI in 1991, resistance has been developing among 
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several insects including whiteflies (Bemisia tabaci) (Gorman et al. 2007), brown 

leafhoppers (N. lugens), Colorado potato beetles (L. decemlinneata) (Nauen and 

Denholm 2005) and mango leaf hoppers (Idioscopus clypealis) (Elbert et al. 2008) 

Most neonicotinoids, unlike other chemical classes of pesticides, can be diversely 

applied, but seed and soil treatments (60% of all applications) are more widely used than 

the other choices such as foliar spray, trunk or bud injection, drip and drench systems, 

seedling and floating box applications, and the relatively new foliar oil dispersion 

technique, O-TEQ (Jeschke et al. 2011). Specifically, imidacloprid is used broadly as a 

soil treatment and slightly less as foliar and seed treatments (Elbert et al. 2008)  

One method for observing binding site interactions is the Fukui function, a methodology 

based on 3-D quantitative structure-activity relationships (3D-QSARs) (Beck and 

Schindler 2009). The Fukui function is a quantum mechanical measure of the electron 

cloud density differences between a neutral molecule and its cationic or anionic radical 

counterpart. The differences in the electron cloud density reflect maxima in 3-

dimensional space and can indicate the molecule’s response to electrophilic, nucleophilic 

or radical attack.  This method is not used in enzyme catalyzed reactions (Beck 2005). 

Based on the electron cloud data study on imidacloprid, the 5-position of the 

imidazolidine ring (5 membered ring) is the position at which  electrophilic attack occurs 

(Becke 1988, Eichkorn et al. 1995, Jankowski et al. 1985, Klamt and Schurmann 1993), 

suggesting support of  the observed mono-hydroxylated form, 5-hydroxy-imidacloprid, as 

a metabolized product. 
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      2.3.2.1   Nicotine mimic 

 
IMI is a neonicotinoid, a man made chemical designed to act chemically like nicotine 

(Figure 1) so that it can reversibly bind in the nicotinic acetylcholine receptor (nAChR) 

and disrupt insect nerve transmission, thereby killing the offending pest. Generally, IMI 

prematurely closes sodium channels thereby altering the timing of nerve impulse 

transmission, causing paralysis or death in the targeted insect (Narahashi 1996, Bayer a 

3/14/12).  

Figure 1.  Chemical structures of three compounds that bind in the nAChR.  
Acetylcholine is the chemical that correctly transmits the nerve impulse across the 

synaptic cleft and initiates the electrical impulse in the post synaptic neuron. Nicotine is a 

natural substance from tobacco plants (Nicotiana sp.) that binds in the receptor site but 

does not correctly transmit the nerve impulse. IMI is the man made mimic of nicotine that 

binds non covalently in the receptor site and interferes with the timing of nerve impulse 

transmission in insects.  

 
 

 

Generally there are three differences between nicotinoids and neonicotinoids.  

Nicotinoids are protonated and neonicotinoids are not protonated at physiological pH. 
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Nicotinoids are positively charged due to ammonium or iminium cations whereas 

neonicotinoids are electronegative due to the presence of cyano or nitro groups at their 

tips.  Nicotinoids are not coplanar but neonicotinoids are coplanar. The coplanarity of the 

neonicotinoids causes a slight separation of charge because the rings stabilize a partial 

positive charge allowing a slight negative charge to exist at the tip where the electron 

withdrawing cyano or nitro groups are located (Tomizawa et al. 2007). 

The neonicotinoid pesticides selectively act on insect nAChRs unlike nicotine, which acts 

on both vertebrate and invertebrate receptors (Satelle et al. 2005).  It is the cationic 

property of nicotine and epibatidine that allow them to select for mammalian nAChRs 

(Tomizawa et al. 2007).  Tomizawa and Cassida (1999) have contributed research on this 

topic by examining several neonicotinoids and comparing their binding to the binding of 

(-) nicotine in nAChRs which they use as a reference compound.   A synopsis of the 

background they present in this study may be helpful. 

2.3.2.2 Role of nicotinic acetylcholine receptors 

 
Nicotinic acetylcholine receptors (nAChR) are in a family of ligand gated cholinoceptive 

ion channels that includes the serotonin tryptamine type 3, γ-aminobutyric acid types A 

and C, and glycine receptors (Satelle et al. 2005).  The receptors are situated in plasma 

membranes of both parasympathetic and sympathetic postganglionic cells in ganglia of 

the autonomic nervous system.  They are also involved in muscle function via 

innervations by somatic motor fibers (Katzung 2001). 

Acetylcholine receptors are ionotropic Na
+
 channels (Figure 2). An action potential 

occurs at the presynaptic nerve terminal causing calcium to enter the neuron and trigger 
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vesicle delivery to the membrane.  Vesicles containing the neurotransmitter, 

acetylcholine, fuse with the presynaptic membrane at the synaptic cleft and release 

acetylcholine into the cleft. The acetylcholine crosses the cleft and binds to its receptor 

type on the post synaptic membrane. The activated receptor opens the channel to allow 

Na
+
 and Ca

+2
 cations to move into the postsynaptic cell where the presence of Ca

+2
 

signals its second messengers thus passing the action potential on to the next neuron. 

Acetylcholine would continue to keep the receptor open were it not for the action of 

acetylcholine esterase which enzymatically cleaves acetylcholine to acetic acid and 

choline. These two products are retrieved through transport mechanisms and are used to 

reform acetylcholine within the presynaptic cell. 

Figure 2.  Sodium channel function in nerve impulse transmission. At rest, the axonal 

membrane sits between an electrical potential in which sodium (Na
+)

 cations are at a high 

concentration on the outside of the cell and the potassium (K
+
) cations move into the cell 

(they are more permeable to the axonal membrane than Na
+
) to counterbalance the larger 

cationic charge on the outside of the membrane. The difference in potential across the 

membrane is ~76mv and the inside of the membrane is negative relative to the outside. 

As the nerve impulse arrives, sodium channels are opened and Na
+
 ions move into the 

cell, causing the inside of the cell to become more positive and causing the rise in the 

action potential (graph at top). As the sodium channels close, the potassium channels 

open and K
+
 moves out of the cell to counterbalance the  large number of positive 

charges (Na
+
) on the inside of the cell which results in a decrease in the action potential. 

The action potential or nerve impulse is acting like a wave of charge disruption, formally 

called depolarization, down the membrane. Once the potassium channels close, the cell 

actively returns the sodium from the inside of the cell to the outside of the cell using an 

ATP driven “pump”. When the resting state is restored, the nerve cell is ready to respond 

to the next impulse that fires. (Figure graphic taken from Davies et al. 2007). 
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Acetylcholine receptors usually consist of five subunits that form the cation channel. 

Generally, AChRs have an N-terminal extracellular binding domain, a large intracellular 

loop, and an extracellular C terminus  as shown in Figure 3 (Shimomura et al. 2006). 
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Figure 3.  Dα4 receptor configuration in Drosophila melanogaster. 
The figure is taken from Fig. 1, Shimomura et al. (2005) and is being used to illustrate an 

α subunit. It illustrates the N and C terminus locations in the extracellular space and 

shows the location (oval) of the two Cys residues located 13 residues apart. The two Cys 

that are next to each other (rectangle) designate the monomer as an α subunit. 

 

 
 

 Characteristically, the extracellular N terminal domain has a Cys loop in which two 

cysteines are located thirteen residues apart.  Within that loop, if two cysteine residues 

are located next to each other, they are essential for binding acetylcholine and designate 

that subunit as an α subunit.  Two α subunits are needed for activity.  Other subunits may 

be designated β, γ, δ, or ε and it is these non-α subunits that are thought to control the 

sensitivity to neonicotinoids.  Other domains, referred to as loops A-F, participate in 

activity (Sattelle et al. 2005).  Loops A, B, and C are contained within α subunits. Loops 

D-F are more versatile and can be contained in α/non-α heteromers, α/α homomers, or 

α/α (ex. α9/α10) heteromers (Shimomura et al. 2006). Loop F is involved in electrostatic 

interactions with the quaternary ammonium nitrogen of acetylcholine and loop D is 
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associated with neonicotinoid selectivity.  Imidacloprid acts like acetylcholine in the 

binding site when imidazolidine ring nitrogens become positive due to hydrogen bonding 

effects on the nitro groups (Sattelle et al. 2005).   

                                       2.3.2.3  Binding in the receptor  

   

Recent research using photoaffinity labeling suggests that some neo- and nicotinoids bind 

to the receptor by a chloropyridinyl moiety, a feature common to both. However, key 

amino acids within the binding site and electronic interactions cause differential binding.  

Nicotinoids have cationic properties and interact with the indole ring in a critical 

tryptophan residue.  In contrast, ring coplanarity within the neutral neonicotinoids 

requires conformational flexibility within the binding protein as well as an electronic 

interaction at their partially charged negative tips. Though they share a structural binding 

feature, sensitivities within the nicotinoid class are dependent on the ligand’s charge and 

the species-dependent subunit composition and conformation (Tomizawa et al. 2007). 

Nicotinoids (natural) and neonicotinoids (synthetic) behave differently in the receptor site 

depending on the species because of positive ionic interactions on the 3-

pyridylmethylamine moiety with amino acid side chains within the receptor site cleft. 

The nicotinoids carry a full positive charge whereas the neonicotinoids bear a partial 

positive charge. In the case of imidacloprid’s binding, the nitro group interacts with basic 

residues in the site causing the ring nitrogen in the imidazolidine ring to become partially 

cationic and interact with π electrons in a tryptophan in the B loop. (Shimomura et al. 

2006) The extent of ionization changes the lipophilicity of the molecule: the fully 

charged cation reduces lipophilicity which allows interaction in vertebrates, but the lesser 

positive charge increases lipophilicity which allows the molecule to interact more 
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efficiently with insect receptors. Similarly, addition of the chlorine atom at the para 

position on the pyridine ring in commercial nicotinoids increases hydrophobicity which 

causes increased binding in insect nAChR’s (Yamamoto et al. 1998). 

AChRs are (usually hetero-) pentadimeric transmembrane channels that are composed of 

α  2-9), β 2-4), γ, δ, and ε subunits.  The α subunits exhibit different traits. The α1 

containing receptors are  2-4 times more sensitive to desnitro-IMI (the desnitro analog 

has the same structure as IMI except a hydrogen replaces the nitro group and is 

abbreviated DN-IMI) than (-) nicotine but are relatively inactive to IMI, acetamiprid,  and 

nitenpyram. The α1 receptors are usually heteromers and have been well characterized 

from research with skeletal tissue and Torpedo electric organ.  

The α3 containing receptors, expressed in peripheral ganglia and other confined regions 

of the brain, are 2-4 times more sensitive to DN-IMI than (-) nicotine,  The α3 containing 

receptors are also 3-4 times less sensitive to tetrahydropyrimidine analogs of IMI than (-

)nicotine.  IMI, acetamiprid, and nitenpyram seem to show only a low to moderate 

potency on this subunit subtype. Receptors containing α2, α3, α4, α6, and sometimes α5 are 

insensitive to α-bungarotoxin (Tomizawa and Cassida 1999), a Southeast Asian banded 

krait (snake) toxin (Young et al. 2003) that historically was an early research tool in the 

nAChR field and still has an impact on discussion.  Subunits α7, α8, and  α9  are 

bungarotoxin sensitive. Subunits β2, β3, and β4 are associated with the bungarotoxin-

insensitive α subunits.  In a review article, Narahashi  2002) mentions that α subunits in 

mammals and insects have evolved together but the non-α subunits in insects are unlike 

the vertebrate β and the muscle non-α subunits.        
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2.3.3  Imidacloprid degradation 

 

         2.3.3.1.  Physico-chemical degradation 

 

IMI is sensitive to pH and photolysis but is relatively stable to temperature. 

pH  Zheng et al. (1999) report that imidacloprid is more stable in water at acidic and 

neutral pH than at alkaline pHs. However the MSDS for a 95% IMI product named 

Imidacloprid TC states that the product is stable to hydrolysis from pH 5- 11 (Essence 

5/14/2012).  Philippidis et al. (2009) undertook a study to observe photodegradation of 

IMI in water using TiO2/Ti electrodes as a potential purification technique of organic 

acids in water. They noted that IMI degradation decreased as the pH was raised from 3 to 

5.6 to 9.  Lee et al. (2001) developed an ELISA assay for IMI. They noted that the 

affinity of the antibody increased with pH, up to a pH of 11. They concluded that pH was 

affecting both the antibody and the analyte. They did not adopt this pH for the assay 

method because the high pH could destroy the antibody as well as hydrolyze IMI. 

Photolysis Wamhoff and Schneider (1999) found the photolytic half lives of IMI in water 

to be  43 min in HPLC grade water, 126 min (as the formula Confidor) in tap water, and 

144 min (as the formula Confidor) in tap water in the presence of TiO2. The main 

photoproduct, 1-(6-chloro-3-pyridinyl) methyl-2-imidazolidinone, was determined by 

several analytical techniques in the three series of experiments. When Moza et al. (1998) 

irradiated an aqueous solution of IMI with light at 290nm for 4 hours, 90% of  IMI 

degraded to chloronicotinaldehyde, N-methylnicotinacidamide, 1-(6-

chloronicotinyl)imidazolidone and 6-chloro-3-pyridyl-methylethylendiamine as 

determined by CG-MS. The half life was determined to be 1.2 hrs and the degradation 
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proceeded by a first order rate constant.  Degradation rates are reflected in the half life 

values reported for aqueous and soil conditions in Table 3. 

Temperature  Sarkar et al. (1999) reported that the hydrolysis half-life varies from 33 to 

44 days at pH 7 and 25
°
C. The CDMS MSDS sheet for DynaSheild Imidacloprid 5 states 

that Imidacloprid 5 should not be stored frozen, its stability rank is stable, and it has no 

flammability limits. At high temperatures IMI can decompose to oxides of nitrogen 

(NOx) and HCl (CDMS 5/9/2012). 

Table 3. Physico-chemical properties of IMI.  IMI degradation has been studied in 

aqueous and soil conditions; half lives in these mediums are reported below. 

 

Property Property value Reference 

IUPAC name N-[1-{(6-Chloro-3-

pyridyl)methyl} -4,5- 

dihydroimidazol-2-yl] nitramide  

Zabar et al. 2011 

Molecular weight 255.7 PAN 5/8/2012 

Appearance Colorless crystals PubChem 5/8/2012 

Water solubility 0.61g /L (20°C) Jeschke et al. 2011 

Water solubility 580ppm EPA 2008 

Aerobic aquatic half life   1,040 days EPA 2008 

Aerobic soil half life 520 day EPA 2008 

Hydrolysis half life in days stable EPA 2008 

Photolysis half life in water 0.2-39 days EPA 2008 

Field degradation half life  26.5 – 229 days Fossen 5/8/12 

Soil photolysis half life 38.9 days Fossen 5/8/12 

Aqueous photolysis half-life <1 hour (24ºC at pH 7) Fossen 5/8/12 

Aerobic half-life 997 days Fossen 5/8/12 

Hydrolysis half life >30 days (25ºC at pH 7) Fossen 5/8/12 

Water solubility 514.0 mg/L (avg) PAN 5/8/2012 

Adsorption coefficient (KOC
a
) 262.0 (avg) PAN 5/8/2012 

Hydrolysis half life 30.0 days (avg) PAN 5/8/2012 

Aerobic soil half life 997.0 days (avg) PAN 5/8/2012 

Anaerobic soil half life 27.0day (avg) PAN 5/8/2012 
a
KOC=soil organic carbon water partitioning coefficient =ratio of the mass of a chemical that is adsorbed in 

the soil per unit mass of organic carbon in the soil per the equilibrium chemical concentration in solution. 

 

 

 

2.3.3.2  Enzymic degradation 
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There are eleven atoms on the imidacloprid molecule that undergo chemical alterations to 

create first generation daughter molecules.  Figure 4 is a summary diagram of the sites on 

the imidacloprid molecule where changes can take place to generate the 28 products 

described below. Actually a greater number of metabolites are possible because 

combined changes can occur at two sites simultaneously in some cases. The figure is a 

condensation of several figures taken from Casida (2011) and is an attempt to summarize 

only the changes in IMI.  Casida addressed the degradation processes for seven 

neonicotinoids. 

Figure 4. Reactive atoms on the IMI molecule. Changes that occur at each numbered 

arrow are: 1. -NO2 -NO, -NH2, ring formation -N=C(CH3)-C(=O)-NR2 (arrow 5 

designates the NR2 nitrogen),  2.  =N-NO2   =N-H, 3. R2C=N- R2C-NR2 , R2C=O, 4. 

R2 N-H   R2 N-glucoside (spinach), R2 N-gentiobioside (spinach), 5.  R2 N-H ring 

formation shown in 1 above, RNH2, 6. R2CH2   R2C(OH)H, 7.  RHC-CHR    R-

C=C-R, R(OH) C-CHR, R(O-glucoside)C-CHR, 8.  R3N  R2NH, R=N-R, 9.  R2CH2  

R(6 membered ring)C(=O)OH, R(6 membered ring)CH2OH,  R(6 membered 

ring)C(=O)NHCH2COOH, R(6 membered ring)C(=O)NHC(R)HCOOH,  R(6 membered 

ring) C(=O)Aspartate, R(6 membered ring) C(=O)glucoside, R(6 membered ring) 

C(=O)gentiobioside, 10.  R=N-R  R-N(CH3)-R,11. R(R=)C-Cl    R(R=)C-SCH3 , 

R(R=)C-S-R,  R(R=)C-OH,   R(R=)C-S-glutathione,  R(R=)C-SO4H,  R2C=O 

 

IMI, characteristic of other neonicotinoids, undergoes many chemical changes by Phase I 

enzymes and then after undergoing conjugation reactions catalyzed by Phase II enzymes, 
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the conjugated compounds are excreted by animals but retained by plants. Metabolic 

studies of IMI have been undertaken in humans, mice, spinach, cotton whitefly, fruitflies, 

and honey bees. Casida (2011) concentrated on information from mouse (Musca 

domesticus) and spinach (Spinacia oleracea) to review the metabolism information.  

In Apis mellifera, IMI is converted to 5-hydroxy (site 7) or the olefin (site 6 and 7) 

(Brunet et al. 2005, Suchail et al. 2004).  The olefin has agonist potential on the nAChR’s 

of insects (Nauen et al. 2001).  The olefin & nitrosoimine metabolites appear to be more 

active than IMI in insects (Nauen et al. 1998).  Proneoncotinoid forms for IMI do exist 

(Yanamoto et al. 1998, Ohno et al. 2007) but they are not addressed here because they are 

not degradation products.  A stress shielding property, whereby IMI confers on the plant 

not only pest control, but resistance to drought and microbial pathogens, has been 

investigated (Thielert et al. 2006). IMI treated cotton (Gossypium hirsutum L.) plants 

suffered less temperature stress (temperatures 30, 33, 36, and 39°C ) than untreated plants 

as evidenced by lower glutathione reductase levels in the treated plants (Gonias et al. 

2008). 

                      2.4  Mechanisms of action of other pesticides studied 

 

2.4.1  Fluvalinate 

 

 

Figure 5. Structure of fluvalinate. Fluvalinate is a pyrethroid,  a man made variant on 

the natural chrysanthemum insect repellant, pyrethrum. 
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Fluvalinate, Figure 5, is present commercially in Apistan strips, a product produced by 

Vita-Europe. This varroacide was made available in 1990.  Fluvalinate’s mechanism of 

action is to inhibit closing of sodium channels in nerve cell impulse transmission (Tan et 

al. 2005).   It is metabolized by P450 enzymes in insects (Johnson et al. 2012). A study 

by Maloney et al. (1988) showed that the soil microorganisms, Bacillus cereus, 

Pseudomonasfluorescens, and Achromobacter sp. degrade pyrethrins, including 

fluvalinate, into the major product, 3-phenoxybenzoic acid, and a minor   product, 4-

hydroxy-3-phenoxybenzoic acid.  Fluvalinate tends to bind to soil particles and doesn’t 

tend to leach into groundwater (but the metabolites do leach.)  Although it is stable to 

hydrolysis in varied temperatures and pHs, it is sensitive to moisture, air, and light (sun 

and artificial light sources) and can photodegrade rapidly to yield anilino acid and 3- 

phenoxy benzoic acid. The half life in soil is generally 30 days but can vary with aerobic 

and anaerobic conditions and soil type. The water solubility of fluvalinate is 0.002 mg/L 

at 25°C (Cornell a  11/15/08, CA 11/15/08).  Mullin et al. (2010)  reported average 

amounts of 2670 ppb in pollen, 204 ppm in wax, and 5860 ppb in bees (LD50=15860 ppb) 

in their survey of colonies. 

 

 

http://pmep.cce.cornell.edu/profiles/extoxnet/dienochlor-glyphosate/fluvalinate-ext.html%2011/15/08
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2.4.2   Chlorothalonil 
 

Figure 6. Structure of chlorothalonil. Chlorothalonil  binds to glutathione and kills  

fungi by compromising cellular respiration (Cox 1997).   

 

 
 

Chlorothalonil, Figure 6, is classified as a fungicide, a category of pesticides that are used 

as surface or plant protectants. Chlorothalonil is a grey to colorless crystal with water 

solubility= 0.6 mg/L (25°C). It is used to deter fungi that harm vegetables, trees, small 

fruits, turf, and ornamentals and to control fruit rot in cranberry bogs (Extoxnet 

3/11/2012, Sinoharvest 3/12/12). Mullin et al. (2010)  reported average amounts of 98.9 

ppm in pollen, 53.7 ppm in wax, and 878 ppb in bees (LD50=111 ppm) in their survey of 

colonies.   Microbes introduced to pollen by  honey bees are yeast T. magnoliae, Bacillus 

bacteria, and the molds Aureobasidium pullulans, P. corylophilum, P. crustosum,  

Rhizopus nigricans  (Gilliam 1997) but the relationship of chlorothalonil to these hive 

symbionts is not yet determined. 

             2.5  Hypothesis and Specific Aims 

Hypothesis: Sublethal doses of imidacloprid and other pesticides in the environment may 

subtly affect honey bee hive health by altering development or by changing behaviors 
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associated with hive maintenance, hygiene, or foraging. Synergism between pesticides 

within the hive may occur. 

Specific aim 1. IMI is used worldwide and in many applications, and is water soluble. 

The goal is to determine if honey bees are exposed to IMI in water by surveying for the 

presence of IMI in surface water in urban and rural sites. 

Specific aim 2.  Pesticide movement into a plant can depend on pesticide application 

methods, how the pesticide moves through the vascular system of the plant, and the 

unique qualities of the plant species under study. The goal is to ascertain the fate and 

concentrations of IMI in plant tissue when IMI is applied by soil and trunk injection to 

red maple trees.  

Specific aim 3. Sub lethal effects of IMI have been extensively studied in individual bee 

studies, observational hive studies, and semi field studies, but to a lesser extent in field 

hive studies where superorganism effects may diminish exposure effects. The goal is to 

determine if pre–adult exposure to IMI in field hives at chronic sub lethal doses results in 

changes in behavior and longevity in adulthood. 

Specific aim 4. Many different types of pesticides can enter and sequester in hives 

because bees carry nectar, pollen, water and propolis out of their local environments and 

into the hive as resources.  The goal is to expose observation hives to three common 

pesticides, alone and in combination, to ascertain if normal longevity and behavior is 

maintained in the bee population. 
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3. A survey of imidacloprid levels in water sources frequented by 

honey bees (Apis mellifera) in the Eastern U.S. 

 

3.1 Introduction 

Water is essential to all pollinators.  If water sources carry low levels of pesticides, the 

contamination may adversely affect the health of the pollinator.  In honeybees, evidence 

of sub-lethal effects of imidacloprid (IMI) is mounting (Alaux et al. 2010, Belien et al. 

2009, Yang 2008, Faucon et al. 2005, Bortolotti et al. 2003).  Lowest observed effect 

concentrations (LOEC) for IMI are reported for various honey bee activities: winter bee 

survival= 24 µg/kg, associative learning measured in summer and winter bees by 

proboscis extension response (PER) =12 µg/kg (oral) (Decourtye at al. 2003), PER 

habituation =1.25ng/bee (contact), mobility=1.25ng/bee (contact) (Lambin et al. 2001), 

and altered dance behavior = 0.5-7 ng/honeybee (oral) (Kirchner 1999). Several 

researchers have examined and quantified the concentrations of systemically-applied or 

seed-dressed IMI in nectar and pollen (range 1-20ppb) which are realistic exposure routes 

(Chauzat et al. 2006, Dively and Kamel 2012, Krischik et al. 2007, Krupke et al. 2012, 

Maxim and van der Sluijs 2007 b,  Mullin et al. 2010).   However, IMI is water soluble 

and its presence in groundwater has already been raised as a potential contaminant 

(Phillips and Bode 2004, Fossen 5/8/12).  It is IMI’s movement into water that allows it 

to recycle in the environment.   

3.1.1  IMI in water sources 

Fossen (5/8/12) summarized studies which examined IMI’s presence in water sources. 

Older studies report occasional detections of IMI in water systems:1) a surface water 

survey undertaken in Florida by Pfeuffer and Matson (2001) of 38 sites showed 1 
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detection of 1.0ppb, 2) a surface water survey undertaken in New York (Phillips and 

Bode 2002) of 47sites showed 2 detections of  0.07 ppb and 0.2ppb, and 3) a ground 

water monitoring project undertaken by Bayer detected IMI in an agricultural well at 

concentrations from 0.1-to 1.0 ppb over a five month sampling period (1998) 

(CCEsuffolk 5/12/2012).  

More recent studies have shown a greater number of detections. Starner and Goh (2012) 

undertook a water study in the Salinas, Santa Maria, and Imperial Valleys, three 

agricultural areas in California and found that 89% of their surface water samples 

contained imidacloprid. Seven of the 23 monitored sites were rivers and the other 16 

were smaller waterways. They sampled during the drier months, March through October, 

when agricultural use is at its highest. They collected water in amber bottles, filtered 

them by solid phase extraction and analyzed the samples by HPLC/MS with an IMI 

detection limit of 0.010µg/L and a reporting limit of 0.050 µg/L. Fourteen samples (19%) 

exceeded the US EPA’s aquatic invertebrate chronic exposure limit,  71% of all samples 

exceeded the Canadian Council of Ministers of the Environment Interim Water Quality 

Guideline for Freshwater Aquatic Life standard, 73% of all samples exceeded the 

maximum acceptable concentration and 88% exceeded the maximum permissible 

concentration (chronic level) for European standards set by the National Institute for 

Public Health  and the Environment for imidacloprid’s environmental risk limits in 

surface water (see Table 4).  

Table 4. Environmental standards for IMI.  Although these benchmarks are useful in 

describing limits for aquatic organisms, they are not directly related to effects on honey 

bee health. However, if these standards are met for surface water, honey bees should be 

exposed only to sub lethal doses of IMI.  
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Standard Standard description Standard value Reference 

US EPA benchmark value Aquatic invertebrate 

exposure (chronic) 

1.05 µg/L   

IMI 

EPA 2008 

Canadian Council of 

Ministers of the 

Environment   

Interim Water Quality 

Guideline for  

Freshwater Aquatic 

Life 

0.23 µg/L IMI CCME 2007 

National Institute for 

Public Health  and the 

Environment 

maximum acceptable 

concentration (acute) 

in surface water 

0.20 µg/L IMI NIPHE 2008 

National Institute for 

Public Health  and the 

Environment 

maximum acceptable 

concentration(chronic) 

in surface water 

0.067µg/L IMI NIPHE 2008 

Netherlands MTR
a 

0.013µg/L IMI VanDijk 2010 
a
MTR norm= the minimum quality level that is desirable for all surface areas in the country and a value 

which reflects a safety level for species living in the ecosystem. 

 

Van Dijk’s  2010) study on neonicotinoid contamination in Dutch surface water reports 

on imidacloprid in agricultural areas in the Netherlands. Using the MTR standard, (see 

Table 4, the study shows that IMI levels exceed the MTR norm in areas where horti- and 

agriculture is concentrated and many data points are at or above 5x the MTR. Her method 

was to mine data published between 2003 and 2008 with the intent of looking at possible 

declines in species’ abundance in neonicotinoid treated areas. She found that with 

increasing concentrations of imidacloprid in water sources, the order Diptera was most 

negatively impacted as were Coleoptera, Amphipoda, Heteroptera, and Odonata to a 

lesser extent. One order, Hydracarina, benefited from higher concentrations of IMI.  

Results for other orders may have given ambiguous results because there were gaps in the 

data collection, inconsistencies in the units used by toxicologists to report toxic effects on 

species abundance, and basic lack of knowledge about the effects of neonicotinoids on 

several of the species monitored. 

Anyusheva et al. (2012) undertook a study in North Vietnam to investigate how much 

fenitrothion and dimethoate moved from rice paddy application areas to adjacent fish 
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ponds during the spring and summer seasons.  They attributed the movement of both 

pesticides (dimethoate - 5% spring, 41%summer, fenitrothion-1% spring, 17%summer) to 

adjacent fish ponds to the water solubility of the pesticides and to rice paddy management 

practice. In Sweden, Jansson and Kreuger (2010) investigated the presence of 95 

pesticides with differing physiochemical properties, including several degradation 

products in surface and ground water by solid-phase extraction coupled with 

HPLC/MS/MS. The increase in these water monitoring studies and the results of their 

findings confirm a growing concern for water contamination issues.   

Guttation water is water that is actively secreted by plants and may be a source of water 

to honey bees. Tapparo et al. (2011) looked at guttation water excreted by corn plants 

raised from commercial seeds coated with (separately) three neonicotinoids, including 

IMI, and fipronil, a phenylpyrazole insecticide. Guttation drops from plants grown in 

greenhouse or in field were analyzed by UHPLC-DAD. IMI levels reached levels as high 

as 346 mg/L but decreased over the 10 to 15 day time interval after plant emergence from 

soil. 

A study conducted in northeastern Italy focused on IMI contamination on  plants near to 

five corn fields planted with hybrid corn seeds, dressed with Gaucho (imidacloprid=a.i.). 

They monitored Gaucho losses from the fan drain of the pneumatic seed drill by 

collecting paper filters and by checking field-edge grass and flower samples. From GC 

analysis, they found IMI that had escaped from the fan had settled on nearby grasses 

(123.7ng IMI/g) and on flowers (58.2 ng IMI/g). Presence of the active ingredient on 

neighboring plants was diminished with rainfall (Greatti et al. 2006). The fate of IMI 

from rainfall on the neighboring plants can potentially collect in field edge puddles.  
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Most recently, the particulate release from pneumatic drill applications of corn seed 

treated with neonicotionoids is being blamed for honey bee kills in Europe during the 

spring planting time (Tapparo et al. 2012) and concerns in the US have been raised 

(Krupke  et al. 2012) 

3.1.2  Honey bee use of water 

Honeybees regularly carry pollen, nectar, propolis, and water into the hive, resources 

which could be exposed to pesticides. Water carried by bees entering the hive for cooling 

would be immediately used and within hours, eliminated, without having been 

incorporated into the hive proper. Water brought in to dilute honey or brood food could 

remain in the hive as a residue in bees or food. Honeybees frequent water sources that 

provide still or slow moving water that are nearest to the hive. This exposure level is on 

par with pollen/nectar loads and may even be a greater hazard to bees since water 

consumption may be more immediate and possibly greater than pollen and nectar. 

Imidacloprid is applied systemically in some formulations and partitions to leaves since it 

seems to move through treated plants by xylem transport primarily (Sur and Stork 2003). 

The leaves of deciduous plants could in effect dose an area of soil repeatedly by leaf fall 

and decomposition, movement of the released water soluble pesticide and its metabolites 

into puddles, and reabsorption into the roots of nearby plants (Kreutzweiser et al. 2009). 

Honey bee water sources vary from rural to urban settings. Rural water sources might be 

available in the form of small ponds, puddles, and low lying damp edges of fields, all of 

which could act as sinks to local run off of pesticides applied to fields. Suburban water 

sources might take the form of small ornamental ponds, potted plant dishes, storm 

management ponds, and bird baths located in backyard gardens. Urban sources might 
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include fountains, street and sidewalk puddles, and water in culverts.   The use of IMI has 

the potential to contaminate most water sources because it is applied as foliar and soil 

treatment to a wide variety of plants, it is persistent in field areas for as long as a year (if 

not more) since it has been shown to be taken up again by subsequent crops (Bonmatin et 

al. 2000), it is available to homeowners as many applications for garden pests (e.g. soil 

grubs), and it is present in some types of potting soils.  

Since honey bees transport water into the hive to be consumed, to be used for cooling, to 

dilute honey for brood use, and to maintain proper humidity for brood rearing, this study 

will clarify the risks of water transport as a contamination route for IMI within the hive.  

Other pesticides could be present as well and worthy of study at a later time, but the 

intent of this study was to survey for IMI, a pesticide that is easily detected (limit of 

detection= 0.7ppb by ELISA and1ppb LC/MS/MS) and ubiquitous in use (Bayer b 

8/25/2011).         

3.2  Methods 

Water collection: Water samples were collected from 18 rural, suburban, or urban sites 

spanning Maryland’s agricultural Eastern Shore to the Pennsylvania line and including 

suburban/urban areas in or near Baltimore, Annapolis, and Washington, DC, Figure 7.  At 

each of the 18 sites, six water samples were collected in 15ml new plastic opaque 

cylindrical vials with screw top lids from puddles, small streams, small ponds, and other 

surface water sources in an area encompassing no more than ¼ mile in diameter.  One 

sample each was taken from three separate household taps and from deionized distilled 

water tanks in three separate research labs to serve as six controls. Vials with water were 
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held on ice in the field and stored in a dark refrigerator at 4° C until shipped for analysis.  

Two samplings were conducted; the first in June, 2010 and the second in October 2010.  

Figure 7. Map of all wáter sampling sites. Top dotted line is Pennsylvania- Maryland 

state line. Right vertical dotted line is the Maryland-Delaware state line. Darkest balloons 

represent urban sites. Medium balloons with dot represent suburban sites. Light balloons 

represent rural sites.  Light thumbtacks represent control samples.   

 

 

Water analysis by ELISA: Samples were shipped to the APHIS lab at Otis Ang B, MA 

immediately after collection (within three days) and were stored at -20°C until processing 

14 weeks later.  The ELISA assay (EP-006 Imidacloprid Quantiplate Kits, EnviroLogix, 

Portland, ME) consists of a competition of horseradish peroxidase-labeled IMI with free 

IMI for a limited number of antibody sites causing a color change that lightens with 
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higher concentration of IMI. This assay is specific for water samples with an assay range 

of 0.2 to 6ppb (LOD=0.07ppb and an LOQ =0.2-0.3ppb) for IMI.  The assay is 

temperature sensitive and precautions were taken to respect temperature considerations. 

Standard concentrations of IMI are supplied with the assay kit and are applied to a row of 

wells on the same test plate as the unknown samples to serve as controls.  The 

metabolites, olefin, des nitro and urea and two other neonicotinoids are detectable at 

levels similar to IMI. Clothianidin and thiamethoxam are detectable by this test but have 

LOD’s that are ~100x higher than the LOD for IMI. Several other (non-neonicotinoids) 

pesticides (26 listed) have no cross reactivity up to 1000 ppb (Envirologix 2010).  

Water analysis by LC/MS/MS analysis. Pesticide residue extraction was performed on 

all samples using the official method AOAC 2007.01 (also known as the QuEChERS 

method) at the USDA-AMS-NSL Lab in Gastonia, NC. QuEChERS is an acronym for 

Quick Easy Cheap Effective Rugged and Safe.  Generally, the QuEChERS method 

involves subjecting samples to agitation and/or grinding in a measured amount of the 

organic solvent acetonitrile, salting out pesticides from the aqueous phase to the organic 

phase, drying the organic phase with magnesium sulfate, and then cleaning up the sample 

extract with centrifugation, solid phase extraction, and filtering prior to instrumental 

analysis. Our sample sizes were small enough to avoid a homogenization step but some 

samples required a grinding step which sufficiently reduced particle sizes so that good 

residue extraction was accomplished. Very polar metabolites of imidacloprid necessitated 

a slight modification to the routine QuEChERS method where triethylamine (TEA) was 

used to stabilize the polar metabolites (AOAC Official Method 2007.01) 
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Briefly, the instrumental analysis utilized at the USDA-AMS-National Science 

Laboratory, Gastonia, NC  was accomplished using liquid chromatography combined 

with tandem mass spectrometry (LC/MS/MS - Agilent 1290 LC equipped with an Agilent 

6430A Triple Quadrupole Mass Spectrometer), gas chromatography coupled with mass 

selective detection in electron impact mode (GC/MS-EI - Agilent 6890 GC equipped with 

a Agilent 5975 Mass Selective Detector in EI mode), and gas chromatography coupled 

with mass selective detection in negative chemical ionization mode (GC/MS-NCI - 

Agilent 6890 GC equipped with a Agilent 5975 Mass Selective Detector in NCI mode). 

Pesticide residues extracted from samples were quantified using matrix matched 

calibration standards of known concentrations prepared from neat standard reference 

material. Measurements were reported in nanograms of active ingredient per gram of 

sample (ng/g) or parts per billion (ppb).  The LOD for IMI=1ppb. 

3.3 Results 

Samples were assayed by ELISA method 14 weeks after sampling date.  The specific 

water sources sampled at each site and all positive IMI values are reported in Appendix 

A.  All positive results, numeric and threshold values, from the ELISA assay were 

reassayed by LC/MS/MS at the National Science Laboratory, Gastonia, NC six months 

after collection (Table 5).  

Table 5: Comparison of ELISA and LC/MS/MS results of IMI concentrations on 

the same set of samples collected in June 2010.  Positive  quantifiable results of the 

ELISA assay from June samples (ntotal=108) are  listed in column 3 and ranged from 7ppb 

to 131 ppb IMI in 9 samples equally distributed in urban, suburban and rural settings.  

Fourteen of the June samples were not quantifiable by ELISA (0.2< x <0.3 ppb IMI). 

Using a value of .25ppb for each of the threshhold values, the average IMI concentration 

for all 108 samples was 2.45 ppb by ELISA. The average for all 23 positive ELISA-

analyzed samples (quantifiable and threshold, see Figure 8 for locations) was 11.5 ppb 
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IMI. The LC/MS/MS result for Oct (column 4) is a reassay of the original ELISA 

quantifiable samples performed 6 months after the June collection date.  

Site description Sample  description ELISA result-

June sample  

(ppb) 

Mass spec 

result -repeat 

June sample in 

Oct (ppb) 

urban Pavement puddle  22 ND  

suburban Street drain puddle 12 ND 

urban Nursery puddle 7 ND 

urban Water plant tank 27 3.8 

urban Nursery puddle 131 9.2 

rural Stream 19 ND 

rural Golf pond 25 3.3 

suburban Golf rivulet 10 3.6 

suburban Golf pond 8 3.6 

 

 

Figure 8: Map of all samples positive for IMI by ELISA in Maryland (June results). 

Darkened triangles represent sites with quantifiable values of IMI in water samples. Open 

squares represent sites with threshold (of detection) values of IMI.  Quantifiable samples 

represent 8% of the total samples collected. Threshold values represent 13% of the total 

samples collected. 

 

In an effort to determine if IMI concentrations in water vary with season, those samples 

that tested positive (quantifiable and threshold) by the ELISA assay in June were 
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collected from the same sources again in October along with one same-site control,  a 

sample within the site that had had no detection of IMI in June. The October samples 

were analyzed by LC/MS/MS, Table 6.  

Table 6: Comparison of ELISA June results with samples retaken in October and 

analyzed by LC/MS/MS.  IMI results (ppb) assayed by ELISA from June 2010 are 

recorded in column 3. The LC/MS/MS results for October (column 4) are results of new 

samples retaken from the sites six months after the original collection.  

Site description Sample description ELISA result –

June sample  

(ppb) 

LC/MS/MS result – 

new Oct sample 

(ppb) 

urban Pavement puddle 22 ND 

suburban Street drain puddle 12 ND 

urban Nursery puddle 7 ND 

urban Water plant tank 27 ND 

urban Nursery puddle  131 6.7 

rural Cattle farm stream 19 ND 

rural Golf pond 25 ND 

suburban Golf rivulet  10 3.6 

suburban Golf pond 8 ND 

 

The ELISA results from June 2010 can be compared to two sets of LC/MS/MS results. In 

the first case (Table 5), the ELISA results are compared to the LC/MS/MS results for the 

exact same samples except that three months have transpired while the samples were 

stored. In 56% of the samples, the LC/MS/MS results averaged 23.1% of the quantities 

originally detected by ELISA whereas in the remaining samples there was no detection of 

IMI by LC/MS/MS. In the second comparison (Table 6), ELISA results from June 2010 
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are compared to samples that were freshly collected from the same water sources in 

October 2010 and analyzed by LC/MS/MS. Two of the samples tested in October were 

above the LC/MS/MS limit of quantification representing 36% and 5.1% of the IMI 

concentrations that had been detected in the June samples analyzed by ELISA 

(nquantifiable=9). 

3.4 Discussion 

3.4.1  IMI presence in honey bee water sources 

The pesticide that is detected in the water sources using ELISA is most likely to be IMI. 

The ELISA test is designed to be most sensitive to IMI. IMI degrades in water to IMI-

urea, 6-chloronicotinic aldehyde, 6-chloro-N-methylnicotinacidamide, and 6-chloro-3-

pyridyl-methylethylenediamine (Fossen 5/8/12). IMI urea behaves similarly but slightly 

less sensitively in the ELISA test and any contributions to a decrease in absorbance 

would be an indirect reflection of IMI concentration since it is a breakdown product of 

IMI in water.  The other three hydrolysis metabolites are not quantified in the ELISA 

assay. Other IMI metabolites and four substances in the neonicotinoid class, thiacloprid, 

acetamiprid, clothianidin, and thiamethoxam, are reported to react but at a lower 

sensitivity (Envirologix 2010). IMI metabolites are usually present in lesser amounts than 

the parent compound (see Tables10&14 for leaf data, Table 18 &19 for flower data).  

Identification of IMI by mass spec data is verified by standardized profiles.    

3.4.2 Differences in methodology 

The LC/MS/MS results for the ELISA samples taken in June (Table 5) showed 

consistently lower values than the ELISA assay, an effect which could be caused by 

degradation of IMI in the sample vial over time or a difference in methodology.  The 
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water samples, stored at -20°C for 4-5 months between analyses, should remain stable 

since imidacloprid-fortified samples of orange juice (0.5mg IMI/kg) stored at -5 
°
C for 21 

months and apple juice (0.5mg IMI/kg) stored at  -20
°
C for 728 days retained 92% and 

97% IMI respectively, as analyzed by GC/MS (Banaziak 5/14/2012).  IMI is slow to 

degrade under conditions of neutral pH and dark storage (Sarkar et al. 1999, Essence 

5/14/2012, Wamhoff and Schneider 1999). Possibly, ambient temperatures and short 

exposure periods to light during shipping times (3 days) may have contributed to losses in 

the samples but degradation should be a minor contributor to the loss of IMI in the 

samples under these conditions. The other possibility for lower IMI values in the 

LC/MS/MS is that the mass spec analysis was quantitating only IMI whereas the ELISA 

assay may have had contributions to the change in absorbance by IMI metabolites and/or 

other substances that interfere with the test. The inclusion of a stock solution of IMI in 

the shipment would have been beneficial. The ELISA assay was designed specifically to 

measure IMI in water samples and is valid for this study but follow up with LC/MS/MS 

may be advisable for IMI quantification.  

3.4.3 Environmental factors 

The results from this study suggest that IMI is present in all environments, urban to rural, 

verifying the fact that it is used ubiquitously. Not surprisingly, the presence of the 

pesticide was most predictable in golf courses and a nursery where regular applications of 

IMI are ongoing, but the other sites, such as a rural stream, a residential street drain 

puddle, and a city pavement puddle were less obvious. IMI concentrations were found 

only at sublethal doses. Future effort to track IMI’s presence in water could focus on golf 

courses, nurseries, and residential areas where homeowners use landscaping businesses to 
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manage their lawns. When water samples, chosen as controls because they had shown no 

IMI contamination in June, were re-collected from sites in October, one rural golf pond 

sample gave a result of 3.3 ppb suggesting that IMI applied to the golf course earlier in 

the year had collected in a lowland pond over time.  Three samples that had IMI values at 

the threshold of detection in June increased to quantifiable concentrations in October 

suggesting a pooling effect of IMI in these water sources. However, the general trend 

from the LC/MS/MS results for October reveal that IMI is not as present in honeybee 

water sources later in the year relative to June (Table 6). This result may be explained by 

diminished use of the pesticide as the year wanes or a degradation of the pesticide in the 

environment probably by photolysis over time.  

3.4.4 Exposure risk to honey bees 

Assessing the exposure levels of IMI on honey bee health is complicated. A sample like 

the nursery puddle sample containing 131ppb may be high enough to kill a small 

percentage of a nearby population of bees but IMI concentrations in honey bee water 

sources seem to exist mostly at low sublethal doses which should pose little risk to the 

health of the colony.  Little is known about the health risks of IMI to bees through water; 

most studies have concentrated on sugar syrup or pollen exposure.  The unpredictable 

presence of IMI as in the rural stream, the urban puddle, and the residential puddle 

suggest that IMI may pool and exist transiently in some areas. Evaporation loss from 

puddles might temporarily increase concentrations until the puddle dries completely. 

Hives near golf courses and nurseries where IMI is likely to be regularly applied might be 

at some risk to exposure. However, as implicated in the golf course samples, in which 

IMI concentrations would drop or appear where that had been none in the same sites from 
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June to October, IMI may move with water flow. Hives might be exposed but there 

would be no sure way to predict or manage the exposure risk. IMI detections in hive 

pollen (range =6.2-206 ppb) have been reported in 2.9% of the samples collected (Mullin 

et al. 2010) suggesting that IMI can accumulate in a hive. However, IMI’s half live in 

bees, 4.5-5 hrs, and its rapid degradation to 5-hydroxy IMI and the olefin (Suchail et al 

2004) suggest that bees metabolize it quickly. Honey bees from a given hive, unless they 

had only one water source, would diminish the over all hive exposure by the workers’ 

collection of water from many sources, some of which might be pesticide clean. 
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4. Movement of soil and trunk injected imidacloprid through the 

hardwood tree, Acer rubrum 

 
4.1 Introduction 

 

This study was undertaken to determine how IMI translocates through a red maple tree 

when it is applied by either soil or trunk injection.  To quantitate the degree to which 

honey bees are exposed to IMI in the nectar or pollen from injected trees, we monitored 

leaves, flowers, pollen, nectar, and foraging honey bees in treatment areas for IMI levels 

and six of its metabolites.  The study locations were in New York City where IMI is 

being used by Animal and Plant Health Inspection Service (APHIS)  to control the 

invasive Asian Longhorned Beetle (Anoplophora Glabripennis), a Chinese native that 

entered New York City in March, 2007 presumably through packing crates (Smith et al. 

2009).  The adult beetles oviposit their eggs in small circular indentations burrowed into 

the bark of several hardwoods: Ulmus (elm), Betula (birch), Populus (poplar), Acer 

(maple), Platanus (plane tree/sycamore), Salix (willow), Aesculus (horse chestnut), 

Albizia (mimosa), Celtis (hackberry), Fraxinus (ash), Sorbus (mountain ash), and, 

recently added, Cercidiphyllum Japonicum (katsura) and Koelreuteria Paniculata  

(golden rain tree) (APHIS 7/31/11).   The eggs pupate and bore into the center of the trees 

where they mature until emergence as an adult. Injections of IMI, an efficient killer of the 

beetle (Poland et al. 2006), are applied either to the soil in drier areas or are trunk injected 

where water tables are higher as part of an APHIS integrated control strategy for this 

pest.   
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        4.1.1  Tree and soil studies 

 

Some information is known about IMI’s translocation in hardwoods. IMI has been used 

to treat hemlock trees (Tsuga canadensis) in Appalachia against the invasive wooly 

adelgid (Adelges tsugae) (Maher 2010).  A study in appalachian North Carolina 

examined the movement of IMI outward from the soil injection site at the base of 

hemlock trees when IMI was applied at 1.5m from the trees and 5 cm deep.  Soil 

solutions and soil samples were monitored at 1m, 2m, and at the drip line of the trees and 

20cm below the surface and above the saprolite (clay and/or disintegrating rock layer). 

IMI was extracted in acetonitrile and analyzed by HPLC. IMI moved vertically and 

generally declined downward in soil. Horizontal movement occurred but did not reach 

the drip lines (Knoepp et al. 2012).  A study to determine how IMI moves in sap was also 

undertaken in appalachian hemlocks (Dilling et al. 2010).  They applied IMI by soil 

injection, soil drench, and trunk injection and analyzed sap by ELISA for two years 

across several strata of the trees.  For all applications, concentration decreased from 

bottom strata to top strata and tree injection applications gave the lowest concentrations 

and most uneven distributions in the canopy.  The soil applications gave higher 

concentrations with the drench being most successful. Two years after treatment, the IMI 

levels were still high enough to kill wooly adelgids. 

Field studies show that imidacloprid can persist in soil, with a half-life ranging from 39 

days in the presence of light to 229 days in the absence of light (Miles 1993). Average 

levels of IMI in soil have been reported to be 10.25ppb  in the same year of treatment and 

4.4ppb  in the year following a crop that had been Gaucho®  treated (Maxim and van der 

Sluijs 2007a). Krupke et al. (2012) found low levels of IMI in soils from fields (2.9ppb in 
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maize-maize and 7.23ppb in soy-soy) planted consecutively with maize and soy. Soil 

conditions can alter degradation.  IMI leaching from soil decreases as organic content and 

silica clay content increases (Cox et al. 1997, 1998). Soil half lives for IMI increased 

from 40 days in the absence of organic fertilizers to 124 days after the application of cow 

or chicken manure (Rouchaud et al. 1996). IMI urea, 6-chloronicotinic acid (from which 

CO2 evolves), and 6-hydroxynicotinic acid are the primary breakdown products in soil 

(Scholz and Spiteller 1992, Miles 1993). 

        4.1.2  Leaf studies 

 

IMI is a systemic pesticide which means it moves through a plant in various ways by 

extracellular diffusion. If it moves primarily through the xylem, it is likely to end up in 

the leaves where it may move translaminarly from the top side of the leaf to the bottom 

side of the leaf.  If it moves through the phloem, it is likely to sequester to the fruiting 

bodies of the plants  flowers, fruit), roots, or storage organs. IMI’s solubility in water 

makes it likely to travel by the water transport system within xylem in vascular plants.  

IMI generally travels to the leaves (Sur and Stork 2003). 

Several studies of IMI applications into and onto plants reveal differences resulting from 

application type, plant type, and timing.   A study with pepper plant (Capsicum frutescens 

L.) seedlings to which IMI had been applied by soil drench showed that IMI moves first 

to the bottom leaves and eventually to the top leaves but that IMI had moved to all leaves 

by 96 hours.  IMI moved more readily into the plant when the soil was wetter rather than 

drier (Diaz and McLeod 2005). Buchholz and Nauen (2002) applied single doses of 

[14C] imidacloprid to upper leaf surfaces of cabbage and cotton and tested its acropetal 
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and translaminar movement in the leaves by quantitating the kills of green peach aphids 

(Myzus persicae) and cotton aphids (Aphis gossypii) on the under side of the leaves as a 

function of distance and time from the site of application. IMI moved more efficiently 

acropetally than translaminarly and it penetrated the cabbage leaves twice as much as 

cotton leaves.   Byrne et al. (2010) found that IMI, when applied to avocado trees by 

chemigation, did not move quickly into new leaves but instead peaked in older leaves at 

15 weeks. The avocado thrip population which feeds on young leaves was not managed 

by the IMI application but the population of avocado lace bugs which feeds on older 

leaves was controlled.  These studies suggest that the movement of IMI in trees is 

dependent on time and varies with species. 

Romeh (2010) conducted a study on phytoremediation by broadleaf plantain (Plantago 

major L.) of soil and water that had been treated with imidacloprid. Plantain plants in 

water dropped imidacloprid levels from 50-95% over 10 days compared to a 13% drop in 

water without the plants. A bacterium associated with plantain plants may have been 

responsible for IMI degradation in the water because water without plantain plants 

showed approximately one third the IMI degradation that was seen in water with the 

plants present.  Within the plant, IMI partitioned to leaves most, roots next, and fruits 

least.  The half-life of IMI in soil treated with plants (4.8days) was less than the half-life 

for soil not treated with plants (8.4days). Donnarumma et al.(2011) quantitated IMI levels 

by HPLC/MS/MS from 30 to 130 days  after  seeds treated with Gaucho 350 FS 

(1.0mg/seed) were planted by pneumatic seed drill and found  imidacloprid levels in 

maize pollen to be <1 μg/kg.  From these studies, it becomes clear that sampling tissue 

choice, soil or water source locations, and timing of sample collection are factors that 
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may affect how much IMI is detected.  IMI moves well into plants and is an efficient 

killer of many target species.  

        4.1.3  Pollen studies 

 

Concern for the expression of IMI in flowers, especially the nectar or pollen, has been 

raised because of past research into the sublethal effects of this neonicotinoid on honey 

bees (Suchail et al. 2001, Decourtye et al. 2003, 2005, Bortolotti et al. 2003, Medrzycki 

et al. 2003).  Mullin et al. (2010) report IMI concentrations in hive pollen analyzed by 

LC/MS/MS ranging from 6.2 ppb to 206.0 ppb (10 detections) with a mean of 39.0 ppb in 

350 samples. Krischik et al. (2007) studied IMI levels in composite samples of 

buckwheat flowers and found that soil applied IMI resulted in higher concentrations in 

nectar than IMI applied by seed treatments. Soil applied treatments resulted in 16 

ppb/flower for  label rate, 29 ppb/flower for twice label rate, and 0 ppb in controls and  

the hydroxy and olefin metabolites were detectable.  In a pumpkin flower study, Dively 

and Kamel (2012) studied levels of IMI and two other neonicotinoids in pollen and 

nectar. They observed that drip chemigation and foliar application caused the highest 

averages of pesticides in pollen (122 ng/g) and in nectar (17.6 ng/g), nectar residues were 

equal to or less than ¼ of pollen residues, metabolites residues represented 16 to 27 % of 

total residues, and that application method, timing, and environment had effects on 

pesticide expression. 

Krupke et al. (2012) investigated several routes whereby honey bees could be exposed to 

neonicotionoids and other pesticides. They collected pollen directly from maize plants 

that had been seed treated wih clothianidin. They sampled dandelions adjacent to fields, a 

source of pollen for honey bees, for pesticide residues. They sampled pollen collected by 
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foragers at the hive and the foragers. They sampled talc, a powder added during seed 

drilling as a dispersal agent. They concluded that the greatest potential risk of exposure 

was through the use of talc which allowed pesticide residues to deposit in and on areas 

where honey bees might frequent, either by directly contacting the bee, or by being 

ingested by foragers who transport resources to the hive. Other routes of exposure exist 

but the the combination of metabolic detoxification, dose to time ratio, and translocation 

effects on pesticides may diminish the toxicity of the other pesticide exposures. 

        4.1.4   Red maple trees and honey bees 

 

Red maple trees are favored by honey bees as pollen and nectar sources in the early 

spring because few other blooms are available. The trees are easy to identify in early 

spring because of their deep red flowers, their lower branches hang downward so 

collection is relatively easy, and the species is plentiful on Staten Island and Long Island 

in New York City.  Red maples exist as male or female trees but some trees are able to 

produce both sexes of flowers. Female flowers tend to be darker red, while the male 

flowers appear more orange from afar due to the presence of yellowish anthers. 

Male/female trees will carry both types of flowers, even from branch to branch.   

       4.2  Methods 

Locations:  The research was focused in the boroughs of Queens/Brooklyn, and Staten 

Island in New York City( map of site locations, Figure 9). Although the study spans three 

years, a six year treatment protocol was possible because the study started as pretreatment 

in certain areas and third year treatment of IMI in other areas. Staten Island has a high 

water table, necessitating trunk injection of red maples to avoid contamination of local 
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water sources, whereas Queens/Brooklyn sits on higher ground where soil injections were 

appropriate.  

In Staten Island hives were placed on the ground on a business property, a private 

property, parklands, and highway right of ways. Hives in Queens and Brooklyn were 

placed in the older sections or the maintenance areas of graveyards. Two control sites 

were chosen on the southern end of Staten Island (7 miles from treatment areas) and one 

in a cemetery 11+ miles southwest of the treatment areas in Queens/Brooklyn.   Hives 

remained on the ground for three days to two weeks depending on ease of pollen 

sampling, length of red maple bloom, or favorable weather conditions. 

Permits:  Permission was secured from each of the following people/agencies to conduct 

research throughout the course of this study (March 2009- Sept 2011): City of New York 

Parks and Recreation Natural Resources Group to conduct research, NY Dept of 

Transportation to place hives in highway right of ways, NY Dept. of Health to allow 

inspected hives by the MD state bee inspector to enter NYC, eight cemeteries in 

Queens/Brooklyn to place hives on their property, and one private owner and one 

business owner to allow hives on their properties.  Previous to May 2010 when NYC law 

changed to allow beekeeping in the city proper, permission was granted to allow honey 

bees to enter NYC by an Exotic Animal permit.  

Injections: Injection loads were based on breast height diameters measured for each tree 

and followed maximum dosage allowable according to the label. Trunk injections of a 

5% formulation of Imicide Hp (JJ Mauget Co.) were delivered in Staten Island using an 

IMA-Jet (Arborjet, Inc.) at 4 mL per inch of DBH. Soil injection applications were made 
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using the Merit 75 WSP formulation (or a similar product with the same a.i. but a 

different marketing name used by Bayer) at the maximum labeled rate. All applications 

were put into the ground near the base of the tree with a soil probe injector. Injections 

were administered in April or early May. Injections were made for three consecutive 

years. 

Figure 9: New York City hive and tree sites. The locations of the hive/red maple tree 

sites in the borough of Staten Island, NY are shown in the bottom left balloon group and   

the sites in the boroughs of Queens and Brooklyn on Long Island, NY are shown in the 

top right balloon group. Light balloon= 0 (flower, pollen, bees, nectar) or 1
st 

(leaf) 

treatment year in 2009, Dark balloon= 3
rd

 (flower, pollen, bees, nectar) or 4
th

 (leaf) 

treatment year in 2009. Thumbtacks=control sites. 

 

Sample collection: Hives prepared in Beltsville, MD and inspected just prior to 

transport, were driven to the sixteen sites in NYC and placed on the ground during the 

spring red maple bloom which occurred between Mar 10 and Mar 30.  

Breast height diameters (DBH= the diameter of the tree at 137.2 cm above ground), a 

common measurement to assess the size of the tree and the measurement upon which the 
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pesticide application is based, were measured in the first year of the study. 

Circumferences for each tree were recorded with a flexible tape measure and the breast 

height diameter was calculated from the formula:   DBH=circumference/π  

Pollen (composite) samples collected by foraging bees (foragers) from treated and 

untreated (control) areas were trapped at the hive entrance using pollen traps that were 

taped and stapled securely to the hive, using one hive per site.  All other possibilities of 

entry into the hive were covered with tape.  Pollen samples from 2009 were analyzed for 

173 pesticides including IMI and six of IMI’s metabolites.  

Foragers were collected on one day during the bloom period as they landed upon return 

to the hive.  

Flowers of treated and untreated red maples, approximately equal sampling of male and 

female flowers, were collected from the lowest branches during the red maple bloom in 

all three years. Male and female flowers separately underwent analysis. Male flowers 

were further subdivided into male flowers containing anthers (whole) and male flowers 

whose anthers have been removed by scissors (denuded) in an effort to determine if IMI 

was present primarily in the pollen or in the petal.  

Leaves from the same trees were collected from the lowest 8-20 branches during the first 

weekend of September for all three years.  

Nectar samples were collected in year 2010 from within the hive by taking nectar from 

uncapped storage cells. Attempts to collect nectar from returning foragers failed because 

of the low number of returning foragers due to cold weather. 
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IMI metabolites. Six metabolites of IMI (Table 7) were monitored throughout this study.  

Table 7. IMI metabolites monitored in red maple study.   

Figure 4 illustrates the reactive atoms in IMI that undergo transformation to the 

metabolite structure. LOD= limits of detection.  IMI LOD =1ppb. 

 

Metabolite Site # from 

Fig. 4 

transformation LOD 

6-chloronicotinic 

acid 

Site 9 carbon  R2CH2 , R(6 membered 

ring)C(=O)OH   

30ppb 

5 hydroxy-IMI Site 7 carbon RHC-CHR  R(OH)C-CHR                                  25ppb 

IMI-olefin Site 6 & 7 

carbons 

RHC-CHR    R-C=C-R 10ppb 

IMI desnitro Site 2 nitrogen =N-NO2   =NH2
+ 

(loss of NO2) 23ppb 

IMI urea Site 3 carbon R2C=N- R2C=O                                                  10ppb 

IMI olefin desnitro Site 6 & 7 

carbons, Site 2 

nitrogen 

RHC-CHR    R-C=C-R and  

=N-NO2   =NH2
+
 

16ppb 

 

LC/MS/MS analysis- For a description of the QuEChERS method, see p. 28.  Leaf, 

flower, pollen, nectar, and forager samples that were analyzed for IMI and selected 

metabolites, underwent LC/MS/MS.  GC/MS was used in conjunction with LC/MS/MS 

when the comprehensive screen (173 pesticide screen) was performed (2009 pollen and 

flower samples only). Identification of extracted residues was achieved through mass 

spectral comparison of ion ratios with standards, 173 of the most commonly used 

pesticides and their metabolites, of known identity. Limits of detection were in the low 

parts per billion (ppb).  

Pollen analysis: Aliquots of a subset of the 2009 pollen samples were separated by 

pollen type for percent red maple contribution to the pollen total in the following manner: 

pollen, 1 gram, was mixed with water to create a slurry, a microliter of which was 

transferred to a glass slide, covered with a coverslip and viewed on an Improved 
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Neubauer Hemacytometer that measures 1/10 mm deep. Five (corners and center block) 

of the twenty five blocks on the gridlines were counted. Number and types of pollen 

grains were recorded for 100 grains with a 40x objective. Eight slides were prepared per 

sample. From this we were able to calculate percent red maple. 

4.3  Results     

4.3.1 Background Pesticide Levels 

Flowers: Of the 173 pesticides scanned in 2009 (the first year of the study) in flower 

samples, only IMI and 2 of its breakdown products, the 5 hydroxy and olefin, were found 

in flower samples from IMI treated trees.  No other pesticides canvassed were detected in 

flower tissue.     

Pollen: Of the 173 pesticides scanned in 2009 in pollen samples, IMI but none of its 

metabolites, was found in a few samples of treated trees.  Several other pesticides were 

detected and their concentration ranges and frequency of detection in 15 samples are 

presented in Table 8. 
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Carbenzamin is a broad spectrum fungicide used primarily on crops such as corn, maize, 

cotton and wheat (Bayer c 8/2/11) It affects spindle formation in mitosis and it strongly 

absorbs to soil sediment (Pan UK 8/21/11).  Chlorothalonil is a broad spectrum, 

nonsystemic fungicide used on crops such as peanuts, potatoes, and tomatoes. Its 

application to lawns and golf courses is more pertinent in this urban scenario 

(Sinoharvest 3/12/12).  Coumaphos, the active ingredient in Checkmite, and its 

breakdown metabolite, oxon, must be coming from external sources in this case because 

they are being brought into the hive on pollen grains and because coumaphos is not used 

by the USDA-ARS Beltsville lab for parasitic mite control. Coumaphos is more generally 

applied to ectoparasites that prey on livestock, such as ticks, lice, and flies (Cornell b 

8/2/11).  Fenhexamid disrupts sterol biosynthesis in its pathogen, the fungus, grey mold 

(Bayer d 8/2/11).  The herbicides pendimethalin and trifluralin are used to control annual 

grasses and some broadleaf leaves in roadside management programs.  Trifluralin inhibits 

root development by causing mitotic cross over events (URI 3/12/12). It is used to control 

annual grasses and some broadleaf weeds like pigweed and purslane (Dow 3/12/12). 

4.3.2 Breast height diameter (DBH)  

Breast height diameters were measured for all trees in the study (Table 9).  The applied 

dose of IMI took into account the DBH of each tree.   

 

Table 9. Breast height diameters. DBHs are shown for soil versus trunk injected trees 

and male versus female red maple trees. 
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Average DBH for soil versus trunk injected red maple trees 

 Average DBH (cm) Std.dev. N= 

Soil (graveyards) 60.9 33.9 14 

Trunk (wastelands) 23.5 10.7 12 

Average DBH(cm) for male versus female red maple trees 

Male 49.6 40.0 12 

female 38.5 22.9 14 

 

                    4.3.3  Leaf data 

 

Peaking of IMI concentrations between male and female trees can be observed from 

graphical representations of the trunk versus soil injected leaf data taken from Table 10 

and shown in Figures 10 and 11 respectively. 

 

Table 10:[IMI] in leaves for treatment year, injection type and tree sex. Averaged 

IMI concentrations from soil versus trunk injected trees and male versus female trees for 

leaves are contrasted to ascertain where IMI has partitioned and when IMI concentrations 

are peaking during treatment years. Standard deviations and n’s are given but no 

statistical analysis was undertaken because the standard deviations are too large to see 

significance or n=2.   One control sample of leaves had an [IMI] =3.9 ppb in the final 

year of the study. This male tree was located between the street and the sidewalk in a 

residential neighborhood, <1/10mi from the cemetery, where the houses had small yards.  
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Treatment 

year 

Male IMI 

(ppb) 

N= Std.dev.  Female IMI  

(ppb) 

N= Std.dev. 

Control 0 (one value 

was 3.9ppb 

once) 

8 0  0 8 0 

1 yr soil 200 2 66  945 4 1730 

2 yr soil 580 2 722  1243 4 948 

3 yr soil 834 2 574  1488 4 714 

4 yr soil 25415 4 26174  14035 4 17745 

5 yr soil 8200 4 10167  2168 4 768 

6 yr soil 4984 4 6986  32 4 126 

1 yr trunk 549 3 901  14963 3 8354 

2 yr trunk 2500 3 1402  13810 3 9316 

3 yr trunk 1073 3 1440  8830 3 7232 

4 yr  trunk 1907 3 521  3097 3 1092 

5 yr trunk 2037 3 491  986 3 129 

6 yr trunk 829 3 809  184 3 60 

 

Figure  10. Trends in trunk injected trees. IMI concentrations in leaves of male and 

female trunk injected red maples are given for 6 years of treatment. For both male and 

female trees in soil and trunk injected areas, n=3/treatment year. IMI concentrations in 

control tree leaves (nmale=8, nfemale=8) were zero or too low to be be seen on the graph. 

 

Figure 11: Trends in soil injected trees. Average IMI concentrations in soil injected red 

maple leaves are given for 6 years of treatment. Leaves of control trees showed no 

detection of IMI (nfemale=8, nmale=8). For soil injected female trees n=4/treatment year. 

For soil injected male trees, n=2 for treatment years 1,2,3 and n=4 for treatment years 
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4,5, and 6. IMI concentrations in control tree leaves (nmale=8, nfemale=8) were zero or too 

low to be be seen on the graph. 

 

Within the leaves of a given tree sex, differences in soil and trunk injected IMI 

concentrations for the 6 treatment years are shown in Figures 12 (males) and 13 

(females). 

Figure 12: Trends in male trees. Average IMI concentrations (ppb) in leaves from soil 

injected (n=2 for years 1, 2, 3 and n=4 for years 4, 5, 6) and trunk injected (n= 3/ 

treatment year) male red maples are given for 6 years of treatment. One control tree had 

3.9ppb IMI detected in the last year of collection but otherwise all control samples (n=8) 

had no IMI. No control bars appear on the graph. 
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Figure 13: Trends in female trees. Average IMI concentrations (ppb) in leaves from 

soil injected (n=4/treatment year) and trunk injected (n=3/treatment year) female red 

maples are given for 6 years of treatment. Leaves from control trees (nfemale=8) showed no 

[IMI] and do not show on the graph. 

 

Leaf data was analyzed by PROC MIXED (SAS Institute).  Leaf data for soil and trunk 

injected trees were considered separately because the tree locations were different,  and 

the trees from group years 1-3 and 4-6 were considered as separate groups because the 

trees sampled were different.  IMI residual in leaves was analyzed by a two factor 

repeated measures model (Table 11) where sex and group year were factors with the 

correlation between treatment years (within a group year) modeled as a repeated factor.  

An unstructured model was used for both soil and trunk injections for Year 1-3, a 

compound symmetry model was used for soil injected trees Year 4-6, and  a compound 

symmetric heterogeneous model was used for trunk injected trees Year 4-6.  Residual 

variance was log transformed to normalize the data and then back transformed for 

pairwise comparisons of means. Variances were large. 

 

 

0

2000

4000

6000

8000

10000

12000

14000

16000

0 year 1 yr 2 yr 3 yr 4 yr 5 yr 6 yr

control

trunk

soil

[I
M

I]
 (

p
p
b

) 

treatment year 



 

64 
 

Table 11:  Analysis of variance for soil and trunk injected trees.   

  Soil  Trunk 

  Years 1-3  Years 4-6   Years 1-3  Years 4-6  

Source DF F-value p-value  F-value p-value  F-value p-value  F-value p-value 

Sex 1  0.80 .4217  1.56 .2588  34.43 .0042   7.25 .0287 

Year 2 10.73 .0430  25.58 <.0001   1495.44 <.0001   128.00  .0004 

Sex × Year 2  0.28 .7767  3.40 .0675  788.91 <.0001    10.28 .0310 

 

In soil injected trees, treatment year was significant in years 1-3 (but not in pairwise 

mean comparisons (Table 12) and 4- 6 but otherwise there was no significance. In trunk 

injected trees, treatment year, sex, and year by sex were statistically significant for males 

and females, and years 1-3 versus 4-6. 

Table 12.  Soil: Year IMI Means and Mean Comparisons. Means comparisons were 

done with Sidak adjusted p-values so that the experiment-wise error was 0.05 (SAS 2011) 

and have been back transformed into their original units.   

Year IMI  Year IMI 

1    186.99a
 1
  4 9655.66a 

2  534.84a  5 2811.86b 

3 1002.96a  6   795.68c 

                                   1 Year means with different letters are different at the 0.05 significance level. 

In soil treated leaves, Years 4-6 showed significant differences, but Years 1-3 were not 

significantly different. 

Table 13.  Trunk: Sex-by-Year IMI Means and Mean Comparisons. Means 

comparisons were done with Sidak adjusted p-values so that the experiment-wise error 

was 0.05 (SAS 2011) and have been back transformed in their original units.   
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Year Female Male  Year Female Male 

1 12918.17a
 1
x

 2
 101.46ax  4 3019.16ax 1770.84ax 

2 11717.92ax    2256.29ax    5   953.91by 2255.85ax 

3  101.95ax 495.37ax  6   217.22cx   445.69bx 

                    
1
 Year means within Sex with different a, b, c letters are different at the 0.05 significance level. 

                    
2
 Sex means within Year with different x, y letters are different at the 0.05 significance level. 

Even though the sex-by-year F-value is significant in years 1-3 (Table 11), the means 

comparisons were not different  and the four groups do not analyze the same (Table 13). 

This is due partially to different variances and partially to the fact that the overall F-value 

tests that the means are not all the same: it does not test that pair-wise difference would 

be statistically different. Female trees show more significance by treatment year than 

males. IMI expression by sex is only significant in treatment year 5. The male year 2-3 

and 5-6 years means are amost identical. 

Of the two factors analyzed, treatment year (within 1-3 and 4-6 years populations) and 

sex of the trees, treatment years 4-6 had more significant effects on IMI concentration in 

leaves than tree sex and female trees had more significant differences in treatment  year 

4-6 than males. Treatment year 5 in trunk injected trees was the only year where tree sex 

had a significant effect on IMI expression in leaves. 

The tree populations analyzed were small and the variances large which may have 

resulted in aloss of significance. Generally, we did see that treatment year is more 

important to IMI expression in leaves than tree sex, and years 4-5 were the best treatment 

years to see some significantly different effects. This is not surprising since IMI is being 

injected into the trees in years 1-3 and it takes some time for the dose to translocate into 

the leaves.   
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                  4.3.4 Flower data 

IMI concentrations are presented for flower data by treatment year inTable 14 and by 

injection type and tree sex in Table 15. 

Table 14: [IMI] in flowers by treatment year. Average imidacloprid levels (ppb) in red 

maple flowers are given for each treatment year by injection type and sex. One of the 

largest male trees in the study located in a graveyard gave an [IMI] = 5.2 ppb in 0 year of 

treatment (pre treatment). 

Treatment yr Male IMI (ppb) N= Std.dev.  Female IMI (ppb) N= Std.dev. 

Control 0 11 0  0 8 0 

0 yr soil 2.6 2 3.7  0 5 0 

1 yr-soil 22 3 23  20 5 22 

2 yr-soil 54 2 73  81 5 71 

3 yr-soil 90 4 85  36 4 37 

4 yr-soil 2344 4 2687  122 4 60 

5 yr-soil 207 4 217  82 4 30 

0-yr-trunk 0 3 0  0 3 0 

1 yr-trunk 111 3 14  63 3 50 

2 yr-trunk 74 3 43  106 3 140 

3 yr-trunk 54 3 54  29 3 15 

4 yr-trunk 378 4 369  47 3 21 

5 yr-trunk 68 3 53  55 3 42 

 

 

Table 15: [IMI] in flowers by injection type and tree sex. IMI concentrations are 

averaged from data across 5 years of treatment. 
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Injection type Flower sex Avg [IMI] (ppb) Range (ppb) Std.dev n= 

Control Male  0 0 0 14 

Control Female 0 0 0 16 

Trunk Male 152 7-746 217 16 

Trunk Female 62 0-266 66 15 

Soil Male 631 0-5300 1526 18 

Soil female 70 0-192 55 22 

 

Like the leaf data, IMI residuals in flowers were analyzed as a two factor repeated model 

in SAS PROC MIXED where Sex and Group Year were the two factors and treatment 

year within Group Year was the repeated measure. Different models were used for 

different populations: 0-2yr soil and 3-5 yr soil (compound symmetric heterogeneous), 0-

2 yr trunk (compound symmetric) and 3-5 yr trunk (autoregressive (1)). The data was log 

transformed and then backtransformed into original units for the tables below. 

Table 16.  Analysis of variance of flower data. 

  Soil  Trunk 

  Years 0-2  Years 3-5   Years 0-2  Years 3-5  

Source  Df F-value p-value  Df F-value p-value  Df F-value p-value  Df F-value p-value 

Sex  1 0.02 .8981  1 0.55 .4865  1 0.89 .3991  1 0.35 .5779 

Year  1 30.30 .0077  2 9.73 .0061  1 0.02 .9027  2 2.11 .2009 

Sx × Yr  1 11.88 .0320  2 0.75 .5015  1 0.56 .4951  2 2.07 .2059 

 

Soil injected flowers had a significant effect by treatment year (Table 16) which was also 

evident in the mean comparisons but only for treatment year 1 (Table 17) There was no 
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significant result in this analysis for trunk injected flowers by sex, treatment year, or sex 

x year. 

Table 17.  Soil: IMI Means and Mean Comparisons. Means comparisons were done 

with Sidak adjusted p-values so that the experiment-wise error was 0.05. 

Year Female Male  Year IMI 

0 — —  3   32.57b
 3
 

1  17.55a
 1
x

 2
   4.72bx  4 210.78a   

2 33.47ax   78.15ax  5 87.05a 

                    
1
 Year means within Sex with different a, b letters are different at the 0.05 significance level. 

                    
2
 Sex means within Year with different x, y letters are different at the 0.05 significance level. 

                    
3
 Year means with different letters are different at the 0.05 significance level. 

 

Male flowers showed a significant difference between treatment yr 1 and 2 but female 

flowers did not. There was no significance by sex across all years. There was a 

significant difference in means between treatment year 3 compared to years 4 and 5 for 

all flowers (both sexes combined). 

Generally, treatment years were significant for soil injected flowers but not for trunk 

injected. Male and female flower data was not significantly different with the exception 

that male flowers had a significant treatment year effect between years 1 and 2. There 

was a significant difference in means between treatment year 3 compared to yr 4 and 5 

for flowers when both sexes were combined. These results show that treatment year can 

be important relative to dose application and that male and female trees may behave 

differently in how the IMI translocates over time. 

Average IMI concentrations and three metabolites  were compared for soil and trunk 

treated flowers (Table 18) and male and female flowers (Table 19).  
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Table 18. Average [IMI] in soil and trunk treated tree flowers.  For averaging, trace 

amounts were given numeric values =1/2LOD. LODs are given in Table 7.   

 

average[IMI] 

(n,nondetects) 

Average [5-

hydroxy IMI] 

(n,nondetects) 

Average [IMI 

olefin]  

(n,nondetects) 

Average [6-

chloronicotinic 

acid] 

(n,nondetects) 

soil 327.5(37,2) 5.5(36,33) 5.06(36,27) 14(14,13) 

trunk 82.57(31,1) 0.42(30,29) 1.56(30,25) 0(12,12) 

control 0.162(32,31) 0(19,19) 0(19,19) 0(8,8) 

 

Soil injected trees had higher amounts of IMI in their flowers than trunk injected trees 

and higher concentrations of metabolites were present when [IMI]s were elevated.  

 

Table 19. Average [IMI] and 3 metabolites in male and female flowers. For 

averaging, trace amounts were given numeric values =1/2LOD. LODs are given in Table 

7.  There were 16 males and 16 females represented in the controls. One control male tree 

had an IMI detection of 5.2 ppb. 

 

Average[IMI] 

(n,nondetects) 

Average [5-

hydroxy IMI] 

(n,nondetects) 

Average [IMI 

Olefin] 

(n,nondetects)  

Average [6-

chloronicotinic 

acid] 

(n,nondetects) 

male  414.44 (30,0) 3.84 (29,25) 6.16(29,18) 17.8(11,10) 

female 61.49(37,3) 0(37,37) 1.36(37,34) 0(15,15) 

control 0.162(32,31) 0(19,19) 0(19,19) 0(8,8) 

 

Male trees had higher amounts of IMI sequestered into the flowers than females. 

Metabolites levels were higher in flowers that had greater IMI concentrations. 

IMI concentrations in normal male flowers are compared to IMI concentrations in male 

flowers from which the anthers have been removed (Figure 14). This comparison was 

undertaken to determine if IMI sequesters into the anthers or into the petals.        

Figure 14. Comparison of [IMI] in male and denuded male flowers.  [IMI] values 

(ppb) are averaged across 5 treatment years. Sample sizes: nnormal trunk=19, ndenuded trunk=14, 

nnormal soil=17, ndenuded soil=14,  ncontrol=11. 
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4.3.5 Pollen data 

Pollen samples (2009) were analyzed for the percent contribution by red maple to the 

total pollen sample (Table 20). Average IMI concentrations in pollen for soil and trunk 

treated trees are shown in Table 21. 

Table 20. Percentage of red maple in pollen samples. For 2009 pollen samples, the 

average percentage of red maple contribution to total pollen = 41.6% (n=11). The pollen 

yield in 2010 was very poor due to cold weather during the collection time. 

2009 Pollen  treatment Treatment  year % red maple in sample 

Site 1 Staten Island trunk 3 yr  47.6 

Site 2 Staten Island trunk 3 yr 53.1 

Site 4 Staten Island trunk  0 yr 61.0 

Site 5 Staten Island trunk 0 yr 63.2 

Site 6 Staten Island trunk 0 yr 45.7 

Site 7 Queens/ Brooklyn soil 3 yr  42.0 

Site 9 Queens/ Brooklyn soil 3 yr 33.7 

Site 10 Queens/ Brooklyn soil 0 yr 25.0 

Site 12 Queens/ Brooklyn soil 0 yr 16.0 

Site 15 Queens/ Brooklyn soil 3 yr 31.0 

Site 14 Staten Island Control  39.9 

  Average 41.6 

 

Table 21. Average [IMI] in soil and trunk treated tree pollen. For averaging, trace 

amounts were given numeric values =1/2LOD. LODs are given in Table 7.    

 

0

200

400

600

800

1000

trunk soil control

normal

denudedav
er

ag
e 

[I
M

I]
 (

p
p
b
) 



 

71 
 

 

Average 

[IMI] n 

 Non 

detects 

soil 5.31 14 7 

trunk 0.28 15 10 

control 1.17 10 9 

 

In soil treated areas, [IMI] in pollen ranged from 1.2 - 30.6ppb (ndetectable=8) or not 

detectable (nnot detectable=9) across three collection years.  In trunk treated areas, [IMI]  

ranged from trace to 1.5 ppb in pollen samples (ndetectable=5) but was otherwise 

undetectable in samples (nnot detectable =13) across three collection years.  

Of three most common metabolites found in leaves and flowers, there were no detections 

in pollen:  5-hydroxy (nsoil =11, ntrunk= 9), olefin (nsoil =11, ntrunk= 9), and olefin desnitro 

(nsoil =7, ntrunk= 6). 

The average [IMI]s  in pollen  from both soil and trunk injected trees are low enough not 

to be of concern to honey bee health.  

4.3.6 In hive nectar data 

Neither IMI nor any of the six metabolites were detected in in-hive nectar samples 

(ntotal=14) collected in 2010.     

4.3.7 Forager data 

Each year there were 16 possible samples to collect but cold temperatures made some 

collections impossible. No IMI was detected in forager samples (20 bees/sample) for all 

three years of sampling: 2009 (ntotal=6), 2010 (ntotal=16), 2011 (ntotal=8).   
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4.3.8 IMI metabolite data 

 Leaf metabolite data (n=79): No metabolites were detected in tree leaf samples from 

control sites. Treated trees had many incidences of metabolite detections. Three 

metabolites were detected infrequently and three were detected relatively often. Among 

the infrequently expressed metabolites, only one sample (ntotal= 79) had IMI des nitro 

HCl present (53 ppb). Two leaf samples had IMI urea metabolite present (21, 25 ppb). 

Four leaf samples had 6-chloronicotinic acid (133, 187,166, 132 ppb). Concentrations of 

the parent compound, IMI, spanned 1070 to 17000ppb for these three metabolites that 

were expressed infrequently. No trend in tree sex, injection type, or treatment year was 

apparent. The remaining three metabolites, IMI 5-hydroxy, IMI olefin, and IMI olefin des 

nitro were detected more frequently, Table 22.   

Table 22: IMI metabolites in leaves. 5-hydroxy, olefin, and olefin des nitro. Detections 

of IMI 5-hydroxy, IMI olefin, and IMI olefin des nitro in red maple leaves are arranged 

by treatment year and tree sex. IMI olefin des nitro was not available by this 

methodology until 2010 so the first and fourth year averages cannot be provided. Some 

values do not have standard deviations because the calculations were not feasible when 

n=2. 
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Treat- 

ment  

year
a 

N= 

m/f
b
 

Male 

IMI-5 

hydroxy 

(ppb/std 

dev) 

Female 

IMI 5-

hydroxy 

(ppb/std 

dev) 

Male IMI 

olefin 

(ppb/std 

dev) 

Female 

IMI  

olefin 

(ppb/std 

dev) 

Male IMI 

olefin 

desnitro 

(ppb/std 

dev) 

Female 

IMI olefin 

desnitro 

(ppb/std 

dev) 

Cntrl 8/8 0 0 0 0 0 0 

1 yr-s 2/4 0 0 0 549±488 NA NA 

2 yr-s 2/4 54.5 75.2±106 102 95.1±54.1 0 33.0±31.9 

3 yr-s 2/4 31.3 84.8±71.4 156 129±107 19.1 14.9 

4 yr-s 4/4 404±791 816±1106 3695±339

6 

2257±1595 NA NA 

5 yr-s 4/4 411±414 201±103 671±618 272±199 169±136 122±123 

6 yr-s 4/4 152±193 0 356±337 24.2±10.8 60.3±47.8 17.6 

1 yr-t 3/3 0 366±592 217 4493±1759 NA NA 

2 yr-t 3/3 97±85 441±9.64 263±39.6 1679±884 82.3±60.2 244±151 

3 yr-t 3/3 19 192±91.2 212±326 2063±991 23.0±35.8 79.2±58.1 

4 yr-t 3/3 0 0 1133±517 2312±1369 NA NA 

5 yr-t 3/3 75±67 35.7±60 193±148 179±31.9 45.6±13.7 61.3±20.9 

6 yr-t 3/3 25.1 0 71.8±75.3 38.3±40.8 5.4 6.1 
a
Treatment year: s= soil injected, t=trunk injected  

b
 m=male, f= female 

The IMI olefin metabolite is the most prevalent of the six metabolites monitored. The 

olefin appeared to peak in concentration in the fourth year for both soil and trunk 

injections and male and female trees. The IMI-5-hydroxy metabolite appeared in higher 

concentrations in female trees compared to males and may exhibit differences in times of 

peak concentrations for soil versus trunk injected trees. Although data is not available for 

all years, the IMI desnitro metabolite seems to have enough of a presence to be detectable 

at certain treatment years.  

Flower metabolite data: Control tree flowers (ntotal=19) showed no IMI and none of the 

six tested metabolites in all three years of collection.  In soil treated areas, one sample in 

0 year of treatment had an [IMI] = 5.2ppb (ntotal=7) but no metabolites were expressed. 

The olefin was present in a range of trace-59.9 ppb (ndetectable=13, ntotal=51) in treatment 
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years 1-5 and peaked in treatment year three. The 5-hydroxy metabolite was present in a 

range of trace-83.6 ppb (detectable n=6, ntotal=51) in treatment years 1-5. It also peaked in 

treatment year three. None of the other four metabolites were detected.  In trunk treated 

areas, neither IMI nor its metabolites were present in 0 year samples (ntotal=6). Trace 

amounts of 5 hydroxy IMI showed in year 4 (ndetectable=3, ntotal =45).The olefin was 

present from trace to 22.6 ppb (ndetectable=9, ntotal=45) and peaked in year 3 of treatment. 

No other metabolites were detected.   

Pollen metabolite data: Neither IMI nor any of its metabolites were detected in pollen 

from control areas (nttoal=8) for all three years of data collection.  Of all pollen samples 

taken in soil treated areas (ntotal=17) across three years, no IMI metabolites were detected. 

[IMI] in pollen from soil treated areas ranged from 2-30.6ppb (ndetectable=8, ntotal=17) 

across three collections years. In trunk injected areas, no metabolites were detected in all 

pollen samples (ntotal=18) collected across three years. [IMI] ranged from trace to 1 .5 ppb 

in pollen samples (ndetectable=5) but was otherwise undetectable in samples (ntotal=18).  

Therefore, even though IMI was present in some pollen samples, no metabolites were 

detected in control, soil or trunk injected trees across all three years.  

Forager metabolite data- No metabolites were detected for all three years (ntotal=30, 20 

bees/sample). 

 

4.4 Discussion 

 

4.4.1 Design and sampling issues 

Tree sampling can be influenced by several factors.  Concentrations of IMI in leaf 

samples may vary depending on what time the leaves are collected (Byrne et al., 2010), 
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where the leaves are located on the tree (lower vs higher branches) (Diaz and McLeod, 

2005) and which tree species is being sampled (Buchholz and Nauen, 2002). For this 

reason we took care to be consistent on sampling dates and locations within the tree 

canopy. 

Controls: All control samples which included leaves, flowers, pollen, nectar, and 

foragers for all years of treatment showed no detections of IMI or its metabolites with 

two exceptions.  One leaf sample from a male tree gave a positive detection of IMI 

(3.9ppb) and one male flower sample in 0 yr treatment gave a positive detection of IMI 

(5.2 ppb) which are acceptable exceptions. IMI is so widely used, it is possible to have 

background levels in control areas.   

Pollen:  Acer rubrum is a worthwhile choice as a study tree for honey bees.  Its early 

spring bloom time limited the number of other pollens available to foragers. In pollen 

samples collected in traps at the hive entrances in 2009, five other pollen types were 

present along with Acer rubrum: Salix discolor (Pussy Willow), Acer pseudoplatanus 

(Sycamore maple), Acer platanoides (Norway maple),  Circaea lutetiana (Broadleaf 

enchanter’s nightshade), and Carpinus caroliniana (American Hornbeam).  Of these, the 

Norway and Sycamore maples and the willow were treated by APHIS to control the 

Asian Long Horned Beetle and could contribute to IMI levels in the pollen.  Of the six 

types of pollen identified, red maple appeared to be a major pollen source during the 

week sampled given that the average red maple pollen content was 42%. One negative 

aspect of the red maple’s early bloom time is that cold weather limited the collection of 

foragers, and by extension pollen, in the other two sampling years. 
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Data ranges: The greatest problems with the data in this study are the large ranges and 

small sample sizes. Standard deviations were often twice the size of the average 

calculated for a given data group. Despite this effect, averaged data gave interesting 

trends on how IMI moved through red maples.    

                  4.4.2  Background pesticides 

Of the 173 pesticides scanned, no pesticides other than IMI and its metabolites, the 5-

hydroxy and olefin, were detected in flowers, and the IMI compounds that were found 

were detected in samples of treated trees expected to have detectable levels. Only seven 

pesticides (not IMI related) of the 173 pesticides screened were detected and they were 

present in pollen but not flower samples: pendamethalin, trifluralin, coumaphos, 

chlorothalonil, coumaphos oxon, carbendazim, fenhexamid. Only pendamethalin and 

trifluralin were detected in the control areas.  Pendamethalin had the greatest number of 

detections (13) but coumaphos had the highest concentrations in both soil and trunk 

treated areas. It is interesting to note that several non neonicotinoid pesticides were 

detectable in pollen but not in flowers. The pollen samples for the pesticide screen were 

composite samples taken from pollen traps at the hive entrance whereas the flowers were 

taken only from red maples. The presence of pesticides in pollen suggests either that the 

pollen is being exposed to pesticides by contact or that the plants from which the pollen is 

foraged, sequester certain non neonicotinoid pesticides into pollen. Contact seems more 

likely because five of the seven pesticides (all but coumaphos and coumaphos oxon) are 

fungicides and herbicides and are likely to be used by maintenance and landscaping  

crews. 
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4.4.3   Translocation of IMI through xylem and phloem 

IMI partitioned mostly to the leaves (max=10
4
 ppb)

 
as expected for xylem transport, but 

flowers had amounts detectable at 10
3
 ppb IMI (max), suggesting that phloem transport 

also takes place but at a slower rate.  Higher concentrations of IMI were anticipated in 

leaves due to findings in previous publications (Byrne et al. 2010, Diaz and McLeod 

2005, Romeh 2010, Sur and Stork 2003).     

             4.4.4   Differences between soil and trunk injected trees 

Breast Height Diameter: The soil injected graveyard trees on Long Island may have 

larger DBHs because of landscaping care and allowance for larger growth radius afforded 

to them by groundskeepers whereas the trunk injected trees on Staten Island were usually 

trees that had sprung up along highway right of ways or were crowded by competing 

trees in the forest.   

Leaves:  The highest levels of imidacloprid in all sample types collected were found in 

the leaves of soil injected male red maples and trunk injected female red maples. In 

agreement with the results of Dilling et al.  2010) soil applications caused IMI 

concentrations to be higher in leaves than trunk applications.  

Flowers: Similarly in flowers, soil injected trees had higher amounts of IMI than trunk 

injected trees.  

Pollen: Pollen in soil injected areas had greater concentrations of IMI  1.2 - 30.6 ppb) 

and a greater number of detections (n=8detects/17total) compared to trunk injected areas 
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(trace to 1.5 ppb and 5 detects/18 total respectively). In general, soil injected trees seem 

to have taken up more IMI into the tissues we sampled than trunk injected trees.   

4.4.5 Differences between male and female trees  

DBH: Average male DBH (49.6cm) was larger than average female DBH (38.5cm) but 

two very large male trees (107.53cm, 109.15cm) in the study probably skewed the data.  

Leaves: Both male and female tree leaves had consistently high concentrations of IMI in 

soil and trunk treated areas. The factor of sex was not significant in soil treated trees. In 

trunk injected trees, sex was a significant factor alone and in sex x year variance analysis 

in all treatment years. In pairwise mean comparisons, sex was not a significant factor in 

treatment years 1- 3 but in treatment years 4-6, significant differences were observed 

between male and female tree leaves and within treatment years for leaves from female 

trees by pairwise means comparisons. These results suggest that differences in tree types, 

even within a species, can affect the translocation of IMI.    

Flowers:   Flowers from male red maples have a higher average imidacloprid 

concentration than the corresponding female red maples (414.44ppb males vs 61.49 ppb 

females, Table 19). Anatomical differences in the flowering structures may be the cause 

of this difference. Another possibility is that female flowers may have different 

mechanisms to detoxify xenochemicals to protect the developing seed. A further study 

with increased sample size and detailed flower dissection and analysis might resolve the 

validity of the observation. 

In an effort to determine if the imidacloprid in male flowers was located primarily in the 

anthers or in the flower petal, male flowers with anthers and with anthers removed 
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(denuded males) were assayed for imidacloprid concentrations (Figure 14). Denuded 

male flowers resulted in higher concentrations of IMI than their unaltered counterparts 

suggesting that IMI was sequestered in the petal structure and not in the anthers (pollen) 

of the flowers. The loss of anther mass, with a lower average concentration of IMI, would 

cause an apparent increase in the same tree’s flower petals because the less concentrated 

tissue had been removed.  This result is supported by the lower concentrations found in 

pollen (range 0 to 30.6 ppb) relative to the average concentrations (20-2344ppb) found in 

flowers. 

4.4.6      Peak expression by treatment year 

Leaves:  

In trunk injected trees, female leaf samples peaked in the first year of treatment whereas 

male leaf samples peaked at the second year. In contrast, in soil injected trees, both male 

and female leaf samples had their highest average concentrations in the fourth year of 

treatment. Although year had a significant effect in the Year 1-3 year data for both trunk 

and soil by analysis of variance, pairwise analysis showed no significant results. 

However, in the the latter treatment year group  years 4, 5, 6)  year as a factor was 

statistically significant for soil and trunk treated trees in the variance analysis as well as 

the pairwise comparisons of means. These results suggest that time is a factor that affects 

the translocation of IMI and agrees with the results of the study by Dia  and McLeod 

2005) 

Flowers:  In trunk injected areas, concentrations of IMI peaked in the second year of 

treatment for female flowers and in the fourth year for male flowers. Concentrations of 
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IMI in male and female flowers peaked in the fourth year of treatment for soil injected 

areas. 

The fourth year of treatment is an important peak year in soil treated areas. Peak 

expression of IMI in sample tissues is likely to depend on factors such as availability of 

water, soil content, application method, application timing protocols (in this study , 

applications were made to the trees for three years), root uptake, and tree health. Breast 

height diameter is taken into account when pesticide formulations are applied but the age 

of the tree may not be reflected in the breast height diameter and could potentially alter 

IMI’s translocation rates.  The consistency in [IMI] peak year for soil treated trees 

suggests that application method is the strongest contributor to outcome because water, 

soil, and tree qualities are likely to differ in Long Island and Staten Island.  

                     4.4.7     Metabolites  

Generally, the greater amount of IMI in the sample, the more likely we were to see 

metabolites. In leaf data, in which IMI ranged from tens to tens of thousands ppb, all six 

metabolites were detected but not necessarily in the same samples. The order of 

prevalence, in detections and concentrations, was IMI olefin> 5-hydroxy IMI >IMI olefin 

desnitro> 6-chloronicotinic acid>IMI urea> IMI desnitro. The olefin and 5 hydroxy 

metabolites provided the most information. The olefin peaked in the fourth year for male 

and female and trunk and soil injected tree leaves. The olefin averages for that year 

ranged from 1133ppb to 3695 ppb compared to its parent (IMI) averages that ranged from 

1907 to 25415ppb for the same year. IMI 5-hydroxy was the next most prevalent 

metabolite in leaves but its expression was less confined. In soil treated areas, IMI 5 -
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hydroxy concentrations peaked in the 4
th

 (female -816ppb) or 5
th

 year of treatment (male 

411ppm).  In trunk treated areas, its concentrations peaked in the second year for both 

males (97ppb) and females (441ppb).  These two metabolites express differently in 

amounts and in peak times. 

Similar observations were seen in flower data but at lower concentrations compared to 

leaves. In flower data, IMI ranged from zero to thousands of ppb and only the 5 hydroxy 

and olefin metabolites were detectable but not in every sample.  The olefin was detected 

in a quarter of the samples in soil treated areas and in a fifth of the samples in trunk 

treated areas with ranges of (trace to 59.9 ppb) and (trace to 22.6 ppb) respectively.  IMI 

5- hydroxy was detected less often (12% of the samples) in soil treated areas, ranging 

from trace amounts to 83.6ppb and peaked in treatment year 3. In trunk injected areas the 

5 hydroxy metabolite was detected 3x in trace amounts out of ntotal=45.  Pollen had very 

low concentrations of IMI and no metabolites were detected. Nectar and bees had no 

detectable amounts of IMI or its metabolites.   

Metabolite expression is complex and probably dependent on many factors such as plant 

species, route of administration, p450 enzymes, chemical nature of the metabolite, and 

time.  Considering the differences in peak expression years in this study, application by 

trunk or soil injection and/or the sex of the tree may be factors in metabolite expression. 

Previous studies support the complexity of these findings. Application method affects the 

degradation of imidacloprid (Nauen et al. 1998). Imidacloprid tends to remain intact in 

foliar applications but degrades significantly when applied by soil or seed treatment 

(Trolzsch et al. 1994). Degradation products depend on time and plant species (Elbert et 

al. 1990), which in turn can affect the metabolites seen within the pest: in a study of IMI 
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metabolism in the cotton whitefly (Bemisia tabaci), the mono- and bishydroxylated IMI 

metabolites were the most common metabolites (Nauen et al. 1999).  

4.4.8  Exposure risk to honey bees through pollen and nectar 

  Determining where the imidacloprid concentrates in the flower; the petals, the anthers 

(by extension pollen), or the nectar, is of most interest to the issue of pollinator exposure. 

This study shows that IMI, when applied as soil and trunk injections, translocates 

primarily to leaves and secondarily to flowers. Within flowers it tends to translocate more 

to male flowers than female flowers. Within male flowers, it tends to be located within 

the petals and not in the anthers.  IMI concentrations in pollen (the contribution of red 

maple to the total pollen sample averaged 42%) were detected at 32ppb as a highest value 

suggesting that at worst, honey bees are exposed to low sublethal doses  in pollen of 

treated trees. Dilution of a low dose is possible because honey bees forage on many 

pollen sources.  Further evidence to support low to no exposure risk is supported by the 

absence of IMI in nectar and forager samples and the absence of metabolites in pollen, 

nectar and forager samples. Although forager results implicate a no risk exposure, it is 

impossible to be certain where the foragers had foraged.  

 

 

 

 

.  
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5.  Effects on adult honey bee behavior and longevity when 

immature bees are raised in field hives exposed to sub lethal 

doses of imidacloprid  
 

                    5.1 Introduction 

Field hive studies are valued because they are the most realistic studies that can be 

undertaken to study honey bee health and behavior. This study was designed to examine 

behavior and mortality changes in a population of immature bees that were exposed to 

IMI in field hives but spent their adult lives in observation hives where there was no 

further exposure to IMI. Three exposure levels of IMI (5ppb, 20ppb, 100ppb) were 

compared to unexposed control bees. 

                              5.1.1   Sub lethal effects of IMI doses on honey bees 

IMI’s ubiquitous presence in the environment has been established by studies in surface 

water (Phillips and Bode 2002, Starner and Goh 2012, Van Dijk 2010), soil (Krupke et al. 

2012, Maxim and van der Sluijs 2007a, Miles 1993), guttation water (Girolami et al. 

2009,Tapparo et al. 2011), pollen/nectar (Bonmatin et al. 2005, Chauzat et al 2006, 

Dively and Kamel 2012, Donnarumma et al. 2011, Krischik et al. 2007) and  hives 

(Mullin et al 2010, Pareja et al. 2011).  If IMI maintains it popularity as the largest selling 

insecticide in the world, as it was in 2009 (Jeschke et al. 2011), contamination levels are 

likely to remain at current levels or increase in the future in water, soil, and plant tissues. 

Some studies claim that environmental levels of IMI are not sufficient to threaten honey 

bee health through contaminated bee sources (Faucon et al. 2005, Cresswell, 2011).  

Other studies note concern for levels of IMI that exceed their respective nation’s 

environmental standards often and by factors of two or more (Van Dijk 2010, Starner and 
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Goh 2012). The environmental standards are based on aquatic hazard levels and may not 

directly correlate to honey bee health but a real concern is that the level of IMI seems to 

be increasing in the environment.  Studies such as those from Phillips and Bode (2002) 

and Pfeuffer and Matson (2001) reported only one or two detections of IMI in water but 

Johnson and Pettis (2012), Starner and Goh (2012) and Van Dijk (2010) have reported 

higher levels and many more detections in recent years.  Many researchers have 

examined how honey bees behave when they are subjected to sublethal doses. How IMI 

interrupts or changes honey bee behavior, development, or overall hive health health is 

difficult to study because sub lethal doses do not provide a final end point like mortality 

to quantitate easily, and because the honey bee social structure diminishes biological and 

chemical impacts on the hive by cooperation with one another toward hygienic fitness. 

Studies with sub lethal doses of IMI sometimes give conflicting results, which is not 

surprising because a small change in method may cause one study to yield significant 

results and another to claim no effect.   

The review of neonicotinoid toxicity to bees published recently by Blacquiere et al. 

(2012) is helpful in understanding the complexity of this field of study. Several of the 

problems are elucidated by the study comparisons below. 

The studies by Decourtye et al. (2001, 2003) and Suchail et al. (2001) in which losses 

were seen in workers fed IMI contaminated pollen (40ug/kg) and sugar water (at 0.1, 1.0, 

and 10µg/L) were contradicted in the study by Schmuck et.al (2001) in which there were 

no significant losses in honey bees which were feeding on sunflower nectar contaminated 

with IMI at 2.0-20 µg/kg. IMI toxicity can be different depending on bee age (Suchail et 

al. 2000, 2001, Guez et al. 2001, 2003), colony (Nauen et al. 2001), subspecies (Guez et 
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al.  2003), poor nutrition (Wheling et al. 2009), or Nosema infection (Alaux et al. 2010, 

Pettis et al. 2012).  Sublethal doses of IMI are known to affect brood production and egg 

laying (Lensing 1987).  Larval development was delayed when larvae were fed food 

dosed at 5 µg/kg IMI (Decourtye et al. 2005).   

IMI affects nAChR’s by causing Na
+ 

channels to close prematurely which has an 

inhibitory effect on the nerve impulse. The behavior associated with IMI toxicity depends 

on the dose and may manifest as shaking and trembling behavior or immobilization.  

Many studies have undertaken to investigate behavior changes in IMI dosed bees.  Maini 

et al. (2010) studied the impacts of IMI on foraging behavior.  Decourtye et al. 2001, 

2003, 2004, 2005 has devoted several studies to the proboscis extension reflex (PER), a 

well known test for olfactory learning. Honey bees will extend their tongues to a solution 

of nectar or sugar water because it is a food source.  PER studies usually involve training 

bees to a sugar water feeder, followed by an exposure to a dosed sugar solution and 

behavior is recorded.  After removing the dosed solution for a time, bees are reintroduced 

later to the dosed solutions and the time difference in PER is used as an indicator of 

memory function.  Decourtye’s studies and the study by Lambin et al. (2001) report mid 

term memory loss in honey bees with IMI dosed solutions.  Bortolotti et al. (2003) fed 

imidacloprid (as Confidor formulation) to bees.  At the high dose ranges (500 and 1000 

ppb), the bees avoided feeding on the sucrose solution but at the lower dose (100ppb)  

communication involving food locations was disrupted  between foraging bees and house 

bees. Foraging was temporarily reduced but resumed a day after treatment.  
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The LD50  is the lethal dose at which 50% of a specified population is killed. LD50s for 

Apis mellifera  are reported from several studies in Table 23. 

Table 23. LD50 for honey bees.  LD50’s for honey bees are provided from several sources 

and for two types of applications, oral and contact. Many of the values listed are taken 

from Blacquiere et al. (2012) who provided an excellent review of exposure levels and 

side effects of neonicotinoids on Apis mellifera, Bombus sp and several other bees.  

     

LD50 Application  Reference Comment 

0.008µg/bee  Fossen 5/8/12 48hrs 

50µg/kg   oral Suchail et al. 2004  

60ng/bee oral Suchail et al. 2001 48 hrs 

280ppb  Mullin et al. 2010 average of 

LD50’s found in 

literature 

30ng/bee  oral Decourtye et al. 2003 48 hrs 

41 to 81+ng/bee oral Nauen et al.2001 48 hrs 

49 to 104ng/bee  contact Nauen et al.2001 48 hrs 

18ng/bee  contact Iwasa et al. 2004 24 hrs 

4-41ng/bee  oral Schmuck et al.2001 48 hrs 

 

Blacquiere et al. (2012) address the various factors that make these studies appear to 

contradict each other. He mentions the differences in laboratory versus field studies,  

differences in experimental methods, the health of the bees at the onset of the study, and 

the superorganism effect (supportive social interaction) as four factors that can alter 

outcomes of studies. Cresswell (2011) approached the complexity of results in a different 

manner. He took 14 published studies on IMI and honey bees and subjected them to a 

meta analysis to discern what the culminated message was in the results. The individual 

study results could not conclude statistical significance but Cresswell’s study found that 

IMI had diminished honey bee performances by 6-20%.  Both laboratory and field studies 

were included in the analysis.  The Blacquiere and Cresswell papers show sensitivity to 

the difficulties in getting statistically significant, predictable, and unequivocal results in 

http://www.ncbi.nlm.nih.gov/pubmed?term=%22Cresswell%20JE%22%5BAuthor%5D
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studies involving pesticide doses in the sub lethal range.  The honey bees don’t make it 

easy either. 

A study by Halm et al. (2006) bears mention because they used mathematical ratio 

calculations for predicted exposure concentration (PEC) and predicted no effect 

concentration (PNEC) to estimate risk to honeybees based on the category of bee, the 

contamination of IMI, and the amount of a particular bee food store category that the bee 

feeds on.  They categorized bees by their consumption of food stores over time: 

worker larvae consume pollen and nectar for their development over ~5 days 

drone larvae consume pollen and nectar for their development  over  ~6.5 days 

nurse bees consume pollen over 10 days 

wax-producing bees consume nectar over wax production period,~6 days 

winter bees consume nectar & honey  over ~90days in temperate zone 

nectar/pollen foragers consume nectar &/or honey to cover flight needs (1-3 weeks) 

They calculated the PEC by taking a validated concentration (HPLC/MS) of IMI found in 

sunflower and/or maize pollens (µg/kg) x amount of pollen consumed by honeybees (mg) 

x levels of contamination found in pollen (%) (there were variations on this equation). 

Assigning PNEC values was more difficult because there were no tests for toxicity to 

larvae so the values were based on adult worker bees. If the PEC/PNEC was >1pg/bee, 

the ratio was concluded to indicate risk to honey bees.  Concentrations of IMI in treated 

sunflower and maize plants averaged 3.4 µg/kg for pollen and 1.9 µg/kg for nectar in 

treated sunflowers.  PEC estimates, available as a chart for all 7 categories of bees at 
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different IMI contamination levels, ranged from 5 to 2887 pg/bee over a given number of 

days.Their reported PNEC estimate was determined to be 1.2 pg/bee from chronic 

toxicity data and 37 pg/bee from acute toxicity data. The range of PEC/PNEC ratios were 

1.2 to 50 pg/bee indicating risk to all categories of bees. Winter bees and nurse bees had 

the highest ratios (between 10 and 100) and pollen foragers and larva had the lowest 

ratios (between 1 and 10). 

                              5.1.2   Field hives versus laboratory studies 

Field hives and laboratory studies provide valuable information about honey bee health. 

Laboratory studies such as caged mortality studies, morphometric measurments (glands, 

organs and emerged brood weights), and individual bee assays (PER responses, flight 

tests, and pathogen load experiments) provide useful information into biochemical 

processes and/or behavior responses of small populations or individual bees. Although 

laboratory studies are indicative of bee health issues on the individual level, they do not 

capture the superorganism component of hive health which is more appropriately studied 

in field hives. Field hives studies are difficult because the complex social structure of 

bees compensates for influences by pathogens, xenochemicals, management mistakes, 

and aberrances in the local environment, such as unusual weather and agricultural 

practice, sometimes so subtly that the defense mechanism is lost to the observer. The hive 

could compensate for a pathogen load by increased hygiene behavior, a xenochemical by 

entombing it (vanEngelsdorp et al. 2009) or removing the hive matter that contains it, a 

management practice by redesigning the internal hive space, and environmental 

aberrance by avoidance of certain behavior. Capturing these compensating behaviors in 

field studies is elusive but it is the necessary link between individual bee behavior and the 
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ultimate test of hive health, overwintering success.  In this study, exposure to IMI was 

accomplished in field hives but the assessment of dose effects was accomplished in 

observation hives and laboratory studies.   

   The study described in this thesis is a subset study of a larger study undertaken by Dr. 

Galen Dively. A brief description of his study is provided.  Dr. Dively undertook a 3 year 

study to examine the effects on hive health when field hives were fed a commercial 

protein patty dosed with IMI. To minimize the dilution effect caused by incoming 

foraged pollen, he set pollen traps at the entrance of each hive to remove pollen baskets 

from the corbiculae of incoming foragers and sealed all other entrances to the hives. He 

established packages (900 g of bees with sister queens), obtained from a commercial 

beekeeper, in early April.  Dosing began ~May 15
th

 and ended ~Aug 8
th

.  He inspected 

colonies biweekly for capped brood, food stores, in-hive population, foraging success, 

status of the queen, and presence of eggs and larvae. He managed the hives for 

overcrowding and removed queen cells to prevent swarming. Commercial protein patties 

were monitored by weight at the beginning of each week and at the end of the week to 

measure consumption of dosed protein. On October 15
th

, he thoroughly monitored brood 

development, honey and pollen stores, and queen status as a final measurement of colony 

health. 

5.2 Methods 

Location. The intent of this study was to assess the effects of sublethal doses of 

imidacloprid on larvae that were raised in the field hives fed IMI dosed protein by Dr. 

Dively’s team. The larvae were allowed to pupate and the combs of sealed brood were 
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brought into the lab, held at 34°C, and new adult bees allowed to emerge.  The newly 

emerged bees were then placed in undosed (IMI-free) observation hives and monitored 

throughout their lifetimes. This study spanned three years. Field hives were located at 

University of Maryland Research Center on Beaver Dam RD, Laurel, MD. The 

observation hives were located at the USDA Bee Research Lab in Beltsville, MD 

Dosing with imidacloprid. The source of IMI used for dosing was Admire 2F (2 

lbs/gal), 240gIMI/l, 240,000ppm).  In the first year (2008), 30 five-frame nucs  (n=10 per 

treatment) were fed a commercially prepared protein food source (Megabee
®
) mixed with 

a sugar solution that was dosed with IMI at 0 ppb, 5ppb, or 20ppb.  Admire 2F (2 lbs/gal 

=240,000ppm= 240g/l) was used as the source of imidacloprid.   In the second and third 

years (2009-2010), 40 hives (n=10 per treatment) were dosed similarly but at 0ppb, 5ppb, 

20ppb, and 100ppb IMI.  Four cakes (80 g each) of Megabee plus the dose of IMI were 

placed on the top middle frames of each hive once a week.  The patties were prepared 

within two pieces of wax paper, one side of which was scored to allow better access of 

the bees to the patty.   At the end of the week, the cake remainders were removed and 

weighed.  New cakes were added. 

Observation hives. To study longevity and qualitative analysis of task-based behavior of 

emerging brood from the three doses levels, four observation hives were set up to receive 

the emerged treated/control bees. Emerging brood from control, 5ppb, 20ppb, and 

100ppb  IMI treated hives were collected by removing brood frames late in the day, 

allowing them to emerge overnight, marking them either by paint or numbered markers 

and placing 100 of each type in one of four observation hives containing control bees. 

Twenty bees from each frame were set aside to measure emerged brood weights. To 
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assess longevity in a caged bee study, thirty bees from each treated group (n=4) were 

placed in cages, fed with sugar water, and mortality was monitored. 

Foraging behavior. In years one and two, foraging behavior was monitored by watching 

each of four observation hive entrance flyways for 5 min (year 1) or 7 (year 2) min 1-

4x/day for three months (138 observation periods/hive).  Five behaviors; returning, 

outgoing, visiting, aerating and guarding bees, were monitored at each dose level. Total 

activity, the number of flyway visits for all behaviors, was summed as well. 

Cell mapping. In year two, marked bees’ locations across the four observation frames 

were taken 3x/week for a 4 week period for three generations of bees (ie. 3x over the 

summer).  Locations of the bees were documented using a clear plexiglass pane gridded 

into 5 x 5cm
2 

squares overlaying the hive glass pane. Predominant cell type in each 

gridded square was recorded: a) sealed brood, b) open brood, c) pollen, d)  honey, e) 

empty cells, f) foundation, g)  frame and h) in the flyway passageway. In year three, in 

addition to continuation of the year two activities of cell mapping, in hive longevity 

measurement, and hive population monitoring, one of each type of marked bee was 

observed for one minute on each frame, on both sides of the hive, for four hives, in the 

morning and afternoon, 3 days/week for 4 months. Three lifetimes of three different 

cohorts of bees were observed across the summer.  Observed behaviors are described on 

p. 67-68. 

Marked bees  Emerging brood was pulled in the afternoon from field hives that were 

controls or dosed for low, medium or high doses of IMI in protien and allowed to 

incubate overnight in a BioCold Environmental Inc Incubator at 34°C. One hundred bees 
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from a dosed field hive were allowed to emerge overnight, painted on the thorax with 

their identifying color, and placed within one of four observation hives.  Brood frames 

were returned to their home hives in usually 24 hours or rarely 48 hours. The study 

design is presented in  Figure 15.  Conditions under which the observation hives were 

managed are contained in Appendix B.  

Figure 15. Study design. Dates are given for 2010 during which 33-35 days were 

allowed between emergences of populations.  

 
 (1)Emerged brood weight:  Emerged brood was removed from field hive frames on the 

same day that the bees were painted. The eclosed bees (20 bees/sample) were frozen in 

50 ml tubes at -20°C until weighing day which occurred within weeks. At intervals 

during the dose schedule throughout the summer, brood was drawn from the field hives, 

placed in the incubator at 34°C overnight, allowed to emerge and was collected for 

weighing after freezing.  
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(2) Caged bee mortality study:  Bees emerged from brood from field hives were placed 

in cages (30 bees/cage), fed water and 50/50 (w/vol) sucrose solution ad libitum and 

maintained at 34°C throughout the study. Mortality was monitored daily.  Cages were 

wooden boxes with the underside screened and the front side made of plexiglass for 

viewing.  On top of each cage were two inverted vials with holes poked into their caps to 

allow sucrose solution or water to seep according to bee demand for food and water. A 

third entrance hole, used for loading the bees, was corked after loading. 

 

(3)In hive assessment- population: To assess in-hive population, a Plexiglas sheet, the 

same size as the glass pane used in the observation hives, was divided into a grid of 5x5 

cm
2
 squares. The Plexiglas was clipped to the observation hive, overlaying the glass 

pane, and 12 to 20 full squares of bees were counted and averaged. That average value 

was later used to calculate the population.  Then, all squares on the plexiglass grid (176 

boxes total) were assessed to be full or empty on both sides of the hive, taking into 

account relative fullness of each box and combining the boxes when necessary. The total 

population was calculated from the product of the number of full boxes and the average # 

of bees in a full box. Populations were taken weekly at least and populations generally 

spanned ~3000 to ~8000 bees.  

(4)Behavior: Single bees, one of each dose type, were watched for one minute. Since 

each hive contained four frames, and two sides of each frame were observable, at least 32 

bees were watched in each hive each morning and afternoon, 3x/wk. Observations were 

randomized by hive order, frame order, hive side, and type of bee observed. Behavior 

data was recorded between 9am and 3pm.  As populations declined over time and the 
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population of one type of dosed bee became more numerous than another population, at 

least 32 bees were observed with a conscious effort to balance the number of 

observations between dose groups. In some cases, the study was carried out until one 

population had less than eight bees in the hive. 

Thirty five behaviors were observed regularly. Code names for each behavior are in 

parenthesis after each description. Code names are used in Figures 24-27. They were 

grouped in the following categories: 

 

Grooming: groom self (seflgr), groom another (granoth), being groomed (begr), groom 

queen -retinue attendance (qu), watch groom dance (wagrda), groom dance shuddering 

(grda) 

Food/food transport: eat honey (hon), eat pollen (pol), trophallaxis (troph), feed older 

larva (6ldla), feed younger larva (younla), sugar water feeder (sw) 

Hive maintenance: clean cells -bee must enter cell (clcel), inspect cells -the bee dips her 

head into several cells as she travels across the comb (inspec), clean caps (clcap), wax 

building (wax), undertaking (under), propolis (prop), fanning (fan), clean wood, glass, or 

foundation surface (clsur), supercedure cell (super), chain-bees form a hanging network 

(chain), scooping –“washboarding”  scoop)  

Movement: travel-more than 1 inch distrance (travel), move slowly -less than 1 inch, the 

bee moves randomly, greeting and smelling nestmates (movsl), visit (visit), rampage-a 

forager recruitment behavior (ramp), bee leaves( leave), bee returns (return), deliver 

pollen (delpol), guarding -actively greets and smells incoming bees (guard), watch 
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waggle dance (wawag), waggle dance -shuddering with figure eight or circle movement 

(wag), rest-stay still (rest), dragging -the bee is dragged by another bee or is dragging a 

live bee (drag)  

     Several general behavior guidelines are worthy of mention. When a bee is travelling, 

the assumption is that she covers at least an inch distance in one minute, whereas the 

designation of moving slowly means that the bee may move in circles or not travel with 

any particular destination in mind and not more than 1 inch/minute. For the following 

five behaviors, a worker bee had to bodily enter the cell; feeding young and old larva, 

cleaning cells, and eating honey or pollen.  The observer had to wait, sometimes more 

than a minute, to learn what was in the cell after the action was taken.  Of all behaviors 

involving removal of unwanted substances (robbers, chalk brood, wax moth and other 

undesirables), only undertaking was observed and that was rarely. 

(5)In hive assessment- cell mapping and census of marked bees:  Cell mapping was 

accomplished using the plexiglass grid as well (Figure 16).  Using each 5x5cm2  grid box 

as a window to the frames behind, the observer would note which type of cell/surface was 

predominant in that box space: foundation, empty comb, larva, sealed brood, honey, 

pollen, or wooden frame perimeter.  Frame perimeters accounted for a fixed 96/352 

squares for each observation hive.  Census of marked bees and cell mapping data were 

collected weekly.  Cell mapping may be a tool to assess relative strengths and 

weaknesses of colony function. Honey bees undergo a task-oriented development based 

on age basically progressing from in-hive tasks that involve feeding larva, cleaning, and 

wax building to out-of-hive tasks that involve guarding, orientation flights, and foraging. 
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If development is arrested by exposure to a pesticide, it could be reflected in the location 

choices where dosed bees spend their time. 

Immediately after the cell mapping was monitored (within 15 min), marked bees were 

monitored throughout the observation hive. It was imperative to gather this information 

in a short period of time (6 mins/whole hive) to minimize unintended repeat counts of 

marked bees which were able to move freely throughout the hive. 

Figure 16. Example of cell mapping. Frame space was gridded as well but is not shown 

here. 

 

(6)Foraging study: 2008 Flyway activity was monitored for seven minutes to assess 

foraging activity in 2009 and all marked bees were recorded by color. The behaviors 

noted in the entranceway were returning bees, outgoing bees, guarding bees, visiting 

bees, and aerating bees which fan their wings to generate airflow in the hive.  
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5.3 Results 

Dose verification.  

To verify dosages in the field hives, protein patties, bee bread, and worker bees were 

sampled for multi-residue analysis of IMI and two metabolites. Only IMI results are 

presented in Table 24. 

Table 24. Dose verification results. Megabee protein patties (80g each) were dosed with 

Admire Pro to have an intended concentration of 5ppb IMI for the low dose and 20ppb 

IMI for the high dose.  Samples (3g each) of bees, bee bread, and patties were collected 

from each colony and submitted to the USDA-National Science Laboratory at Gastonia, 

NC, where a multi-residue technique was used to detect levels of imidacloprid and its two 

major metabolites down to 0.1 ppb. Worker bees and bee bread samples were taken from 

the colonies one week after final exposure to the treated Megabee patties.  Trace amounts 

of imidacloprid in bees and bee bread collected from control colonies was probably due 

to drifting bees since the hives were relatively close to each other in the apiaries (Dively 

2008).   

Sampling 

material 

Control 

Average [IMI] 

(ppb) 

Low dose 

Average [IMI] 

(ppb) 

High dose 

Average [IMI] 

(ppb) 

Worker bees 0.6±0.31 1.58 ± 0.63 3.67 ± 1.48 

Bee bread 0.2 ± 0.22 1.62 ± 0.68 3.49 ± 1.55 

Week old patty 

pieces 

0.0  8.73 ± 1.73 15.7 ± 1.45 

 

5.3.1 Emerged brood weights 

The emerged brood weight data from 2009 ( Figure 17)  was statistically analyzed in SAS 

9.3 using a split plot in time with repeated measures.  The split plot in time was employed  

because the first plot analyzed the correlation between brood weights sampled during the 

dosing period (days 26,38, 60 and 81 of an 83 day dosing period), and the second plot 

analyzed correlation between the latest dosing day available (day 81) relative to 47 days 
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after dosing was stopped (day 130). Two models were used to analyze the data: neither 

the compound symmetry model (a traditional split plot) nor the unstructured model 

showed significant differences in the emerged brood weights by dose.  There were trends 

across the data, where average brood weights decreased slightly over the course of the 

summer (Figure 18). In comparing the means of the emerged brood weights during the 

final week of dosing (day 81) to 47 days after dosing ended (day 130), there was an 

almost significant result P<0.06) between the doses as shown in Table 25. 

Figure 17. Average emerged brood weights.  (n=60-120 bees) are depicted for controls 

and field hives dosed at three concentrations of IMI (5ppb, 20ppb, 100ppb) for six time 

points during 2009. 

 

 

 

Figure 18. Means of brood weights for 2009. Mean emerged brood weights for each 

IMI dose level (0ppb, 5 ppb, 20ppb, 100ppb, n~80 bee weights for each mean) are 

depicted for five sampling events in year (2009). Days 1-83 represent the period of IMI 

dosing.  Day 130 represents 47days after dosing was stopped. The pre dosed weights 

were removed in order to analyze only data taken from hives that had been dosed relative 

to concomitantly collected control data.   Although differences in treatment were not 

significant, emerged bee weights appear to increase slightly after dosing ended.  
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Table 25. Emerged brood weight statistical analysis. 

Dose (ppb IMI) Dose Day 81  (out 

of dose ttotal =83 

days) 

Day 130 (47 

days after dosing 

was terminated) 

Average 

means 

Control (0ppb) .1089  .1154 0.1121 

Low (5ppb) .1093 .1131 0.1112 

Med (20ppb) .1081 .1170 0.1126 

High (100ppb) .1179 .1173 0.1175 

   P<0.0598 for main 

effect by dose 

 

 

5.3.2  Caged bee study on longevity 

The results from the caged bee mortality study from 2009 are represented graphically 

below.  The four dose levels under study in 2009 were 0ppb, 5ppb, 20ppb, and 100ppb. 
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Figures 19 a-d depict four time points (0, 2, 4 and 7 weeks) during the dose period when 

the field hives were exposed to IMI through commercial protein patties. All four graphs 

represent the averaged daily dead bee counts from three to four cages for each dose group 

in the designated time period.  Data from dates 7/4/2009 and 7/5/2009 were extrapolated.  

Figure 19 a-d.  Caged bee study mortality curves. 

Figure 19 a. Pre dose. Average mortality of caged bees from field hives are grouped by 

dose class but have not yet been dosed.  Control, low, and high dose mortality curves are 

averaged from 4 cage replicates and the medium dose mortality curve is averaged from 3 

replicates.   

 

 

Figure 19 b. Dosing for 2 weeks.  Low, medium, and high dose mortality curves are 

averaged from 4 cage replicates and the control mortality curve is averaged from 3 

replicates.   
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Figure 19 c. Dosing for 4 weeks.  Control, medium, and high dose mortality curves are 

averaged from 4 cage replicates and the low dose mortality curve  is averaged from 3 

replicates. 

  

Figure 19 d. Dosing for 7 weeks. Control, low, and medium dose mortality curves are 

averaged from 4 cage replicates and the high dose mortality curve is averaged from 3 

replicates. 
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The data underwent SAS 9.3 analysis with PHReg, a semiparametric analysis that uses a 

proportional hazards regression analysis. Mortality data sets are repeated measures. The 

concomitant variable is dose: control, low, medium, and high.  In survival analysis hazard 

ratios are used to compare the rate of events (in this case, bees dying) happening in a 

treatment group (dosed bees) relative to the rate of events happening in a control group 

(undosed bees) at any given time point. The hazard ratios are expressed in Table 26.  A 

hazard ratio=3 means that, in this analysis, a bee in a treatment group is 3x more likely to 

die at any time point in the curve compared to an undosed (control) bee, and a hazard 

ratio of=1 means that a dosed bee and a control bee have the same probability of dying at 

a given time point. The test assumes that the survival curves remain consistent throughout 

the course of the study.  Each dose is compared only to the control within its exposure 

level.  No other dose relationships (ex. low to high, med to low etc.) were investigated.  

Table 26.  Hazard ratios for IMI dosed bees relative to control bees for 2010 caged 

bee mortality data.  
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 Hazard Ratio Hazard Ratio Hazard Ratio 

 (1 week treatment)
a 

6 weeks of 

treatment)
a 

(12 weeks of 

treatment)
a 

IMI Dose Exposure 1 (24 IMI 

dose days) 

Exposure 2 (64 IMI 

dose days) 

Exposure 3 (99days- 

IMI dose stopped at 

81 days) 

Low (5ppb) 3.413 0.585 1.364 

Medium (20ppb) 1.945 1.819 1.612 

High (100ppb) 1.889 2.006 0.685 

Pr>ChiSq 0.0001 0.0001 0.0001 
a
Timing has to take into account exposure to bees as larva (days 1-10), pupation, and then 

emergence as adults at 21 days after exposure. 

The null hypothesis states that all of the regression coefficients in the model are equal to 

zero.  Pr>ChiSq represents the probability of observing a Chi-Square statistic equal to the 

observed one under the null hypothesis. There was significance for the dosed groups 

relative to the control groups for each exposure time but when considering the hazard 

ratios over the course of the total IMI dose regime (99 days), there are no trends, a result 

that raises a question about significance. Another troublesome finding was the variance in 

an Exposure 0 group (not shown here). The Exposure 0 group of cages contained bees 

from field hives that had not yet been dosed with IMI. The field hives were grouped in 

their anticipated categories (future control, future low, future med, and future high dose 

treated hives). The caged bee mortality curves should have been similar despite the 

contrived grouping but instead significant differences (Pr>ChiSq = 0.0005) were seen in 

the groups.  

     Another attempt to analyze this data was undertaken by comparing the day at which 

50%, or 75% of the cage population was dead by 4 models –compound symmetry, auto 

regression (1), unstructured, and compound symmetry heterogeneous (Mixed Procedure).  

Many of the mortality curves started off slowly with bee deaths, followed by a period of 

large losses, and then a slowing of mortality for the few remaining bees. When bee die 
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offs occurred in short time periods, the 50% day and the 75% day of population loss often 

fell on the same day.   Neither analysis of 50% nor 75% mortality parameters yielded 

significant results in all 4 models. 

5.3.3 Census data  

In hive census data are presented for 2009 is represented graphically in Figure 20. 

Figure 20. 2009 In hive mortality census. The data represents the census counts 

(bee/day) of 16 populations of bees, four at each dose level 0ppb, 5ppb, 20ppb, 100ppb,   

taken from field hives on IMI dose day 61 and added to each of four observation hives as 

newly emerged adults. Field hive ID’s for a given dose are listed in order for observation 

hives 1,2,3,4. Marked bee age day reflects the lifespan age of the marked bees. 

 

The 2009 in-hive mortality data presented in Figure 20 was analyzed in two ways. 

Analysis 1 – Only the beginning and ending Julian dates, 196 and 238 (marked bee age 

days 0 and 44), were used.  The variable, Bees, was analyzed as a mixed linear model 
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using PROC MIXED (SAS Institute) where Treatment and Julian day (JDay) were fixed 

factors and Hive was a random block. The assumptions of the model were checked.  Only 

Jday was statistically significant and the means were different at p < 0.0001. 

Analysis 2.  The variable Bees was analyzed as a repeated measures mixed linear model 

using PROC MIXED with Treatment as a fixed factor, JDay as the fixed, repeated factor 

and Hive as a random block. To account for the unequally spaced days in the repeated 

factor (JDay), analyses with various spatial variance-covariance structures were 

examined.  Based on Akaike’s Information Criterion Corrected  AICC) and diagnostic 

tests, the spatial power structure best met the model assumptions. The data for the high 

dose population in observation Hive 4, showed up as possibly having too much influence 

in the analysis, so the data was analyzed with and without that data. In both cases, 

including and excluding the high dose census data in hive 4, Hive accounted for a much 

larger part of the explained variability than did the correlation between JDays.  Only 

JDay was statistically significant (in both analyses, mean comparisons resulted in p< 

0.0001).  Means comparisons for JDay were done with Sidak adjusted p-values so that 

the experiment-wise error was 0.05.  

5.3.4 Behavior data  

Behavior data was collected across 35 days but only the data collected from bee age days 

1-23 were analyzed because by bee age day 23, a significant percentage of the workers 

should have switched to foraging. Changes in in-hive task related development should be 

apparent, if present, in the first 23 days. The 35 behavior traits were divided into four 
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categories: grooming (6 behaviors), food and food transport (6 behaviors), hive 

maintenance and cleaning (11 behaviors), and movement (12 behaviors).  

The behavior data set was analyzed by redundancy analysis (RDA) using the software 

CANOCO version 4.51 (Biometris, Plant Research International, Wageningen, The 

Netherlands), which is a regression form of principle component analysis. RDA 

generated a multivariate regression model of the frequencies of all behaviors 

simultaneously as a linear combination of the dose by exposure interactions (explanatory 

variables). This allowed the total variance to be partitioned by multivariate regression 

into explained variance and residual variance, and permitted the computation of an F 

statistic based on the percentage of variance explained by the interaction effects. To test 

if the dose by exposure treatments significantly affected the behavior responses as a 

whole, Monte Carlo permutations generated 499 random shufflings of the data set while 

keeping the explanatory variables fixed. The shuffling regimen was partially restricted to 

remove blocking effects for exposure time and hive as sources of error from the residual. 

The significance level was calculated by the proportion of F values greater than or equal 

to the F value based on the original data set. Results of RDA are summarized as x and y 

coordinates of an ordination biplot (Fig. 21) to visualize the underlying structure of the 

behavior data in relation to the dose and exposure explanatory variables.  

The RDA analysis captured 23.2% of the variance caused by the interaction effects of 

dose/exposure. Monte Carlo permutation test did not show any significant influence of 

the dose treatments on bee behavior. However, the biplot clearly reveals exposure time 

differences in behaviors because dose treatments by exposure time were grouped closely 
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together but separated from other exposure time groupings. Medium and high doses 

within a given time group were better correlated than low and control doses (Figure 21).  

Figure 21. Biplot of the redundancy analysis showing the relationship between the 

explanatory variables (interaction effects of dose/exposure weeks) and the behavior 

variables. The interactions  Δ) are plotted at unique positions in the plot based on how 

the behavior data relate to them. The behaviors are labeled in italics and represented as 

arrows projected outward from the origin. Groupings of explanatory variables that are 

plotted close to each other share similar values of the behavior data, whereas those that 

are far apart are related to different data values. Individual behavior arrows point in the 

direction of steepest increase of values in relation to the explanatory variables. The angles 

between arrows indicate the sign of the correlation between behavior variables: the 

approximated correlation is positive when the angle is sharp and negative when the angle 

is larger than 90 degrees. The length of the arrow is a measure of fit (or amount of 

variance explained) for the behavior. 
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The following four figures (Figures 22-25) graphically represent by dose the average 

frequencies of each behavior observed relative to the total behavior observations 

monitored throughout the three months of data collection. They are grouped into four 

categories and designated by code names which were described on p.94. 

Figure 22: Grooming 

 

Figure 23: Food transport behavior. 
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Figure 24.  Hive maintenance behavior. 

 

 
 

 

Figure 25.  Movement behavior.  

 

 

The ten most common behaviors observed are represented in Table 27. 
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Table 27. Ten most commonly observed behaviors. The behavior analysis was 

conducted on three separate populations which were observed for the first twenty three 

days of the bees’ lives. After twenty to twenty one days, the bees become foragers and 

spend less time within the observation hives. 

Behavior Percentage of total 

activity 

Behavior group Range of 

incidences 

Self groom 13.13 Grooming 230-304 

Inspecting cells 8.83 Hive maintenance 139-197 

Resting 8.69 Movement 148-187 

Cleaning caps 8.28 Hive maintenance 143-176 

Travel  >1 inch 7.90      Movement 129-174 

Trophallaxis 6.74 Food transport 112-130 

Clean cells 5.69 Hive maintenance 104-125 

Move slowly  <1 inch 5.15 Movement 97-104 

Honey 4.80 Food transport 93-108 

Young larva 4.15 Food transport 74-91 

 

5.3.5 Cell mapping 

The location of bees in the hive can be an indicator of task related development. Marked 

bees were counted relative to their positions over cells or on frame (Figure 26).  Dosing 

in field hives began on May 15, 2009 and ended on Aug 6, 2009. Marked newly eclosed 

bees were added to observation hives on 6/11/2009, 6/22./2009 and 7/14/2009.  Census 

counts were taken along with locations of all marked bees from 6/14/2009 to 8/26/2009. 

Figure 26.  Location of bees by cell mapping. This graph shows the cumulative number 

of marked bees noted over a given cell type (fo=foundation, fr=frame, h=honey, 

l=larva,oc=open cell, p=pollen, sb=sealed brood) in observation hives across the summer 

from 6/14-8/26/2009 (dosed bees). The bee counts that are designated by ovals represent 

trend data. In these three cells types, larva, pollen, and sealed brood, control bee counts 

were the lowest, low dosed bees (5ppb) next, medium dosed bees (20ppb) next, and high 

dose bees (100ppb) had the highest counts. Only the mean counts of bees over larval cells 

were significantly differently be dose.  Block numbers represent the number of blocks of 

that cell type seen cumulatively across the sampling period. There are 32 blocks to one 

side of a frame and there are 48 blocks of wood frame per observation hive side. The total 

number of blocks in one observation hive, counting both sides =354. 
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Cell mapping data was analyzed by SAS Proc Mixed ANOVA using the sum of bees of 

each dose type that were observed in the different cell types averaged over two periods. 

The periods were defined as period 1 where day<60 and period 2 where day > 59.  By 

defining periods of time, day to day subsampling was eliminated and an overall mean 

sum could be used for each period.  There was a significant dose effect for open larval 

cells. A similar but not significant trend was seen for sealed brood and pollen. The 

number-of-block data in Figure 26 reveals the general ratio of cell types within a hive. 

The frame always takes up a given amount space within an observation hive but the other 

cell types dynamically change. The order of cumulative totals devoted to each cell type 

appears to be honey>sealed brood ~~open cell>larva>foundation>pollen. 
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                                 5.3.6  Foraging 

 

The foraging data that was chosen to undergo analysis was taken from an eleven day 

period (8/3/2009-8/14/2009) and flyway activity was monitored for 7 min. periods.  This 

data was considered the best because the populations of dosed bees represented the latest 

part of the IMI dosing period (an exposure period of ~8 weeks), there were ten days 

worth of data which were composed of five consecutive days of observations, followed 

by a three day break and then another consecutive five day period of observations, and 

the observation period was between bee age days 19-30 which is the optimal time to 

observe onset and behavior of foraging with enough counts before the populations 

decline due to mortality.  

Statistical analysis was undertaken with a SAS 9.3 Proc mixed program using a 

compound symmetry model. Observation days could have different numbers of 

observation events due to weather conditions, causing unequal contributions from 

morning and afternoon counts of behavior so to account for that, count data was weighted 

by number of observations/day.   Behaviors that were counted were bees returning, bees 

leaving, bees visiting (bees that move slowly or rest in the entranceway often engaged in 

olfaction with their antennae), bees guarding (bees actively greeting each returning 

forager and moving quickly to the next approaching bee), bees aerating (bees fanning 

their wings to increase circulation in the hive) and total marked bee activity in the flyway.  

The repeated measure/count data was treated as a split plot in time with the four 

observation hives as blocks. The compound symmetry model was the only model that 

would run of the models tried, which included unstructured symmetry, compound 
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symmetry with heterogeneity, auto regressive 1,  and spatial power 1 (tested because of 

the gap in time between the first five and the second five day data sets). In the compound 

symmetry model, the block (observation hive) accounted for 25 % of the variability. 

The dose appeared to have a significant effect (Pr>F =0.0159) on total activity counts but 

Julian day and dose x day were not significant. The heterogeneity in variance was 

noteworthy and made the means of total activity counts unsuitable for comparison which 

then made the significance questionable.  The question arose as to what was of most 

interest; day differences or dose. Dose was the obvious choice. Julian day was removed 

and the data were rerun in proc mixed.  Symmetry was removed from the analysis 

because the data no longer contained repeated measures. The result was a loss of 

significance; the null hypothesis that all means of activity counts in the four dose groups 

are equal cannot be excluded. 

When individual activities were analyzed, differences in guarding behavior were almost 

statistically significant (P=0.0521).  The aerating activity data had an outlier that was 

problematic so the point was removed and reanalyzed, only to result in nonsignificance.    

5.4 Discussion 

5.4.1 Design issues 

One problem associated with experimental design was the introduction of the emerged 

bees to the observation hives. Initially when marked bees were added close to the 

entranceway by a port near the bottom of the hive, they headed for the light of the 

entranceway or guard bees physically removed them. One observation hive population 
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diligently removed almost every marked bee. Another observation hive population 

diligently removed almost all of the number tags but did not remove the bees. 

At the second population addition to observation hives and thereafter, emerged marked 

bees were lightly sprayed with sugar water before being added to the top of the 

observation hive, furthest from the entranceway. By this method, guard bees gave up on 

the removal and resigned themselves to cleaning the marked bees.     

Other factors besides dose may be contributing to the mortality curves because significant 

differences were seen in the caged bee mortality curves when the caged bees had not yet 

been dosed (Pre Dose, p. 73). The results should have been similar despite the contrived 

grouping.  One can speculate that cage care, such as autoclaving the cages for pathogens, 

feeding vial differences, or postioning within the incubators, could have effects on 

longevity. Pathogen removal by autoclaving and a soaking in 10% bleach were part of the 

regular routine, but feeding vials varied and bees were moved freely between one of two 

incubators. There may be a social effect that allows a caged population to live longer if 

there are a critical number of live bees in the cage.  One way to minimize pathogens is to 

use disposable cages. More attention to detail could be given to feeding vial consistency 

and incubator positioning. Another change might be to count greater populations of 

bees/cage (50 bees vs 30bees) but a better way to minimize killing of bees is to monitor 

cage mortalities three times/day vs once/day. 

              5.4.2 Field hive (superorganism) effects on dose 

The lack of significance seen in the results of the behavior and the foraging data sets 

strongly support a conclusion of no effect on in-hive and out-of-hive behaviors at the 

sublethal dosages applied. Only the cell mapping results, where the time spent by bees 
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over larval cells was highest>medium>low>control bees, were significant. The similar 

trends in time spent over sealed brood and pollen are interesting but not significant. 

Otherwise, only the behavior of guarding was almost significant. Emerged brood weights 

census data, and caged bee mortality were not significant. The weight of evidence 

suggests that bees exposed as larvae to sub lethal IMI doses applied to field hives show 

little to no changes when raised within control observation hives as adults. 

 

The superorganism aspect of field hives may have nullified the effects of the IMI doses 

(if they were indeed there) applied through a protein source.  Effects that might be seen in 

a laboratory study of a dose applied directly to a bee by oral or contact exposure may be 

mitigated by several factors within a field hive. Trophallaxis, the transfer of food between 

worker bees, may lessen the dose by a dilution effect. Trophallaxis could lessen the dose 

by detoxification pathways as well.  Storage of commercially prepared protein might be 

packed into pollen cells where it is mixed with uncontaminated pollen stores that have 

not yet been depleted or were brought in by foragers who bypassed the pollen traps. The 

enzymes that honey bees apply to pollen to make it into bee bread could degrade the IMI 

dose before the larvae are fed the commercial protein.  Temperature changes within the 

hive due to the entranceway being blocked by pollen traps are not likely to alter the 

structure of IMI but they might alter the constitution of the commercial protein 

preparation. Honey bees adapt to changes in the hive and the turnover time is shorter in 

summer than winter bees because of the shorter lifetimes of summer bees (35 days) to 

winter bees (several months).  The queen has her own effect through pheromone 
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communication, egg production, and genetic lines. One would have to measure many 

metrics to capture the greatest effects.   

5.4.3 LOEC/NOEC levels 

Past studies have provided effective and no effect concentrations from honey bee 

exposures to IMI, Table 28. 

 

Table 28. Lowest observed effective concentration (LOEC) or no observed effect 

concentration (NOEC) for Apis mellifera. Values are taken from the review article by 

Blacquiere et al. (2012) 

 

 

Effective 

concentration  

Effect  IMI concentration reference 

LOEC Survival of winter 

bees 

24µg/kg Decourtye et 

al. 2003 

LOEC Associative 

learning in winter 

bees and summer 

bees 

12 µg/kg Decourtye et 

al. 2003 

LOEC Associative 

learning in summer 

bees 

12 µg/kg Decourtye et 

al. 2003 

LOEC PER habituation 1.25ng/bee Lambin et al 

2001 

LOEC mobility 1.25ng/bee Lambin et al 

2001 

NOEC Intraspecific 

communication 

10 µg/L Kirchner 

1999 

NOEC Survival, foraging, 

changes in pollen 

and nectar stores, 

brood status, 

colony 

development 

20 µg/L Kirchner 

1999 

NOEC Mortality, feeding 

activity, wax comb 

production 

breeding 

performance,colony 

vitality 

0.02 µg/kg Schmuck et 

al. 2001 
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With the exception of the Kirchner study (1999), the studies in Table 28 were not field 

hive based studies. Our dosages of 5 and 20ppb are at or near the LOEC/NOEC turning 

point seen in previous studies. Only the 100ppb dose is likely to give a noticeable effect 

and that would be under a more tightly controlled set of environmental circumstances 

than a field hive environment. The results contained in our study suggest that the effects 

of our applied IMI doses in field hives were low to not detectable on the larvae that were 

raised within the hives before emergence. The IMI doses we used in the field hives gave 

us a couple of significant results but mostly results that were not significant, which means 

our results may be on the line between between LOEC and NOEC. 
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6. Effects on honey bee behavior following exposure to fluvalinate, chlorothalonil 

and imidacloprid, applied separately and in combination, at sub lethal doses to 

observation hives. 

6.1 Introduction 

Many different types of pesticides can enter and sequester in hives because bees carry 

nectar, pollen, water and propolis out of their local environments and into hives as 

resources. Some pesticides found in the hive are insecticides or insect growth regulators 

and may directly affect insects, but many other pesticides including fungicides and 

herbicides may indirectly affect honey bees by disturbing symbiotic relationships 

between honey bees and other species. Studies have been undertaken to characterize the 

pesticides loads within hives (Bacandritsos et al 2010, Mullin et al. 2010. Pareja et al. 

2011) but the field of study widens considerably when questions are raised about the 

interactions between combinations of pesticides and their potential effects on honey bee 

health. The challenge is choosing what to study.  

6.1.1 Pesticides in the hive 

Several studies have surveryed hives for a variety of pesticides. In a study fom 1983-

1986, Porrini et al. (2003) found that phosphoorganics, carbamates, and some 

chloroorganics were the most commonly detected pesticides in pollen from hives where a 

certaitn threshold of dead bees counts had been surpassed. This study was undertaken 

before neonicotinoids had become one of the most popular pesticide classes available. In 

a study in France by Chauzat et al. (2006),  19 of 36 pesticides surveyed in pollen were 

detected and only 9 out of 73 samples had no pesticides detected. In a similar second 

study on bees wax, Chauzat and Faucon (2007) found 14 of the 16 pesticides surveyed 

with fluvalinate, coumaphos, and endosufan being the most prevalent pesticides. A US 
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study undertaken by Mullin et al (2010) detected 121 pesticides in the mediums of honey, 

pollen and comb in 887 surveyed hives. Pareja et al. (2011) compared pesticide levels in 

populated and depopulated hives in Uruguay. In the depopulated hives, they detected 

only fipronil and imidacloprid in the samples collected from honey comb, bees, honey 

and propolis, whereas in active hives they found coumphos, endosulfan, cypermethrin, 

ethion, and chloropyrifos. Coumaphos was present in the highest concentration. 

Studies of pesticides have been undertaken in honey (Balayiannis and Balayiannis 2008, 

Fernandez Garcia et al. 2004, Kenjeric et al. 2007, Tsvetkova et al. 1981), pollen (Bernal 

et al. 2010, Chauzat et al. 2006, Garcia-Chao 2010), and bees wax (Chauzat and Faucon 

2007, Orantes-Bermejo et al. 2010).  Pareja et al. (2011) mentions some results for 

propolis but few studies are available for pesticides residues in propolis (Perez-Parada et 

al. 2011). Honey bees use water for thirst and for controlling humidity and temperature in 

the hive. Although water is a resource that is transiently present in the hive, it is still a 

route by which honey bees can be exposed to pesticides (Anyusheva et al. 2012, Phillips 

and Bode 2002, 2004, Jansson and Kreuger 2010, Starner and Goh 2012, vanDijk 2010, 

Johnson and Pettis, 2012). 

A synergy study was undertaken by Hawthorne and Dively (2011) using a mortality 

study which focused on the effects of three drugs applied to hives by beekeepers 

(coumaphos, fluvalinate and oxytetracycline), and three commonly used neniocotinoids 

(acetamiprid, thiacloprid, and imidacloprid) on the membrane bound  multi-drug 

resistance transporter, p-glycoprotein, traditionally inhibited by the drug, verapamil.  

When verapamil was fed to bees, mortality significantly increased for the three 

neonicotinoids and the two acaricides, coumaphos and fluvalinate. When the antibiotic 
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oxytetracycline was fed to the bees, mortality was significantly increased with application 

of the the two acaricides. This inhibition study suggests that p-glycoprotein is a multi-

drug resistance transporter that is involved in the detoxification of at least three of the 

seven neonicotinoids on the world market as well as two commonly used commercial 

acaracides. Synergism effects are evident and apparently lethal when this transporter is 

blocked.  

Some synergy results may be moderate and others quite striking. Piperonyl butoxide (a 

synergist added to pyrethroid pesticides), triflumizole (fungicide) and propiconazole 

(demethylation inhibiting fungicide) increased the toxicity of IMI by less that two fold  

but had much greater effects on the toxicities of acetamiprid and thiacloprid, two other 

pesticides in the neonicotinoid class, increasing their toxicities 6 to 1,141 fold (Iwasa et 

al., 2004).  Couaphos and fluvalinate are two medications, known as Checkmite and 

Apistan respectively,  that have been applied as varroacides to honey bee hives in an 

effort to control Varroa destructor populations. Johnson et al. (2009) applied coumaphos 

(0.1-10ug/bee) and fluvalinate (0.1-3ug/bee) in acetone to the thorax of three day old 

bees and measured mortality. The doses were based on the calculation of the doses 

applied by beekeepers. They found that coumaphos increases the effect of fluvalinate 2x-

32x depending on the dose.  

6.1.2 Rationale for choices of substances to study-fluvalinate, 

chlorothalonil, and IMI 

The most difficult decision in this study was choosing which chemicals to study.  

Fluvalinate, imidacloprid, and chlorothalonil were chosen.  Fluvalinate and coumaphos 
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were possibilities based on Johnson’s study  Johnson et al. 2009) but fluvalinate has a 

bee to pollen ratio 16 times the value of coumaphos (Table 29) which made it a more 

likely candidate to study.  Fluvalinate, a pyrethroid, was chosen because its 

concentrations are detectable and ubiquitous in the environment, pyrethroids are used on 

almond orchards (Oros and Werner 2005), and it is a neurotoxin. Fluvalinate is one of 

only three pesticides that has a regulated tolerance (0.020ppm) in honey (e-CFR 

5/2/2012).     

IMI was chosen because it is used worldwide, it has gained notoriety for its negative 

effect on foragers (Maxim and van der Sluijs 2007a), it is detectable and present in hives, 

it is well studied, and it is a neurotoxin.  Whereas imidacloprid inhibits postsynaptic 

nicotinergic acetylcholine receptors by closing sodium channels (Proenca et al. 2005), 

fluvalinate’s mechanism of action is to prolong the opening of sodium channels in nerve 

cell impulse transmission (Tan et al. 2005). Since both neurotoxins disrupt sodium 

channels, a synergistic or antagonistic relationship may be possible. 

Chlorothalonil, a fungicide, seems like an unusual choice to study because its target is 

fungi and not insects. It was chosen because it is present and detectable in the hive 

(Mullin et al. 2010), it may compromise honey bee nutrition by killing fungal symbionts 

living within the hive, it is applied to the honey bee-favored crops, cranberries and 

blueberries, it is associated with entombed pollen suggesting a possible sequestering 

action as a defense mechanism by the bees (van Engelsdorp et al. 2009), and it provides a 

threat to honeybees by a route different from neurotoxicity.  Chlorothalonil kills fungi by 

binding to glutathione, thereby depleting the pool of free glutathione available for cellular 

respiration and depriving the fungus of energy (Cox 1997).  The molds, aspergilla & 
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penicillia, that are beneficial to honey bees because they degrade the cellulose coat 

covering pollen (a coat indigestible to honeybees) (Gilliam 1997), may be susceptible to 

chlorothalonil treatment. 

The background levels of the three study pesticides and coumaphos in hives are presented 

in Table 29. Coumaphos is included for comparison to fluvalinate as discussed on p.120-

121. 

Table 29. Concentrations of IMI, fluvalinate and chlorothalonil detected in hives. 

The in-hive average concentratons presented above for IMI, fluvalinate, and 

chlorothalonil in honey bee hives are taken from Mullin et al. 2010. The number of 

samples analyzed is indicated in ( ). 

  Pollen ppb (n=) Wax ppb (n=) Bees ppb (n=) LD50  ppb  

IMI 3.1 (350) 0.1(208) 0(140) 280 

Fluvalinate  83.9(350) 7329.5(259) 299.0(140) 15860 

Chlorothalonil 1593.5(280) 525.0 (258) 7.2 (140) 1110000 

Coumaphos 137.4(350) 3363.4(259) 30.5(140) 46300 

 

Study design 

The design of this study used five treatments with three hives singly dosed with each of 

the three pesticides and one hive triply dosed, rationalizing that any effect of triple dosing 

would be indicative of synergy or additive effects between at least two and possibly three 

of the pesticides. By monitoring single dosed hives more efficiently, comparison to triply 

dosed hives would be more informative. An untreated control hive was always included 

each month as the fifth treatment group. Four one-month studies (Jun, Jul, Aug, Sep) of 

five hives each were undertaken. Replication of experimental protocol was kept true 

through the four months but seasonal variation as the summer progressed made perfect 

replication impossible.The applied doses are loosely based on background levels in hives 

reported in the literature.  
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6.2 Methods 

 

Packages, 3 lbs each, arrived from Miller Bee Supply, Dennis Miller, 12920 Eastern 

Ave., Baltimore, MD. 21220 on 4/25/2009, were transferred to untreated nucs on 

4/27/2009, and fed sugar water by internal reservoir frames until the study was begun.As 

the colonies grew, they were transferred to untreated hives with 10 frame supers.  

Observations hives were built from new materials and evenly spaced along a north facing 

wall of an outbuilding on the grounds of the USDA Bee Research Lab. Observation hives 

contained 4 wooden frames with plastic foundation which were observable on both sides 

through clear panes of glass. Supplemental feeding (sugar water) was provided 

throughout the experiment. 

Entranceways.  All five hives had access to the same foraging terrain through individual 

1” diameter pipes and their entrances were located at the same hori ontal height 1.5 feet 

apart. Above each entrance on the external wall of the building were simple symbols. 

Horridge’s  2007) extensive work learning how bees read shapes showed that bees view 

symbols by how much surface area is inherent in the shape: for example, a circle symbol 

with spikes on it would be more easily differentiated from a smooth circle by a honey bee 

than a green smooth circle from a yellow smooth circle. The symbols used above each 

hive entrance were varied not only in color but also in shape to help homing bees more 

easily identify their entranceways. The locations of the entranceways were on the north 

side of the building that opened into a small field space and were sheltered from wind by 

forest. 
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Observation hive positions. Positions of the five hives were chosen for the four separate 

month-long trials by random choice from a hat containing the options. A Latin square 

model was not possible due to the limitation of only four months of warm weather in 

Maryland. At the end of a month, all five hives were removed with their frames, the 

observation hives were thoroughly vacuumed, washed and reassembled, and new 

untreated hives were prepared for dosing.  

Emerging brood was pulled from control nucs (June) or hives (Jul, Aug, Sept,) and 

allowed to incubate overnight in a BioCold Environmental Inc Incubator at 34°C Three 

hundred control bees from the hive destined to be at a given position (dose) were allowed 

to emerge overnight, painted on the thorax with their identifying color, and placed within 

their hive with their queen and three frames of nestmates. The hives were managed under 

the conditions shown in Table 30. 

Table 30. Positioning of hives and timetable of pesticide doses. Dose type and position 

are indicated for each hive for each of four months.   Position 1 was to the far left and 

position 5 was to the far right along the north wall of the building which housed the 

observation hives. 

 

 

Month  Pos. 1 Pos. 2 Pos.3 Pos.4 Pos.

5 

Start/ 

end 

dates 

Flu/ 

chloro 

dose 

IMI 

dose 

Jun  cntrl chloro IMI flu 3 

pest 

5/26-

6/20/09 

5/29/09 6/9/09 

Jul  3 pest  IMI chloro flu cntrl 6/23-

7/23/09 

6/30/09 7/10/09 

Aug flu cntrl chloro 3 pest IMI 7/24/-

8/21/09 

7/30/09 8/10/09 

Sep chloro flu 3 pest IMI cntrl 8/24-

9/24/09 

8/29/09 9/9/09 
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Chemicals: Chemicals were purchased from Chem Service Inc, West Chester,PA:  

Imidacloprid cat # PS-2086 cat # PS-2086,99.5%, Lot #418-12A, exp. date 01/12), 

Chlorothalonil Cat # F2220  CAS # 189-45-6 and tau-fluvalinate Cat# PS-1071  94.7% 

mix of isomers, viscous liquid, lot 401-34B, exp date 03/11.  Chemicals were weighed on 

a Sartorius BP 2111D electronic scale (accuracy to 0.00001 g). 

In hive dosing: 

The pesticides were dosed at environmentally realistic levels within each hive and each 

pesticide was dosed in such a way as to minimize the interactions with the other two 

pesticides. Fluvalinate, which environmentally tends to store in wax was sprayed on 

empty wax comb. Chlorothalonil, a fungicide, was injected into cells containing pollen 

thereby potentially affecting beneficial fungi in the hive.  Imidacloprid is water soluble 

and was sprayed onto the bees themselves through sugar water, which the bees would 

then clean off, and by grooming, ingest it.  Mr Hermit Crab sprayers manufactured by T-

Rex were bought from a local pet store and a new sprayer was used for every pesticide 

application. To verify dosing, samples were sent to the USDA-AMS-National Science 

Laboratory, Gastonia, NC to be analyzed using QuEChERS method previously described 

on  p.39.  

Control. The hive received no pesticide application.  

Fluvalinate (flu) The intended dose was 24ppm to be sprayed onto empty comb using 

acetone as the carrier solvent. Calculation of the fluvalinate dose took into account the 

size of the frame, the number of cells on the frame, the dimensions of each cell, the 

surface area of each cell, the total weight of empty drawn comb on a frame, the weight of 
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the plastic foundation, the sprayer’s average volume delivery  60 trials), the sprayer’s 

surface area coverage at a 6 inch height (10 trials) using the formula for an ellipse, and 

the relationship of that spray area to the drawn comb area on the frame. The dose was 

applied when the marked bees were 1-2 days old.   To verify the fluvalinate dose, an area 

equivalent to two sprays was sprayed on a control frame of newly built wax and enough 

wax in the area of the sprays was collected to make a sample size (3g) sufficient for 

analysis by LC/MS/MS.  Fluvalinate is light sensitive so precautions were taken 

throughout the experiment to keep all of the hives dark. All readings were taken with the 

aide of flashlights.  Fluvalinate treated frames were processed as quickly as possible and 

covered with a dark cotton sheet as soon as possible. 

Chlorothalonil (chloro) The intended dose was 1.1ppm to be injected into 700 pollen 

cells on one frame using acetone as the carrier solvent.  Calculation of the chlorothalonil 

dose took into account how many pairs of pollen packages are used to fill one comb cell 

(Demirsoy et al.1992), the weight of an average pollen load relative to a honey bee’s 

weight, and an adult honey bee’s weight. Prepared in acetone, 2 µl of the chlorothalonil 

solution was injected into each of 700 pollen cells on a single pollen frame that had been 

collected in April, frozen at -20°C, and thawed.  The dose was applied when the marked 

bees were 1-2 days old. To verify the chlorothalonil dose, pollen was removed from 20 

pollen cells that had been injected (beyond the 700 cells required for the experiment) and 

sent for analysis by LC/MS/MS.   

IMI  The intended dose was 40 ppb to be sprayed onto 3 full frames of bees using sugar 

water (1 part sucrose/2 parts water w/v) as the carrier solvent. Calculation of the IMI dose 

took into account the average number of bees on a frame covered with bees, the average 
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weight of a bee, the sprayer’s average volume delivery  60 trials), the sprayer’s surface 

area coverage at a 6 inch height (10 trials) using the formula for an ellipse, and the 

relationship of that spray area to the area occupied by bees on the frame. The dose was 

applied when the marked bees were 10 days old in order to target precocious foragers. In 

field hives where populations range into the tens of thousands, onset of foraging occurs at 

~ 21days but in observation hives, where the populations are between 3000-8000 bees, 

onset of foraging appears to occur sooner, ~15days. To verify the IMI dose, 134 dead 

control bees, patted into a single layer on a paper towel, were sprayed twice with the 

dosing solution and sent for analysis by LC/MS/MS. 

Pesticides (3 pest) The hive received all three pesticide applications as described. 

Frame placement 

There are slight differences in the treated hives with respect to frame placement (Figure 

27). Generally, an observation hive is set up with the two bottom most frames containing 

brood, the next to top frame containing foundation and the top frame containing food. 

Figure 27. Frame arrangements in observation hives. The first priority was to place 

the fluvalinate treated frame in the next to bottom position to encourage brood rearing in 

the empty comb. The bottommost frame usually contains brood as well but has the added 

activity of bees travelling to and from the entranceway.The chlorothalonl treated frame 

was placed in the next to top position (not the top position) so the pollen stores would be 

closer to the nurse bees feeding larva.  Frames that were IMI treated were chosen based 

on which three of the four frames had the greatest number of bees on them at the time of 

spraying.  
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Measures of activity. The activities monitored to assess the effects of these pesticides 

included population assessment of all bees (marked and unmarked) within the hives, drift 

of bees from their home hive into a neighboring hive, comparison of before dose and 

after dose brood weights, consumption of pollen on the chlorothalonil treated frame, and 

brood presence on fluvalinate treated frames.  In addition a caged bee mortality study was 

conducted in the laboratory to study the pesticides’ effects when applied topically to bee 

abdomens and dosage samples were analyzed by GC/MS to verify dose regimes. 

In hive assessment- population The method was previously described in Chap.5.2 

Methods, p. 93. 

In hive assessment- census of marked bees. The method was previously described in 

Chap.5.2 Methods, p. 95. 
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Drift 

Drift data was collected from foraging data. Marked bees with colors inappropriate to a 

given hive’s position were monitored by their ingress and egress at the entranceway of 

the hive.  

Emerged brood weights- before and after dose 

Emerged brood, 20 bees or 30 bees, was removed from control frames of each nuc/hive 

on the same day that the bees were painted.  The eclosed bees were frozen in 50 ml tubes 

at -20°C until weighing day which occurred within weeks. Similarly at the end of the 

month when the hive was dismantled, brood placed in the incubator at 34°C overnight 

was allowed to emerge, frozen, and weighed within a few weeks.  

Consumption of pollen on the chlorothalonil treated frame.  

Acetate paper was overlaid on the pollen treated frame during dosing and marked on dose 

day. When the experiment was terminated and the hive was struck, the acetate paper for 

the chlorothalonil treated frame was relaid over the frame and pollen presence or absence 

in the marked cells was noted. 

Caged bee study   

Solutions of the three pesticides were prepared in acetone so that target doses, 

(fluvalinate=24 ppm, chlorothalonil=1.1ppm, and IMI= 40ppb) were achieved by an 

application of 2µL to the abdomens of the bees in the caged mortality study. The 3 

pesticide dose contained all three pesticides at their target dose in 2µL. In addition, 2µL 

each of water or acetone were applied as controls.   

Dosed bees (20/cage, 4 replicates/condition) were placed in disposable cages, fed water 

and ½ sugar water (w/vol) ad libitum and kept at 34°C.  Cages from all five dose types 
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were placed in dark incubators. To assess the effects of light on fluvalinate, the dose 

types, water, acetone, and fluvalinate were placed in a lighted incubator. Mortality was 

monitored daily.  

6.3 Results 

6.3.1 Dose verification 

Intended in-hive doses were targeted to be 40 ppb IMI, 1.1 ppm chlorothalonil, and 24 

ppm fluvalinate. All three pesticides have a limit of detection of 1ppb. Dose verification 

is shown in Table 31. 

Table 31:  Dose verification results for the pesticide dosing solutions and the 

intended in-hive dose.  Replicate 1- 4 refer to the months June, Jul., Aug, Sept. The 

dosing solution is the stock solution from which the dose was applied to the final sample. 

The second sample listed under a given pesticide is the final sample. 

 Replicate 1 Replicate 2 Replicate 3 Replicate 4 

IMI dosing soln 2010ppb (2
nd

 

vial) 

1460ppb Never analyzed 2580ppb 

IMI treated 

bees 

2.2ppb 4.4.ppb 8.3ppb 13.2ppb 

Chloro dosing 

soln 

467ppm NA (sample 

spilled) 

Never analyzed 369ppm 

Chloro treated 

pollen 

2.33ppm 3.20ppm 0.589ppm 0.382ppm 

Flu dosing soln 409ppm 389ppm Never analyzed 582ppm 

Flu treated wax 170ppm 5.91ppm 24.0 ppm 15.8 ppm 

 

 

6.3.2 In hive census 

Population of all bees (marked and unmarked) in each hive type over time are graphed 

below ( Figures 28a-d)  where the y axis = # of bees estimated from gridded full and 

empty block counts. This data was collected to determine if each hive followed similar 

gross growth or decline in population regardless of dosing regime. 
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Figure 28 a-d. In hive total bee populations for each synergy study month. 

 

Figure 28a. June populations 

 

 
 

 

 

Figure 28 b. July populations 
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Figure 28 c. August populations 

 

 
 

 

 

Figure 28 d. September populations 
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The in-hive total bee populations show no gross irregularities for each month. No 

swarming events took place. Bee populations were maintained at high enough levels 

(2500 bees<) to maintain brood rearing temperature in cooler weather.   

                                   6.3.3   Drift 

Drift is the tendency for honey bees to enter a hive that is not their home. It can occur 

from several factors. If hives are set up in an area of a prevailing wind, upwind bees will 

drift into downwind hives.  If two hive entrances are very close to one another and have 

few distinctive visual cues, bees may mistakenly enter the wrong hive. If bees are 

disoriented either because the conditions around the hive are altered or because they are 

suffering from a chemically induced altered state, they may enter the incorrect hive. 

There is a background drift level even in control hives. The drift data set (Table 32) in 

this study contained  ~50,000 observations. 

Table 32.  Season Bee Counts.  This table contains data from all four months of data 

collection.  The headings for columns two through six are titled a-e which designate 

relative hive positions. The home hive is a and all other hives are b (immediately adjacent 

to the home hive) to e (4 positions away from the home hive) (see Table 31). Depending 

on the location of the home hive, count entries may not be possible for positions d and e.   

The a column shows how many bees of each dose type were counted in their home hive, 

and the b-e columns indicate how many bees of each dose type drifted into another 

(“wrong “) hive.  

  Entire Season 

Dose  a b c d e  Total 

control  1334 79 15 17 4  1449 

chloro  1161 451 73 8 6  1699 

flu  1297 147 46 36 1  1527 

IMI  1202 230 90 6 0  1528 

3 pest  1073 377 124 23 22  1619 

Total  6067 1284 348 90 33  7822 
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Statistical analysis was used to examine if there were differences in the ability of bees to 

find their correct hives having been treated or not treated with pesticides and to determine 

whether there are differences among pesticides in their effects.  The analysis is 

undertaken on data that has been collected into a unit named a “batch”. We defined a 

batch as the set of observations, made at each of the five hives and including all five 

hives, which are clustered in groups of nearby time periods corresponding to a particular 

calendar day, time of day (am/pm), and repetition of the observation process within that 

date and time of day (eg. twice in the morning, once in the afternoon). The length of time 

for each observation at each hive was always 7 min in duration. The sign test is used to 

compare the ratio of inappropriate bees in terms of batches from one hive relative to 

another differently dosed hive by counting the number of batches in which we obtain a 

positive difference.  

First, position effects were compared using control hives and not-yet-dosed IMI hives 

(control hives until dosed), Table 33. Dose application to IMI hives was delayed to the 

10-12
th

 day of adult bee life of the marked bees, whereas fluvalinate and chlorothalonil 

doses were applied at the outset of the experiment. The intent of the delayed IMI dosing 

was to apply the neurotoxin onto the marked bee population as they began foraging.  In 

field hives, foraging onset tends to occur at day 21 but in observation hives where the 

populations are diminished, foraging onset (noted by entranceway activity) is earlier. The 

undosed IMI hives are used for position comparison with control hives until the day of 

IMI dosing. Thereafter the batch data for an IMI hive is analyzed as a pesticide-dosed 

category. 
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Table 33. Hive position analysis. Control hives were compared to not yet dosed IMI 

hives for position effects on drift. Positions 1 and 5 from Table 30 are labeled as end 

hives, 2 and 4 as interior hives, and 3 as a middle hive.  Wind was not a dominant factor 

since the area in front of the hive entranceways was a small field ringed by forest. Since 

control and not yet dosed IMI hives are both essentially control hives, the batches are 

tallied according to whether more inappropriate bees were seen entering host hives for 

one position relative to the other position or they were equal in inappropriate bee counts.  

Date 

range 

# batches  end<middle # batches 

end=middle 

# batches 

end >middle 

Two sided P-

value 

6/1-

6/9/09 

14 0 0 <1/2
12 

     

Date  

range 

#batches end<interior #batches 

end=interior 

#batches 

interior<end 

Two sided P-

value 

7/8-

9/8/09 

14 4 3 0.013 

 

From the results, it appears that position matters.  Of the three position types, bees 

starting in the middle position are the most likely to exhibit inappropriate behavior, and 

bees starting in an end position are the least likely. 

Once we accounted for hive position effects, we assumed that 1) any systematic 

differences in counts of bees at incorrect (host) hives as a result of dosing is attributed to 

behavior of the bee as a result of the dosing it receives in its native hive and 2) 

independence exists between observations at different time periods (i.e. in different 

batches). With the position effect in mind, the safest comparisons between doses to make 

are ones in which bees start in positions of the same type (end, interior, middle) we have 

already described. Returning to Table 30, we see that we are able to make only a limited 

number of pairings:   

Table 34. Dosed hive comparisons for which position effects have already been 

accounted.  
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Comparison Months 

control vs. 3 pest June, July, August 

control vs. chloro Sept 

chloro vs. flu June 

IMI vs. flu July, August, Sept 

 

 

Table 35 shows, for each possible allowable comparison, the number of batches available 

in which a comparison can be made, and the number of batches of inappropriate counts 

for one dose which are less than, equal to, or greater than the number of batches of 

inappropriate counts for the other dose. 

Table 35. Dose effects on drift. The batches are tallied according to whether more 

inappropriate bees were seen entering host hives for one dose relative to the other dose or 

they were equal in inappropriate bee counts. Doses: flu=fluvalinate, 

chloro=chlorothalonil, 3 pest=3 pesticides (IMI+chlorothalonil+fluvalinate) 

dose1 dose2 

Total # 

of 

batches 

# batches 

dose1<dose2 

# batches 

dose1=dose2 

# batches 

dose1>dose2 

two-

sided 

p-value 

no dose   flu  22 11 4 7 0.48 

no dose   chloro  40 14 20 6 0.12 

no dose   flu&chloro  26 18 6 2 0.0004 

no dose   3 pest  64 38 18 8 <.00001 

flu   chloro  33 26 3 4 <.0001 

flu   IMI  75 31 16 28 0.79 

 

The 3 pesticide dose has a clear adverse effect. The combination of fluvalinate and 

chlorothalonil has such an effect as well.  Chlorothalonil has a significantly greater effect 

than fluvalinate. The effects of fluvalinate and IMI appear to be indistinguishable. 

                                  6.3.4   Emerged brood weights 

Statistical analysis: This data set (depicted as averaged brood weigths inFigure 29) was 

viewed as a split plot in time with repeated measures because the same hives were used 
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for pre and post dose weights. The data were analyzed in SAS 9.3 by a ProcMixed 

analysis using a three factor mixed model where treatment and time were fixed and the 

month was a random effect. There were no statistically different results although less 

variability was noted in the post weights. When month was treated as a fixed effect, there 

was no change in the conclusion.  After reshaping the data set to look at pre dose and post 

dose as a paired data set, the difference between the average weights was ~zero with no 

significance difference. Finally, using weight difference (pre dose - post dose) as a 

parameter and treating months as replicates, there were no significant differences in the 

variances although the fluvalinate treated weight differences were smaller than the other 

treatments. 

 

Figure 29.  Averaged brood weights for pre and post doses of pesticides.  Averaged 

emerged brood weights are shown for 4 replicates (Jun, July, Aug, Sept) of each dose 

type (n=20 newly emerged bees/sample).There were no significant differences. 
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                                   6.3.5 Consumption of chlorothalonil treated pollen 

 

1st replicate- (6/22/09 assessment) All pollen was consumed in Hive 5 (3 pest) and 35 

cells (out of 700 cells) of pollen were present in Hive 2 (chloro only). Both frames were 

covered with brood at the end of the experiment. 

 2
nd

 replicate (7/21/09 assessment) Chlorothalonil frame had only ~5% pollen left on one 

side and 15% left on the other side in Hive 8 (chloro only). Hive 6 frame (3 pest) had no 

pollen left on the frame because the entire frame was covered with brood. 

 3
rd

 replicate (8/21/09 assessment) The chlorothalonil- treated frames (next to top) in both 

Hive 13 (chloro) and Hive 14 (3 pest) had no pollen cells on either side. All pollen had 

been consumed on both frames, on both sides, in both hives. 

4
th

 replicate (9 /25/09 assessment) In Hive 16 (chloro) the chlorothalonil frame had no 

pollen in it. In Hive 18 (3 pest) the chlorothalonil frame had no pollen and only ~30 cells 

of brood on it. 

Pollen on chlorothalonil treated frames (n=8) was either fully consumed (n= 6) or had 

minimal pollen cells (5%, 20%) remaining. The pollen observed in the cells at the end of 

the experiment could have been original pollen or new pollen stored into original pollen 

cells already consumed. Generally, 96% of the dose applied to the pollen appears to have 

been consumed. 

                                   6.3.6   Fluvalinate treated frames. 

 Each of the fluvalinate treated frames was placed into the hive as empty comb sprayed 

with fluvalinate in acetone. Normally the second frame from the bottom develops into a 
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brood-rich frame in observation hives especially if wax comb is already built out from the 

foundation and the cells are free from debris. The eight fluvalinate treated frames were 

assessed for presence of cell types by cell mapping. Each frame has 32 5x5 cm
2 

squares 

per side (2 sides). Results for brood presence at the end of each month are given in Table 

36. 

Table 36. Comparisons of brood levels in fluvalinate treated frames. The next to 

bottom frame is often a brood frame in observation hives, not just by design choice of the 

experimenter but by evolution of hive maintenance patterns by the hive. This table shows 

the degree to which the hive used the fluvalinate treated frame for brood rearing (larvae 

and sealed brood) one month after dosing.  Each frame could potentially have brood in 64 

5x5cm blocks. The number of blocks devoted to brood is recorded out of 64 blocks total. 

If the fluvalinate treated frames had cells filled with any other content, it is noted in 

columns three and five as the number of blocks and the cell content. 

Observation 

date 

Flu  

#bl brood/64 

Flu-other 

blocks 

3 pest  

#bl brood/64 

3 pest-other 

blocks 

6/20/2009 

(Jun) 

0 40honey 0 4honey 

7/22/2009 

(Jul) 

8 23pollen 

20honey 

0 41honey 

8/20/2009 

(Aug) 

0 5honey 46  7honey 

1pollen 

9/24/2009 

(Sep) 

0  0   

 

Comparison of the fluvalinate treated frames relative to the non treated frames in the 

same position in the observation hives are not directly related because untreated frames 

were full of brood when established and the fluvalinate treated frames were empty of 

contents (by experimental design).  It is noteworthy that, with the exception of one out of 

eight frames, little to no brood was raised in the fluvalinate treated frames (3.1% in the 

flu hives, 18 % in the 3 pest hives) and that the fluvalinate treated frames were used for 

pollen and honey storage.  
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                                   6.3.7  Caged bee mortality 

The results of the dark and light studies of the pesticides applied in acetone to the 

abdomens of newly emerged bees are shown in Figures 30 ( light and dark) and 31( dark 

only).  

This data underwent SAS 9.3 analysis using the program Proc Phreg which is a 

semiparametric analysis (the distribution does not have to be specified) that uses a 

proportional hazards regression analysis.  Cages were treated as replicates.The exact 

method for ties was used because it gave the best estimates of the Pr > ChiSq values in 

the Type 3 Tests section. Mortality data sets are repeated measures but the repeated 

measure is inherent in the data and not described as part of the model component. The 

concomitant variables were dose and light/darkness. This was a restricted set of nine 

populations. Two tests of six populations were possible to analyze. The first six 

populations analyzed together were the cages with control, acetone and fluvalinate treated 

bees that were followed in light and dark conditions. Dark and light curves were analyzed 

separately.  The second six populations analyzed were contained in all cages that were 

kept in the dark: control, acetone, fluvalinate, chlorothalonil, IMI, and the three pesticide 

combination.  

Figure 30. Mortality curves for three dosed bee types in light and dark 

environments. Dosed bees were treated with 2 µl of fluvalinate (flu) in acetone, acetone 

(ace) alone, or water (cntrl) on their abdomens and stored in lighted (li) or dark (da) 

incubators for the duration of the study. Each dose is represented by 4 cages (n=30 

bees/cage) except acetone light which is represented by 3 cages.  
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The graph combines two relationships. In the dark analysis, acetone alone and fluvalinate 

dosed bees were compared only to the control (applied water) dark bees. Separately, 

dosed light bees were compared only to control light bees.  The mortality curve of the 

fluvalinate treated bees was significantly different from the control bees (p<0.0001). The 

slightly increased mortality seen in fluvalinate dark treated bees supports the MSDS 

warning statement that fluvalinate is light sensitive. The active ingredient may be 

undergoing photolysis during the time period of the experiment and being degraded to a 

less toxic daughter compound. Both acetone dark and acetone light mortality curves 

deviated from the respective control curves but not significantly: in dark, acetone treated 

bees were 2.86 more likely to survive than controls and in light, 0.54x as likely to survive 

as controls based on hazard ratio point estimates. 

Figure 31. Mortality curves for 6 dosed bee types in a dark-only environment.  

Dosed bees were treated with 2 µl of fluvalinate (flu-24ppm), chlorothalonil (chloro-

1.1ppm), IMI(40ppb), or all three pesticides(3pest-all 3 doses) together in acetone(ace).  

The control  doses consisted of 2 µl acetone alone ( ace), or water (=control) on their 
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abdomens. Cages were kept at 34°C in darkness throughout the experiment except when 

data was being logged. Each dose is represented by 4 cages (n=30 bees/cage).  

 

The mortality curve of the fluvalinate and three pesticide treated bees were significantly 

different from the control curve (p<.0001).  A dose of three pesticides seems to affect 

mortality more than fluvalinate alone, not surprisingly. 

6.4 Discussion  

                                     6.4.1 Experimental design and dose verification  

One of the problems with this study was the inability to study the dosed hives for five 

months in order to have a Latin Square (five rotations through five positions). This 

experiment required one warm month (May) to generate brood and thereafter, only four 

months (Jun-Aug) afforded enough warmth to study observation hives in unheated 

buildings and foraging behavior ( >7.2°C).  The positioning of the dosed hives was 

randomized but a formalized Latin Square configuration would have been preferable. 
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Dosing regimes were difficult to calculate and to verify.  The fluvalinate, and 

chlorothalonil doses were based on early results presented at a conference by the Mullin 

et al. (2010) authors before publication. The doses used in this study were 1.1ppm 

chlorothalonil in pollen and 24 ppm fluvalinate in wax compared to 1.59 ppm and 

7.33ppm respectively, found as backgrounud levels in hives as reported in the 

publication. 

Samples that were sent for LC/MS/MS analysis (Table 31) to verify the calculated doses 

of IMI -40ppb, chlorothalonil-1.1ppm, and fluvalinte–24ppm averaged IMI-7.0 ppb, 

chlorothalonil-1.63, and fluvalinate-53.9ppm. Although the averages show fairly good 

agreement with the intended dose, experimental design could be improved. 

For example, upon further reading, the calculations for pollen dosing by chlorothalonil 

may have been too high based on the amount of pollen the bees pack into a pollen cell 

(Honeybeekeeping  2011, Camazine et al. 1990). For the chlorothalonil results, 

introduction of error is highly probable because the volume of injection (2µL) was very 

small, pollen tends to stick to the injection needle,  the solvent (acetone) was extremely 

volatile, and the process was repeated many times (700x per frame). Fluvalinate 

adsorption into the wax matrix may be a factor over time and should be considered in 

future studies.  

Two aspects of dosing that were interesting but not able to be analyzed statistically were 

that 96% of the pollen that was injected with chlorothalonil was consumed, and that use 

of the fluvalinate treated frames for brood rearing was 3.1% in the fluvalinate only hives 

and 18% in the 3 pesticide hives. The presence of chlorothalonil in the pollen did not 
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deter the use of the pollen, nor was it entombed (vanEngelsdorp et al.2009). Fluvalinate 

in wax should be investigated further as a possible deterrent to brood rearing.      

                                     6.4.2 Caged bee study 

The caged bee study clearly showed a statistically significant dose effect by fluvalinate 

when it is applied at a 24ppm dose to one day old bees as expected since the average 

LD50 reported by Mullin et al. (2010) is 15.86 ppm (Table 30). The slightly decreased 

mortality seen in fluvalinate light treated bees supports the MSDS warning statement that 

fluvalinate is light sensitive (Figure 30).  

                                     6.4.3 Implication of drift 

Effects of hive position on drift were anticipated. Although other factors such as wind 

and a lack of distinguishing markers in the immediate environment around the hives may 

contribute to drift, these factors were minimized by a sheltering forest buffer, diverse 

shapes in different colors marked above each entranceway, and an asymmetrical wall 

surface from which the entranceways protruded. The significant results in drift that we 

see in hive positioning are likely to be due to position alone. 

The statistically significant finding that the three pesticides contribute differently to drift 

is thought provoking. Since neurotoxins are designed to kill insects, fluvalinate and IMI 

might be anticipated to disrupt normal honey bee function in some way while the 

contribution by chlorothalonil, a fungicide, might be anticipated to have a smaller or no 

effect, but this was not the outcome. The mechanism by which chlorothalonil 

significantly disrupts orientation needs to be elucidated. Possible causes of disruption 

might be grounded in attack on a fungal symbiont living in the hive or within the bee’s 
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digestive tract, nutrition status (through degradation or decomposition of pollen), or 

metabolite toxicity.  The drift results for the 3 pesticide treated hives suggests that the 

effects of each pesticide are additive and not synergistic.      

7. Discussion  

               7.1   IMI in honey bee water sources 

IMI’s prevalence in 21% of the water samples collected in Maryland in June is one 

indication of its status as the best selling pesticide in the world (Jeschke et al. 2011). Its 

aproximately equal distribution between rural, suburban and urban sites supports its 

ubiquitous use from agricultural to residential settings.  That it was detected more often 

in June samples than in October samples may be a reflection of the pesticide’s use as a 

function of season or its degradation by sunlight over time. Its appearance in sites where 

it was not present before and its disappearance from sites where it was present before, 

suggest that IMI moves with the water flow. The differences in assay technology between 

ELISA and LC/MS/MS may raise questions about the exact amounts of IMI in a sample 

but generally, the amounts of IMI in Maryland water samples were at sublethal doses and 

pose little to no threat to honey bees.  

Two concerns bear mention. The first concern is that this study, like the studies by 

VanDijk (2010) and Starner and Goh (2012), shows multiple detections across large land 

areas and in many waterway systems. IMI sales occur in 120 countries so its chemical 

presence is worldwide which means if a significant toxicity issue arises, it may be a 

global problem. Considering how popular IMI is as an insecticide, its use is likely to 
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continue at its present level or increase. Its toxicity to aquatic organisms (Table 4)  may 

become another issue of concern presently or in the future. 

               7.2  IMI translocation within a hardwood 

Pesticide use is necessary for agriculture especially as we prepare to feed 9 billion people 

by the year 2050 (UN 5/12/24).  Knowing how a pesticide translocates through a plant is 

useful to many, including botanists, APHIS (for the control of invasive species), 

entomologists, toxicologists, farmers, landscapers, and gardeners.  The knowledge that 

IMI partitions to leaves mostly and less to flowers, that it distributes differently through 

plants depending on the species and that different injection methods cause different times 

in peak expression allows IMI to be used more efficiently to target insects.  

The results we found suggest that IMI is not a risk to honey bees through the pollen of 

red maples but the high concentration of IMI in red maple leaves may raise a different 

issue to honey bees.  The concentrations of IMI at levels on the order of 10
3
 ppb in leaves 

could be an exposure risk to honey bees if the concentrations were released from the 

leaves. One scenario for exposure is through the decomposition of leaves in pooled water 

that is visited by honey bees.  This link from treated red maple leaf to honey bee water 

source may be worthy of study.  IMI concentrations would probably change as 

decomposition took place due to a variety of possible influences including but not limited 

to the chemistry of leaf degradation, transformation of IMI to metabolite forms, pH 

considerations in water pools, sunlight, water flow dilution effects, and time. Another 

scenario is that IMI released from decomposed leaves is taken up again by other plants 

like the common dandelion (Taraxacum officinale), the pollen of which is foraged by 
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honey bees. How IMI and/or its metabolites translocates through dandelions or any other 

plant would need to be characterized. IMI’s effect on non target invertebrates in the soil 

is already known to inhibit litter breakdown (Kreutzweiser et al. 2009).  Until IMI 

degrades into innocuous metabolites, its prevalence and the prevalence of its metabolites 

may still have effects. 

               7.3   Sub lethal effects on larvae exposed to IMI in field hives 

Many metrics were undertaken to measure the sub lethal dose effects on adults bees, who 

in the larval stage were raised in IMI dosed hives: dose verification, emerged brood 

weights, in-hive census of marked bees, caged bees studies, bee mapping in 7 locations 

(cells types and frame), 35 in-hive behaviors, and 5 entranceway behaviors.  One 

significant result was found; dosed bees showed differences in the amount of time spent 

over larval cells. One almost significant result was found- dosed bees show some 

difference in guarding behavior.  Two trends were seen- dosed bees followed the same 

dose order for larval cell mapping in sealed brood and pollen cell mapping.  In all other 

metrics, no significance was seen. These cumulative findings support evidence that dose 

levels between 5 and 100 ppb IMI administered to field hives via commercially prepared 

protein patties are at the LOEC or NOEC for exposed larva.  

The repercussions of these findings are that worries by beekeepers of IMI exposures to 

honey bees through pollen under environmental real-world conditions may be allayed 

somewhat.  Several studies report IMI pollen levels at or below 100ppb in pollen: the 

study in NYC contained herein, Chauzat et al. 2006, Cutler and Scott-Dupree 

{clothianidin} 2007, Krishchik et al. {flowers} 2007.  Others (Dively and Kamel 
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{neonicotinoids} 2012, and Mullin et al 2010) report values in pollen >100ppb.  The 100-

250ppb dose level for IMI is more likely to show effects as the dose levels approach the 

LD50 average of 280 ppb reported by Mullin et al. 2010.  If IMI continues to be a best 

seller insecticide, environmental levels in pollen may increase from soil accumulations 

and concerns for honey bee health may increase concomitantly.   

                            7.4   Synergy   

Studies undertaken to examine the effects of one pesticide are useful but synergy studies 

may be more revealing about the real-time factors that influence honey bee health. The 

unanticipated result that a fungicide causes a greater drift effect than two insect 

neurotoxins in this study suggests that a deeper look should be given to fungicides and to 

the total chemical load in hives. The synergy studies cited in this document included 

chemical/chemical synergy (Dively and Hawthorne 2011), biological/chemical synergy 

(Pettis et al. 2012), and synergy between two chemicals applied as medications to the 

hive by beekeepers (Johnson et al.2009), which connect chemical, biological, and 

managerial pressures on the hive, the three pressures that have been under study as 

potential causes for increased hive losses. 

The collection of drift data may be a good assessment tool for field hive studies. 

Capturing significant effects in field hives can be difficult because of the compensating 

qualities that are inherent in the superorganism social structure. Large numbers of 

observations are necessary to capture a subtle effect.  Drift data may be a way to capture 

data sets that are large enough to see a statistically significant difference between dose 

groups without intruding into the hive. The limitations of collecting drift data are the 
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intensity of labor involved in collection and the requirement that relative hive position is 

varied throughout the study.  

Two aspects of synergy studies that makes them distinct from other studies is the large 

amount of time and data collection that is required to set baselines and the unpredictable 

outcomes. If three compounds are to be studied simultaneously, contributions by the 

individual components to any given metric have to be established in order to later 

compare combined effects. In many cases, the researcher may not know what baseline 

metric to measure because one cannot be sure how a combined effect may present itself. 

In the synergy study in this thesis, the original intent was to collect foraging data but 

when a noticeable number of neighboring bees were seen in the hives, the focus was 

switched to analyzing drift, which turned out to yield a significant finding. The effect of 

the chlorothalonil dose on drift had no precedent in the literature. 

                       7.5  Future Studies 

      The effects of IMI on honey bees have been well studied. At the sub lethal range 

between 5 and 100ppb, the effects are sometimes significant and sometimes not 

significant as Blacquiere et al. (2012) discusses, suggesting that at those concentrations, 

the LOEC or NOEC may have been reached.   Future research dollars might be better 

spent on other topics like synergy effects within hives or IMI effects on susceptible 

aquatic species, than on defining further the LOEC values on honey bees. If worldwide 

use of IMI increases and IMI concentrations in the environment increase by an order of 

magnitude, the study of IMI’s particular effects on honey bees could be revisited. 
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This thesis has given some insight into the chemical pressures placed on hives not just by 

IMI but by relationships with other chemicals in the honey bees’ environment. Bees are 

exposed to IMI at sub lethal doses through water and through pollen and there are effects 

depending on the dose level. The effect of three pesticides on drift, especially the 

fungicide chlorothalonil, may help explain one of the unusual signs of colony collapse 

disorder; the absence of older worker bees (foragers).  
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Appendix A- Sample Descriptions and positive results  

Setting     

 

Site description Sample types Positive samples –ELISA 

method (June, 2010) 

urban    

 

center city 2 puddles, 2 fountains, bird 

bath, car wash 

22ppb puddle 

urban    

 

nursery 5 puddles, water plant tank 131ppb&7ppb puddles, 

27ppb water tank, 2 

threshold positives-puddles 

urban   

 

golf course 4 rivulets, puddle, culvert  

urban   

 

city townhouses 4 fountains, statue with standing 

water, bird bath 

 

urban    

 

close free-

standing houses 

2 small pools, 2 puddles, drain 

pipe, fish pond 

2 threshold positives-  2 

pools 

suburban    

 

residential 6 rivulets  

suburban    

 

residential 2 puddles, storm management 

pond, fish pond, fountain, water 

kettle 

12ppb puddle, 

threshold positive -puddle 

suburban    

 

residential 3 drainage ditches, 2 puddles, 

fish pond 

2 threshold positives-

drainage ditch, puddle 

suburban     

 

golf course 4 rivulets, pond, puddle 10ppb rivulet,8 ppb pond, 

2 threshold positives-2 

rivulets 

suburban     

 

nature center 3 ponds, marsh, rain barrel, 

sapling starter tray 

threshold positive-pond 

rural   

 

crop/livestock 

farm 

2 ponds, 2 rivulets, puddle, 

drainpipe 

 

rural    

 

crop farm 6 irrigation pipes threshold positive-irrigation 

pipe 

rural     

 

golf course 5 ponds, 1 rivulet 25ppb pond, 

threshold positive-pond 

rural    

 

farm 2 rivulets, 2 ponds, hog farm 

runoff, forest wetland 

threshold positive-hog farm 

runoff 

rural   

 

orchard 3 springs, 3 rivulets, pond (extra 

sample) 

 

rural    

 

cattle farm 3 springs, 2 streams, pond 19 ppb stream 

threshold positive –pond 

rural    

 

sod farm 4 ditches, rivulet, wetland  

rural   

 

crop farm 3 rivulets, 2 ponds, lowland  

 controls   

 

household or 

research lab 

3 samples household tap water, 

3 samples deionized distilled 

lab water 

 



 

152 
 

Appendix B: Field hive origins for observation hives. Field hive strengths increased and 

diminished over each summer, making it impossible to use the same field hives for an 

entire summer. Since there were ten field hives monitored at each dose level, different 

numbered hives within a dose treatment were used interchangeably for the observation 

study. Whenever possible, the substitute hive was taken from the same field location of 

the original hive. C = control (0ppb IMI), L-low dose (5ppb IMI), M=med dose (20ppb 

IMI), H=high dose (100ppb IMI)  

 Dosing 

interval   

Observ.hive 1 

(date) field hive 

IDs 

Observ. hive 2 

(date) field hive 

IDs 

Observ. hive 3  

(date) field hive 

IDs 

Observ. hive 4 

(date) field hive 

IDs 

1
st
 

addition of 

bees 

(2008) 

5/15/2008

-8/6/2008 

(7/11) C12, L5, 

H1 

 (7/11) C19, L22, 

H16 

(7/11)C17, L13, 

H9 

2
nd

 

addition of 

bees 

(2008) 

5/15/2008

-8/6/2008 

(8/7) 15C, L18, 

H11 

 (8/8) 28C, 27L, 

and 14H 

(8/7) 4C,8L,23H   

1
st
 

addition of 

bees 

6/11/2009 

5/15/2009

-8/5/2009 

(6/11) 27C, 

36L,25M,37H 

(6/11) 30C, 

31L,35M,29H 

(6/11) 33C, 

28L,38M,26H 

(6/11) 40C, 

39L,32M,34H 

2
nd

 

addition of 

bees 

6/22/2009 

5/15/2009

-8/5/2009 

(6/22)30C,31L, 

32M,37H 

(6/22)40C,39L, 

38M,26H 

(6/22)33C,28L, 

25M,29H 

(6/22)27C,36L, 

35M,34H 

3
rd

 

addition of 

bees 

7/14/2009 

5/15/2009

-8/5/2009 

(7/14)30C, 36L, 

32M, 37H 

(7/14)33C28L, 

25M,34H 

(7/14)27C,31L, 

38M,29H 

(7/14)40C,39L, 

35M,26H 

1
st
 

addition of 

bees 

(2010) 

5/27/2010

-

8/18/2010 

(6/23) 8C, 2L, 16 

M, 10H 

(6/23) 11C, 5 L, 

3M, 13H 

 

(6/23) 14C, 12L, 

6M,  4H 

(6/23) 1C, 15L, 

9M, 7H 

2
nd

 

addition of 

bees 

(2010) 

5/27/2010

-

8/18/2010 

(7/30) 24C,18L, 

6M,13H 

(7/30) 

24C,15L,19M,4

H 

(7/30) 

8C,2L,22M,7H 

(7/30) 

1C,15l,9M,23H 

3
rd

 

addition of 

bees 

(2010) 

5/27/2010

-

8/18/2010 

(9/2)1C,18L,19M,

13H 

(9/2)8C,2L,16M,

7H 

(9/2)11C,12L,6M,

4H 

(9/2)24C,15L,9

M,4H 
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