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Neonicotinoid insecticides are important globally to control pests in numerous agricultural 

crops, representing 24% of total agricultural insecticide use. Recently, exposure of non-target 

organisms to neonicotinoids present in various agricultural matrices is debated as a result of 

their use as seed treatments in field crops. Field sampling and laboratory studies were 

conducted from 2013 to 2016 to determine concentration and movement of soil bound residues 

and particulate matter exhausted from vacuum type planters during the planting of 

neonicotinoid treated seed. “Wick effect” was reported as an important process that results in 

accumulation of neonicotinoid residues in the soil surface. Total suspended particulate (TSP) 

concentrations of neonicotinoid are higher at the edge of fields during planting than tillage of 

fields. Neonicotinoid residues were detected during wind events, tillage and planting practices. 

Efforts should be directed towards reducing the amount of material dislodging from treated 

seeds and reducing the amounts of contaminated dust exhausted by the planter. Avoiding 

excessive tillage and practicing soil conservation can be useful in minimizing the off-site 

transport of neonicotinoid residues.
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CHAPTER ONE 

Literature Review 

 

1.1 Overview of Neonicotinoid Insecticides 

During the past three decades the neonicotinoid insecticide class has dominated the 

insecticide market place. The first neonicotinoid molecule was discovered in the 1970s and 

since then the use of this class of insecticides has expanded to 24% of the total worldwide 

market (Jeschke et al., 2011; Tomizawa & Casida, 2005).  The physicochemical properties of 

neonicotinoid insecticides are a main contributor to their success.  These properties include: 

photo-stability, that extends field performance; lower octanol-water partition coefficient value 

(Pow, higher values are more hydrophobic), making them less likely to be adsorbed in soils 

and living organisms; high water solubility, suggesting low accumulation in soil or biota; and 

lower organic carbon-water partition coefficient value (Koc, higher values related to longer life 

in the soils); that makes them more degradable (Appendix Table 1.1).  

Besides these properties, neonicotinoids present a unique mode of action where they 

selectively target the insect central nervous system as agonists of the postsynaptic nicotinic 

acetylcholine receptors (nAChRs) their molecular target site, (IRAC MoA classification: 

nAChR competitive modulators, group 4A (PPDB, 2013), These compounds show a 

preference for the target site on insects over mammals due to differences in binding properties 

of the diverse nicotinic receptor subtypes (Elbert et al., 2008; Jeschke et al., 2011). 

Neonicotinoids are systemic in plants, translocating acropetally while maintaining high 

intrinsic acute and residual activity, having a broad spectrum of efficacy against a wide range 



2 
 

of sucking insects and some chewing species, resulting in their widespread use on a wide 

variety of crops (Elbert et al., 2008; Jeschke et al., 2011). 

Neonicotinoids have diverse application options based on their physicochemical 

characteristics, including foliar sprays, through irrigation via drip or drench systems, 

injections at the base of trunks and seed or soil treatments (Elbert et al., 2008; Jeschke et al., 

2011). However, the success of neonicotinoids is mostly from their high degree of utility as 

soil/seed treatments, representing approximately 60% of all global neonicotinoid applications 

(Jeschke et al., 2011). As seed treatments, neonicotinoids are widely used in cotton, maize, 

cereals, sugar beet, canola and other crops. Compared with other soil insecticides they have 

broad spectrum of activity and long lasting effects against early season pests (Elbert et al., 

2008). From the time of planting individual plants are protected using an accurate application 

rate per seed, reducing the amount of active ingredient used per unit area compared with other 

application methods such as spray or soil applied granules (Jeschke et al., 2011). This method 

also allows for several active ingredients with different target pests to be applied 

simultaneously during planting (Nuyttens et al., 2013).  

In Canada, imidacloprid was the first neonicotinoid registered on field crops in 2001 

(Stewart & Baute, 2013). Currently imidacloprid, clothianidin and thiamethoxam are 

registered for use on practically all field crops in Canada. In 2013, clothianidin and 

thiamethoxam were most commonly used neonicotinoids in southwestern Ontario, with 99% 

of maize, 60-80% of soybeans, 95% of dry beans, 25% of winter wheat, and 100% of canola 

planted using treated seeds (Stewart & Baute, 2013). 

 Recently, the province of Ontario in preparation for the 2017 growing season, started 

new regulations for grain producers that want to use neonicotinoid treated seed (Government 



3 
 

of Ontario, 2015). Ontario farmers will be required to be certified through an IPM training 

course in order to be able to buy and plant neonicotinoid treated maize or soybean seed, 

complete a written declaration that IPM principles have been considered, and complete a pest 

assessment in either the form of soil inspection report for every 100 acres or less conducted 

by an IPM-trained farmer or professional pest advisor, or perform a crop inspection pest 

assessment report to be verified by a professional pest advisor (Government of Ontario, 

2015).  Most recently the Pest Management Regulatory Agency (PMRA) proposes a three 

year phase out of agricultural uses of imidacloprid, and where no other substitute pest control 

product is available a transition of five years has been proposed. Based on the findings of the 

re-evaluation for imidacloprid, PMRA also launched special reviews for clothianidin and 

thiamethoxam, arguing a potential environmental risk for aquatic invertebrates (Health 

Canada, 2016).  

 

1.2 Exposure Routes of Pollinators to Neonicotinoids Used as Seed Treatments 

There are three major ways non-target organisms may be exposed to neonicotinoids 

when used as seed treatments: 1) via plant products (nectar, pollen and guttation droplets), 2) 

through acute exposure to contaminated exhaust dust produced during planting of treated seed 

using vacuum type planters (Tapparo et al., 2012), and 3) by chronic exposure to residues 

remaining after planting (Cutler et al., 2014; Krupke et al., 2012; Krupke & Long, 2015; 

Pistorius et al., 2009). Exhaust dust could also contaminate foraging resources like surface 

water (Schaafsma et al., 2015) or off-site flowers (Stewart et al., 2014). The contribution to 

exposure from residues moving from seed itself after they are planted is poorly understood 
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(Greatti et al., 2003; Pistorius, 2015; Krupke et al., 2012; Heimbach, 2014), with the 

exception of nectar, pollen and guttation droplets.  

1.2.1 Nectar, Pollen and Guttation Droplets 

There is no doubt that neonicotinoid residues can be found in nectar (Cutler & Scott-

Dupree, 2007; Dively & Kamel, 2012; Godfray et al., 2014; Stoner & Eitzer, 2012), pollen 

(Codling et al., 2015; Cutler & Scott-Dupree, 2007; Godfray et al., 2014; Krupke et al., 2012; 

Krupke & Long, 2015; Sanchez-Hernandez et al., 2015) and guttation droplets (Fairbrother et 

al.,2014; Girolami et al., 2009; Hoffmann & Castle, 2012; Pistorius, 2011; Reetz et al., 2015; 

Reetz et al., 2011; Tapparo et al., 2011). Exposure to nectar and pollen is a more common 

scenario than guttation exposure (Pistorius, 2011; Reetz et al., 2015). The effect on individual 

bees or their colonies in the field, due to cumulative sub-lethal doses from these sources is 

still under debate (Godfray et al., 2014). Some Canadian field studies do not show the same 

sub-lethal effects on bees that have been observed in laboratory studies under recommended 

use patterns of neonicotinoids (Cutler & Scott-Dupree, 2007; Cutler, 2014). This discrepancy 

illustrates the frequently incongruent results between laboratory and field studies, most likely 

due to the unrealistic concentrations used in the laboratory or an overestimation of real field 

exposure (Carreck & Ratnieks, 2015; Godfray et al., 2015). In a field study by Cutler et al. 

(2014) honey bees exposed to canola grown from clothianidin-treated seed were not impacted 

negatively. Furthermore, the 2015 annual report for honey bee colony losses performed by the 

Canadian Association of Professional Apiculturists CAPA (CAPA, 2015), supports that honey 

bee colonies survive equally or better in the prairie provinces where canola crops are more 

intensively grown than in Ontario. However, Rundlof et al. (2015) showed negative effects of 
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neonicotinoid coated seed on native bees, suggesting that using honeybees as a model 

organism in environmental risk assessments may not indicate risk to other bee species. 

1.2.2 Pneumatic Planters, Abraded Dust and Implications 

Vacuum type planters are common in developed countries because of their higher 

planting speeds and precise placement of seeds (i.e. singulation) (Xue et al., 2015). These 

planters use a high volume of air under negative pressure to aspirate seed from a hopper. A 

centrifugal fan creates the suction pressure necessary to move the seeds into perforated discs. 

The exhaust of these fans can contain abraded material from the treated seed, resulting in 

dispersion of fugitive dust in the environment (Nuyttens et al., 2013). Prior to 2014, talc and 

graphite were added to maize seeds during planting to assist with singulation as talc prevents 

seeds from bridging under humid conditions and graphite helps lubricate seed movement and 

mechanical parts (Xue et al., 2015). Talc has since been recognized as an abrasive material 

that dislodges seed treatment during planting, producing extremely high concentrations of 

neonicotinoids in exhaust dust reaching 15,000 µg/g (Krupke et al., 2012), which is several 

orders of magnitude above the contact lethal dose for honey bees (Bonmatin et al., 2015). 

Besides the abrasive materials mentioned above, there are data confirming entry of an 

important amount of soil dust particles into the vacuum system, which can enhance the 

production of contaminated dust that can later be expelled from the planter exhaust (A. 

Schaafsma, 2015, pers. comm1.). However, mitigation measures such as improving the seed 

quality and the use of modified seed drilling technology are being developed to reduce the 

amount and off-site movement of neonicotinoid residues that could be generated during 

planting of treated seeds (Nuyttens et al., 2013). 

                                                           
1 A. W. Schaafsma, Department of Plant Agriculture, University of Guelph Ridgetown Campus, 
Ridgetown, Ontario, Canada 
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The amount and concentration of contaminated dust released during planting can be 

affected by various factors (Nikolakis et al., 2009). The quality of the seed treatment is among 

the most important which determines how resistant to abrasion treated seeds are. This 

resistance is influenced by four parameters: quality and cleanliness of the seed; polymers used 

in the seed coating formulation; seed treatment method and application recipe. Seed drilling 

technology is another factor that influences the amount of contaminated dust (Nuyttens et al., 

2013; Tapparo et al., 2012).  Crops like maize require precision drilling due to planting in 

rows with uniform spacing between seeds within rows, this occurs as a result of singulation of 

seeds using vacuum-based pneumatic planters. Mechanical planters are also available, and 

when dust drift is compared with pneumatic planters amounts are smaller but still significant 

(Nuyttens et al., 2013). Finally, environmental conditions play an important role in drift of 

fugitive dust, with drift greatest under dry and windy conditions (Nikolakis et al., 2009; 

Tapparo et al., 2012). 

It has been suggested that residues of neonicotinoids coming from the planter exhaust 

have the potential to contaminate surface water (Schaafsma et al., 2015; Starner & Goh, 

2012), neighbouring vegetation (Greatti et al., 2003; Nikolakis et al., 2009) and have been 

reported as cause of bee poisoning in developed countries (EFSA, 2013; Sgolastra et al., 

2011; Health Canada, 2012, 2013; Pistorius et al., 2009).  Others suggest that pollinators are 

subject to direct acute exposure as they pass through contaminated dust clouds (Bonmatin et 

al., 2015; Godfray et al., 2014; Tapparo et al., 2012). Amounts, concentrations and distance of 

dispersion of contaminated dust coming from vacuum planters and their concentrations on 

off-target matrices and effects on organisms around agricultural fields are still largely 

unconfirmed.    
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1.3 Neonicotinoids and Soil Interactions 

As outlined in section 1.1, the principal application method for neonicotinoids is by 

seed/soil treatment, which makes the understanding of the fate and dynamics of 

neonicotinoids residues in soil an important component for environmental risk assessment. 

The fate of pesticides is extremely complex and depends on many interacting factors, 

including: pesticide properties, soil structure and characteristics, soil processes and properties, 

environmental conditions, and site characteristics (Table 1.1) (Holland, 2004; Katagi, 2013). 

Besides these factors, it is important to emphasize that the mobility of any pesticide in 

agricultural soils is greatly influenced by the movement of surface and subsurface water, 

sourced mainly from precipitation and irrigation (Katagi, 2013).   

Soil physicochemical properties are the principal factors that affect the behaviour of 

pesticides (Table 1.1). The chemical properties of a compound affect processes of 

adsorption/desorption, that are mainly driven by physical, electrostatic, and chemical soil-

interactions (Katagi, 2013). Persistence (given as half-life value (DT50), defined as the loss of 

50% active ingredient over time regardless of mechanism) and Koc are the most relevant 

pesticide factors that affect its interaction with soil properties such as organic carbon content, 

water dissolved colloids, and clay/silt aggregates (Bajeer et al., 2012; Katagi, 2013; 

Kurwadkar et al., 2013; Kurwadkar et al., 2014; Liu et al., 2006). According to Gupta et al. 

(2008) thiamethoxam dissipation is mainly affected by soil moisture, where dissipation rates 

were 65% greater in saturated soils than in those at field capacity, suggesting that anaerobic 

microbial degradation maybe more efficient than aerobic microbial degradation.  Liu et al. 

(Liu et al., 2011) evaluated microbial degradation of various 
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Table 1.1. Factors influencing the fate of pesticides in soil modified from Holland (2004) and Katagi (2013). 

 

 

 

 

 

Temperature, rainfall

Soil tillage, Amendment, vegetation

Cultivation, drainage system

Geographic location

Factors

Soil structure and characteristics
Macropores, micropores, soil pore conectivity, soil 
type, moisture level, pH 

Soil processes and properties
Colloids, organic carbon content, biomass, adsorption 
and desorption, biodegradation  

Site characteristics
Topography, hydrology, soil type, depth to 
groundwater, 

Determining properties

Pesticide type

Environmental conditions

Soil adsorption (Koc), solubility, volatility, persistence  
Environmental conditions: soil type, microbial 
activity, organic carbon content, colloids

Controlling factors

Type of crop, crop rotation, rainfall, temperature
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neonicotinoid compounds using sterilized and unsterilized soils, demonstrating that microbial 

activity played an important role in thiamethoxam mobility and persistence. 

Leaching is the non-preferential downward movement of pesticides in water through the 

soil and it is influenced by numerous interacting factors, with sorption and degradation 

processes having most relevance (Arias-Estévez et al., 2008; Bajeer et al., 2012; Wauchope et 

al., 2002). Usually leaching measurements are obtained by soil column methods, which can be 

packed or collected as undisturbed intact soil cores (Katagi, 2013; Wauchope et al., 2002). 

Values obtained from different studies vary due to the heterogeneous nature of soil physical 

properties. Soil structure diverges vertically and laterally which increase the variability of the 

complex flow (Katagi, 2013), making accurate predictions difficult. Another process referred 

to as the “wick effect” (Lavy et al., 1990; Spencer et al., 1973), occurs when water evaporates 

from soil surface. The capillary gradient produced results in a flow of water upward to replace 

what has evaporated, and as a result any solute as pesticide in the soil solution will move to 

the soil surface within the soil profile by mass flow with the evaporating water. This 

phenomenon has not been reported in the literature as a factor that could enhance the 

accumulation of neonicotinoid soil residues in the soil surface.    

Environmental models are useful tools to compile information on chemical and 

environmental properties, providing a practical interpretation to estimate chemical fate 

(Mackay, 2001). There are several models proposed to predict persistence of organic 

pollutants (Mackay et al., 2001), including the “fugacity model” (Mackay et al., 1979) which 

is widely accepted and discussed in the peer reviewed scientific literature (United States 

Environmental Protection Agency. US EPA, 2012a). This model approach in addition to field 

and laboratory experimentation helps us understand the complex behaviour of organic 
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compounds in soil, offering an efficient way to estimate the environmental distribution of a 

chemical, and providing a different approach to simulate a preliminary assessment of its 

relative mobility and fate in any possible environmental condition. Mackay et al. (1992) re-

iterate that chemical fate is controlled by two sets of factors: 1) the inherent properties of the 

chemical; and 2), the natural properties of the environment into which it is discharged.  The 

latter varies with location, while the former is universal. Based on this principle, using 

specific data about the chemical’s properties (solubility, vapour pressure, Koc, molar mass, 

etc.) and an environmental evaluation the distribution of the compound can be calculated, 

cautioning that behaviour and concentrations may differ between real and evaluated 

environment, but the dominant behavioural characteristics should be mimicked (Mackay et 

al., 1982).  

Wind erosion is another pathway for the transport of organic compounds.  Dust 

resulting from disturbed and undisturbed soil surfaces can contain pesticide residues bound to 

airborne soil particles (Clay et al., 2001; Clymo et al., 2005; Rogge et al., 2007), where the 

resultant dust can be transported long distances allowing the introduction of pesticides to off-

target matrices (Clymo et al., 2005; Gomes et al., 2003; Larney et al., 1999a; Larney et al., 

1999b). Little information is available about the movement and fate of neonicotinoids in the 

environment following this transport route. It is important to understand and quantify the 

probable load of compound that can be released to the environment as soil-bound particles.  

 

1.4 Research Objectives  

Recently, neonicotinoid insecticides used as a seed treatment have been challenged by 

environmental regulatory agencies in different developed countries, declaring them as causal 
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factors of environmental detriment and of global pollinator populations decline (Godfray et 

al., 2014; Goulson et al., 2013). In this thesis, the environmental contribution of 

neonicotinoids as particulate matter or soil-bound particles, and aspects related to soil 

movement will be described under the following objectives: 

 

Objective 1. To determine neonicotinoid residual concentrations in soil surface dust and 

parent soil in commercial maize fields with a history of neonicotinoid treated seed use. 

Soil bound organic chemical residues can leave treated fields on wind-eroded soil 

particles, and have the potential to contaminate off-target matrices. Currently there is no 

information available in the literature about the concentration of neonicotinoid residues bound 

to wind-eroded sediments. It was hypothesized that neonicotinoid residue concentrations in 

the parent soil will be equal to or higher than neonicotinoid concentrations in surface soil 

dust. 

 

Objective 2. To determine neonicotinoid concentration in particulate matter released 

from commercial fields during wind events, tillage and planting of neonicotinoid treated seed.  

There is little information available regarding neonicotinoid concentration in airborne 

particles under realistic field conditions. The possible distance travelled by neonicotinoid 

bound soil particles from fields with common use of neonicotinoid treated seed has been 

determined. However, it is important to determine neonicotinoid concentrations in airborne 

particles under realistic field conditions, so as to determine the possible pathways that these 

residues can take after being released into the environment. It was hypothesized that 

neonicotinoid concentration in total suspended particulate (TSP) released during planting of 
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neonicotinoid treated seed will be equal to or higher than TSP neonicotinoid concentration 

during tillage.   

 

Objective 3. To evaluate the importance of soil composition to the upward flow of soil 

moisture (wick effect), in carrying clothianidin residues to the soil surface and to verify the 

“wick effect” under controlled conditions; also to estimate the possible environmental 

partitioning and persistence of three insecticides, commonly used as seed treatment in 

southwestern Ontario using an EQuilibrium Criterion (EQC) model. 

The mechanics that explain the upward movement of neonicotinoids in the soil is 

currently unknown and needs to be addressed. Soil column tests using soil collected from 

study fields were set up in the laboratory to test the hypothesis and to understand the 

dynamics involved. The results may inform the role these residues may play in an overall risk 

assessment for the general source, transport and impact of neonicotinoid residues in a maize 

ecosystem. It was hypothesized that evaporation will cause the upward flux of soil moisture 

resulting in the concentration of neonicotinoids in the soil surface dust.   
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CHAPTER 2 

Neonicotinoid Insecticide Residues in Soil Dust and Associated Parent 

Soil in Fields with a History of Seed Treatment use on Crops in 

Southwestern Ontario 

 

Data from 2013 and 2014 for Chapter 2 published: Limay-Rios, V.; Forero, L.; Xue, Y.; 

Smith, J.; Baute, T.; Schaafsma, A. Neonicotinoid insecticide residues in soil dust and 

associated parent soil in fields with a history of seed treatment use on crops in southwestern 

Ontario. Environmental Toxicology and Chemistry. 2015, DOI: 10.1002/etc.3257. 

 

2.1 Abstract 

Using neonicotinoid insecticides as seed treatments is a common practice in field crop 

production. Exposure of non-target organisms to neonicotinoids present in various 

environmental matrices is debated. In 2013, 2014 and 2015 concentrations of neonicotinoid 

residues were measured in the top 5 cm of soil and overlying soil surface dust before planting 

in 31 commercial fields with a history of neonicotinoid seed treatment use in southwestern 

Ontario. Liquid chromatography–electrospray ionization tandem mass spectrometry was used 

for residue analysis. The mean total concentrations for parent soil and soil surface dust 

respectively were 3.05 and 47.84 ng/g for 2013, 5.59 and 71.17 ng/g for 2014, and 6.58 and 

19.26 ng/g for 2015. When surface and parent soil residues were compared the mean 

concentration in surface dust was 15.6, 12.7 and 2.9-fold higher than that in parent soil for 

2013, 2014 and 2015, respectively. The results contribute important knowledge about the role 
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these residues may play in the risk assessment currently under way for the source, transport, 

and impact of neonicotinoid insecticide residues in a maize ecosystem. 

 

2.2 Introduction 

The use of neonicotinoid insecticides globally has expanded rapidly since they were 

introduced in the early 1990s (Elbert et al., 2008). This adoption is attributed to characteristics 

of this group of insecticides, which include a broad spectrum of efficacy (Jeschke et al., 

2011), systemic and translaminar movement (Elbert et al., 2008), moderate persistence (Elbert 

et al., 2008), a unique mode of action (Casida et al., 2014), and a wide range of application 

methods (Elbert et al., 2008; Jeschke et al., 2011). The application of neonicotinoids as seed 

treatments has contributed the most to the use expansion of this insecticide group in the past 

20 yr. For example, in 2013 neonicotinoid seed treatments were used on 99% of maize (corn), 

60% to 80% of soybean, 95% of dry bean, 25% of winter wheat, and 100% of canola crops in 

southwestern Ontario (Stewart & Baute, 2013). Applying the insecticide to the seed 

minimizes exposure to the grower (Nault et al., 2004), allows smaller quantities of active 

ingredient to be applied in the field compared to broadcast applications (Nault et al., 2004), 

and protects from early-season seedling pests, reducing the need for broadcast applications of 

insecticide at higher rates of application (Elbert et al., 2008; Nuyttens et al., 2013). 

Neonicotinoids presently used in agriculture are clothianidin, imidacloprid, thiamethoxam, 

dinotefuran, acetamiprid, thiacloprid, and nitenpyram (Elbert, 2008). Currently, clothianidin, 

thiamethoxam, and imidacloprid are registered for use on practically all field crops in Canada. 

The inclination toward large-scale farming centered on economies of scale, efficiencies, risk 

management, and most importantly, changes in cropping practices such as planting earlier to 
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increase productivity, has contributed to the prophylactic use of neonicotinoids as seed 

treatments in field crops (Furlan et al., 2014). Given the widespread use of neonicotinoids as 

seed and/or soil treatments, estimated at approximately 60% of all neonicotinoid applications 

worldwide (Jeschke et al., 2008), and the increased adoption of pneumatic maize planters in 

developed countries, concerns have arisen about exposure to pollinators in forage resources 

contaminated by neonicotinoid fugitive dust generated during planting of treated seeds 

(Nuyttens et al., 2013; Godfray et al., 2014). However, mitigation measures have been 

developed to reduce the amount and off-site movement of neonicotinoid residues generated 

during planting (Nuyttens et al., 2013). Some suggest pollinators are exposed directly as they 

pass through fugitive dust clouds (Godfray et al., 2014; Bonmatin et al., 2014; Tapparo et al., 

2012), in some cases causing acute bee mortality (EFSA, 2013; Health Canada, 2013). 

Neonicotinoid residues have been detected in bee-collected pollen (Godfray et al., 2014; 

Krupke et al., 2012) as well in other matrices collected from fields where neonicotinoid-

treated seed was planted, including nectar and pollen (Godfray et al., 2014; Dively et al., 

2012; Stoner et al., 2012), guttation droplets (Hoffmann et al., 2012; Pistorius et al., 2011), 

surface water or groundwater (Bonmatin et al., 2014; Huseth et al., 2014; Main et al., 2014; 

Schaafsma et al., 2015), and soil (Bonmatin et al., 2014; Schaafsma et al., 2015; Gupta et al., 

2008; Jones et al., 2014). 

Neonicotinoids are moderately persistent in soil (Bonmatin et al., 2014), and organic 

chemical residues may leave treated fields in soil dust by wind erosion (Cessna et al., 2006; 

Rogge et al., 2007; Clay et al., 2001). Wind-eroded soils contaminated with organic chemicals 

are considered an important source of contamination for off-target matrices (Cessna et al., 

2006; Larney et al., 1999a; Larney et al., 1999b). The contribution and pathway of 
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neonicotinoid residues arising from treated seed planted in soil entering eroded soil dust is not 

known. The objective of the present study was to compare neonicotinoid insecticide residues 

in parent soils with those found in surface-soil dust collected before planting from commercial 

maize fields with a history of neonicotinoid-treated seed use. This surface soil dust is a 

potential source for contamination of off-target matrices, previously not well considered or 

characterized in risk assessment.  

 

2.3 Materials and Methods 

2.3.1 Experimental Fields 

The present study was part of a larger study of pollinator exposure to neonicotinoid 

residues in a maize-dominated agroecosystem (Schaafsma et al., 2015). Ten grower co-

operators contributed 2 to 4 commercial fields with a history of planting neonicotinoid-treated 

seed (minimum 16.6 ha in size, most greater or equal than 38 ha). Each co-operator was 

located in 1 of 5 counties (Essex, Chatham-Kent, Lambton, Middlesex, and Elgin) in 

southwestern Ontario, Canada (Figure 2.1). Field characteristics such as soil texture class, 

crop rotation history, and application rate are reported in Table 2.1. 

2.3.2 Sample Collection 

Sampling to quantify neonicotinoid concentration in parent soil and surface soil dust 

that could escape from the parent soil in spring through wind erosion, tillage, and/or planting 

activities was realized. Representative commercial maize fields with a history of 

neonicotinoid-treated seed planting were sampled. A single composite sample was collected 

from each field for each matrix (parent soil and surface soil dust) within the week before  
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Figure 2.1. Map detailing field locations in southern Ontario during 2013, 2014 and 2015. 
(Red dots fields, yellow pin Ridgetown Campus University of Guelph). 
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Table 2.1. Soil characteristics and history of crops planted and neonicotinoid application rates reported by cooperators for the 31 
fields selected in the study (In some cases where cooperators could not provide accurate records earlier than the most recent 3-4 
years, the most recent rotation was applied in the same sequence to estimate applications in the first previous 3-4 years). 

% Sand % Silt % Clay % OM pH Soil Classificationc Crop*
Neonic 
usedᵃ

Rate 
(ng/g)ᵇ

Crop*
Neonic 
usedᵃ

Rate 
(ng/g)ᵇ

Crop*
Neonic 
usedᵃ

Rate 
(ng/g)ᵇ

Crop*
Neonic 
usedᵃ

Rate 
(ng/g)ᵇ

Crop*
Neonic 
usedᵃ

Rate 
(ng/g)ᵇ

1A 30 41 29 3.5 6.3 Brookston clay Soybean thi 36.0 Winter wheat none 0.0 Soybean thi 32.1 Corn clo 14.1 Soybean thi 32.1

1B 25 41 34 3.6 6.2 Brookston clay Soybean thi 32.1 Winter wheat none 0.0 Soybean thi 29.4 Corn clo 14.1 Soybean thi 32.1

1C 31.7 32.5 35.8 4 n/a Brookston clay Soybean thi 33.3 Corn clo 14.1 Soybean thi 32.4 Winter wheat thi 9.5 Corn clo 14.6

1D n/a n/a n/a n/a n/a n/a Winter wheat* none 0.0 Soybean* thi 32.1 Corn* clo 14.6 Soybean* thi 32.1 Winter wheat none 0.0

2A 18 43 39 4.3 7.2 Brookston clay Corn clo 14.3 Soybean thi 24.4 Soybean thi 25.9 Corn clo 14.6 Soybean thi 25.9

2B 27 46 27 3.3 6.8 Brookston clay Corn clo 14.3 Soybean thi 25.9 Winter wheat none 0.0 Corn clo 14.6 Soybean thi 25.9

2C 19.7 36.5 43.8 4.2 n/a Brookston clay Corn* clo 14.3 Soybean* thi 25.9 Corn* clo 14.3 Soybean thi 25.9 Corn clo 14.6

3A 48 36 16 4.1 7.1 Berrien sandy loam Corn thi 14.1 Corn clo 14.1 Corn thi 14.1 Corn clo 75.00 Corn clo 30.0

3B 62 28 10 2.7 6.9 Berrien sandy loam Corn thi 14.1 Corn clo 14.1 Corn thi 14.1 Corn clo 75.00 Corn clo 30.0

4A 30 52 18 2.9 7.9 Caistor clay Soybean thi 26.8 Winter wheat none 0.0 Sugar beetss none 0.0 Corn thi 15.0 Soybean thi 36.8

4B 21 64 15 3.6 7.5 Caistor clay Soybean thi 26.8 Sugar beetss none 0.0 Winter wheat none 0.0 Corn clo 15.0 Soybean thi 36.8

4C 27.7 34.5 37.8 4.2 n/a Brookston clay  Corn clo 14.1 Soybean none 0.0 Soybean none 0.0 Winter wheat none 0.0 Corn clo 15.0

5A 31 44 24 4.7 7.6 Caistor clay Corn clo 15.0 Soybean thi 26.8 Sugar beetss none 0.0 Corn clo+thi 15.0 Soybean thi 26.8

5B 32 44 24 4.4 7.1 Perth clay Soybean thi 26.8 Winter wheat none 0.0 Sugar beetss none 0.0 Corn clo+thi 15.0 Soybean thi 26.8

5C 23.7 30.5 45.8 2.8 n/a Perth clay Corn clo 15.0 Soybean thi 26.9 Soybean thi 27.0 Winter wheat none 0.0 Corn clo 15.4

6A 18 56 26 8 7.6 Brookston clay  Soybean none 0.0 Corn clo+thi 14.1 Soybean none 0.0 Corn clo+thi 14.1 Soybean none 0.0

6B 17 57 26 10.7 7.5 Brookston clay  Soybean none 0.0 Corn clo+thi 14.1 Soybean none 0.0 Corn clo+thi 14.1 Soybean none 0.0

6C 15.4 38.9 45.7 4.4 n/a Brookston clay  Corn clo 14.1 Soybean none 0.0 Corn clo 14.1 Soybean none 0.0 Corn clo 15.0

6D n/a n/a n/a n/a n/a n/a Soybean* none 0.0 Corn* clo+thi 14.1 Soybean* none 0.0 Corn* clo+thi 14.1 Soybean none 0.0

7A 24 51 25 4.9 7 Brookston clay loam Corn thi 14.1 Soybean none 0.0 Soybean none 0.0 Corn thi 14.6 Soybean none 0.0

7B 18 61 28 3.7 7.4 Brookston clay loam Corn thi 14.1 Soybean none 0.0 Soybean none 0.0 Corn thi 14.6 Soybean none 0.0

7C 27.7 34.5 37.8 4.7 n/a Brookston clay loam Winter wheat none 0.0 Soybean none 0.0 Soybean none 0.0 Winter wheat none 0.0 Corn thi 14.6

7D n/a n/a n/a n/a n/a n/a Soybean* none 0.0 Corn* thi Soybean* none 0.0 Corn* thi Soybean none 0.0

8A 7 85 8 3 7.8 Huron clay loam Corn clo 15.1 Soybean thi 37.7 Winter wheat thi 25.9 Corn clo+thi 15.4 Soybean imi 0.0

8B 7 82 11 3.9 7.5 Huron clay loam Winter wheat thi 24.8 White pea beans thi 15.4 Winter wheat thi 23.4 Corn clo+thi 15.4 Soybean imi 0.0

8C 17.7 41.5 40.8 4.5 n/a Huron clay loam Winter wheat thi 23.2 Soybean thi 40.9 Winter wheat thi 23.2 Edible bean thi 26.7 Corn clo+thi 15.4

9A 29 61 10 2.8 7.6 Conover clay loam Corn clo 14.6 Corn clo 27.5 Corn clo 15.0 Corn thi 15.4 Lima Bean thi n/a

9B 36 49 15 2.5 7 Miami clay loam Corn clo 26.7 Green Beans thi 8.8 Seed Wheat imi 0.0 Corn clo+thi 15.4 Corn clo 77.2

9C n/a n/a n/a n/a n/a n/a Corn* clo 15.4 Corn* clo 15.4 Green Beans* thi 8.8 Corn* clo 15.4 Lima Bean thi 8.83

9D n/a n/a n/a n/a n/a n/a Green Beans* thi 8.8 Corn* clo 15.4 Corn* clo 15.4 Lima Bean* thi 8.8 Corn clo 15.4

10A n/a n/a n/a n/a n/a n/a Soybean* thi 30.0 Corn* clo 14.1 Soybean* thi 30.0 Corn* clo 14.1 Soybean thi 30.0

2014Soil Characteristics
Field 

2010 2011 2012 2013

* Assumed crop based on most recent 3-4 year rotation when history not known. 
ᵃ thi: thiamethoxam; clo: clothianidin; imi: imidacloprid (not included in calculation). 
ᵇ Total of clothianidin and thiamethoxam.  
c Nomenclature based on The Canadian System of Soi1 Classification, 1998, 3rd edition. 
Part of the information provided on this table was published in 28. Schaafsma A, Limay-Rios V, Xue Y, Smith J, Baute T. 2015. Field scale examination of neonicotinoid 
insecticide persistence in soil as a result of seed treatment use in commercial maize (corn) fields in southwestern Ontario. Environmental Toxicology and Chemistry. DOI: 
10.1002/etc.3231   
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planting during the end of April and the beginning of May in 2013, 2014 and 2015 (Appendix 

Table 2.1). 

Parent soil samples for 2013, 2014 and 2015 

Parent soil samples for years 2013 and 2014 were those already reported in Schaafsma 

et al. (Schaafsma et al., 2015; Schaafsma et al., 2016). All soil samples were taken from the 

top 5 cm of the surface (i.e., the depth associated with the seed placement zone) as a 

composite of 10 subsamples, collected at random from each field while walking in an M 

pattern across the field. Subsamples were taken by scooping approximately 100g of soil by 

hand (i.e. disposable nitrile glove, Fisher Scientific) in conventionally tilled fields or using a 

disposable 100 x 15mm Petri dish (Fisher Scientific) in non-tilled fields where the surface soil 

was previously undisturbed. Subsamples were placed individually into new plastic bags, 

which were then emptied into a single larger new plastic bag and thoroughly mixed. The 

composite sample was placed immediately into a dark inside picnic cooler containing freezer 

packs for transport to the laboratory, followed by immediate dark photoperiod and storage at  

–20 °C until analysis using liquid chromatography–tandem mass spectrometry (LC-MS/MS). 

Surface soil dust samples for 2013 and 2014 

Surface soil dust samples for years 2013 and 2014 were collected most often on the 

same day of collection of parent soil samples (within 2 days and always before planting). 

These samples were generated by a device that simulated surface soil dust production solely 

by the action of a planter or tillage equipment moving through the field. The device consisted 

of 2 rows of a planter assembly (John Deere Max Emerge row units, equipped with Dawn 

trash whippers) fitted with a vacuum dust collection device, pulled through the field with an 

all-terrain vehicle (John Deere Gator, model 625i; Figure 2.2). The dust was collected by a  
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Figure 2.2. John Deere® Gator, two-row mock-planting unit and dust collection device. 
Chatham ON, 2013-2014. Top right arrow: galvanized metal sampling port; Top left arrow: 
vacuum cleaner filter bag; Lower left arrow: 2 rows planter assembly used for dust 
generation. 
 

 

 

 



21 
 

vacuum (Power Fist, model #8353229,1 horse power, 5.7 amp, 500 cfm) connected to a 

rectangular sampling port (dimensions 10 x 25 cm) made from galvanized sheet metal, placed 

approximately 30 cm above the soil surface. Dust was collected in a new vacuum cleaner 

filter bag (Superior Vacuum Bags, designed to fit Electrolux® CB, #635, with dimensions 

53.5 x 37 x 16 cm), while traveling upwind at 8 to 9 km/h for 500m in the same area of the 

field as where parent soil samples were collected. Individual filter bags were opened with 

clean surgical scissors, and dust was then collected into a 65-mL snap cap polypropylene vial 

before sample extraction. 

Surface soil dust samples for 2015 

Surface soil dust samples for 2015 were collected on the same day of collection of 

parent soil samples before planting, however the collection method and the device were 

modified, because the necessity to develop more portable equipment. We used a hand 

collector device consisting of a manual gas-powered garden-tiller (Echo straight shaft trimmer 

- model SRM 230 with tiller/cultivator attachment # SRAC-200) fitted with a vacuum 

collector device. The dust was sampled through a plastic vacuum tube (40 cm long, 3 x 5 cm 

inlet) placed 40 cm above the soil surface and suction was done using a vacuum (Stihl 

Vacuum Shredder - model SH 56 C-E) adjusted to carry on the back. The dust was collected 

into a previously weighed new vacuum cleaner filter bag (Eureka, H Bag 52323B) adapted to 

the plastic sampling port (Figure 2.3). Dust was collected while tilling and walking backwards 

for 70 m down-wind in the same area of the field as where parent soil samples were taken. 

Sample bags were placed into new plastic bags, sealed, and stored in a dark picnic cooler 

containing freezer packs for transport to the laboratory, followed by immediate dark  
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Figure 2.3. Hand collector device unit for surface dust collection. Chatham ON, 2015. Top 
arrow: vacuum shredder adjusted to carry on the back; Lower arrow: plastic dust sampling 
port. 
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photoperiod and storage at –20 °C until analysis using liquid chromatography–tandem mass 

spectrometry (LC-MS/MS). 

2.3.3 Analytical Methods 

Chemicals and reagents  

Certified clothianidin and thiamethoxam standards and their respective deuterium-

labeled internal standard (clothianidin-d3 and thiamethoxam-d3) were obtained from Sigma-

Aldrich (Pestanal class, purity ≥ 99.5%). Methanol, LC-MS–grade, was obtained from JT 

Baker (PA, USA). The LC-MS–grade water and acetonitrile were obtained from OmniSolv 

(MA, USA). Anhydrous magnesium sulfate and sodium chloride, sodium citrate tribasic 

dehydrate, and sodium hydrogencitrate sesquihydrate were obtained from Sigma-Aldrich 

(Oakville, Ontario). Both n-hexane and formic acid were purchased from Acros Organics (NJ, 

USA). Mixed working standard solutions were prepared for these 2 neonicotinoids at 10 

ng/mL and 100 ng/mL and their respective internal standard at 100 ng/mL in 1:1 

methanol/water with 5mM formic acid. All solutions were stored in darkness at 2 °C. 

Sample preparation 

Parent soil samples for all years and surface soil dust for years 2013 and 2014 were 

homogenized, followed by extraction of a 10-g representative sample in a 50-mL 

polypropylene disposable centrifuge tube, in 20 mL acetonitrile. The sample was vortexed for 

1 min, followed by addition of 4 g magnesium sulfate, 1 g sodium chloride, 1 g sodium citrate 

tribasic, and 0.5 g sodium hydrogencitrate sesquihydrate; shaken thoroughly for 1 min; and 

then centrifuged for 5 min at 3000 rpm (Thermo IEC Central CL2). A 4-mL aliquot of the 

resulting acetonitrile supernatant was transferred to a 5-mL glass test tube containing 20 mL 

of 100-ng/mL mix internal standard solution, followed by evaporation to dryness using a 
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Pierce Reacti-Therm III heating module at 40 ºC under gentle filtered air stream in darkness. 

The final residue was reconstituted in 1mL of 1:1 methanol/water (v/v) containing 5mM 

formic acid (dilution solvent), vortexed for 2 min, and transferred to a 2-mL amber glass auto 

sampler vial for LC-MS/MS analysis. Chromatograms for clothianidin and thiamethoxam in 

10-g extracts of soil and corresponding surface dust from field 9A are shown in Figure 2.4. 

The preliminary results indicated a higher contamination in the surface dust fraction, thus 

requiring further dilutions to fall within the standard calibration curve. Only a 50-mL aliquot 

of the surface dust supernatant was dried down and then reconstituted in 5mL of dilution 

solvent for LC-MS/MS analysis. Moisture content in soil was determined by oven drying the 

sample until weight remained constant, and concentrations were then expressed in terms of 

dry soil mass. 

Surface soil dust samples from 2015 were weighed before sample preparation to 

determine the total mass of dust for the sample. The bag was then cut 4 times at bottom and 

placed in a 750-mL glass mason jar (Bernardin regular mason jar with snap lid), with 600-mL 

Ice River natural spring water and shaken at 200rpm on a G10 Gyratory Shaker for 18 h in 

dark conditions. A 10mL aliquot of the solution was extracted in a 50-mL polypropylene 

disposable centrifuge tube, in 20mL acetonitrile and then the regular procedure for sample 

preparation was followed as with previous samples. 

LC-MS/MS 

The procedure for LC-MS/MS detection and quantitation has been described elsewhere 

(Schaafsma et al., 2015). In brief, clothianidin and thiamethoxam were determined by 

injecting a 50-mL aliquot into a 150-mm Gemini C18 reverse-phase column, with 4.6 mm 

internal diameter and particle size of 5 µm fitted with a C18 4 x 3 mm inner diameter security  
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Figure 2.4. LC-ESI (+)-MS/MS MRM chromatograms of 10-g extract of paired (a) surface 
soil dust and (b) 5-cm depth parent soil samples collected before planting in maize fields 
during the first week of May 2013 in Elgin, Ontario. 
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guard cartridge (Phenomenex), and then introduced to an Ionics EP10+ modified API 365 

triple quadrupole mass spectrometer (AB SCIEX) system equipped with an electrospray 

ionization source (ESI-MS/MS). Peak separation was obtained using an Agilent 1100 Series 

high-performance liquid chromatographic system. The chromatographic separation used a 

gradient program (25 min) with 2 eluents—methanol and 5mM formic acid (mobile phase A), 

and water and 5mM formic acid (mobile phase B)—at a flow rate of 1 mL/min. The source 

gas temperature was set to 550 °C, nitrogen curtain gas 80 psi, nebulizer gas 8, collision gas 2, 

and ionization voltage 5000 V. The gradient began with 25% A and was ramped linearly over 

15 min to 95% A; these conditions were held for 4 min and finally a 6-min equilibration for 

resetting to initial conditions of 25% A. The 2 neonicotinoids and their respective internal 

standards were monitored in positive ion mode using multiple-reaction monitoring analysis 

with 1 precursor ion and 2 productions as identifiers. The optimized LC-ESI(+)–MS/MS 

parameter for each compound has been described (Schaafsma et al., 2015). Multiple-reaction 

monitoring transitions were 250.1 mass-to-charge ratio (m/z) for Q1 and 131.8 m/z and 168.9 

m/z for Q3 for clothianidin, and 292.1 m/z for Q1 and 181.1 m/z and 211.1 m/z for Q3 for 

thiamethoxam. 

Both clothianidin and thiamethoxam were measured, and these data are reported in 

Appendix Table 2.1. Data are presented as clothianidin, thiamethoxam, and total 

neonicotinoid concentrations (i.e. the sum of thiamethoxam and clothianidin concentrations 

measured). Clothianidin is a metabolite of thiamethoxam in insects, plants (Nauen et al., 

2003), and soil (FAO, 2011). These 2 active ingredients are the most commonly used in 

southwestern Ontario in field crop production. 
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2.3.4 Statistical Analysis 

Statistical analyses were performed using SAS, Ver. 9.4 (SAS Institute). The PROC 

UNIVARIATE and Shapiro-Wilk statistics were used to verify that assumptions of normally 

distributed residuals and homogenous error variance were met. Lund’s test was used to test 

for outliers (Lund, 1975). Neonicotinoid concentration data were subjected to log10 (x+1) 

transformation to meet the assumptions of analysis of variance (ANOVA). Differences within 

sample types across years between clothianidin and thiamethoxam were tested using PROC 

TTEST. Paired parent and surface soil dust samples were compared across sampling years. 

Differences in the mean total and individual neonicotinoid concentrations between sample 

types collected each year were tested using PROC MIXED with sample type and year as fixed 

effects and field sampled as a random effect. Differences in total neonicotinoid concentration 

between years for same sample type was analyzed using PROC GLIMMIX with year as fixed 

effect and field as random effect, assuming negative binomial distribution based on the logit 

link function. The α level for statistical significance was 0.05 for all analyses. 

 

2.4 Results 

2.4.1 Analytical Performance 

Detection and quantification limits were based on estimating the contribution of the 

background noise signal found in the blank matrix extract. Detection and quantification limits 

were calculated as the mean peak height in 3 separate calibration curves, up to a maximum of 

4 samples per calibration curve (n = 12), that can be detected with reasonable certainty using 

the mean height of the noise signal plus 3 and 10 times standard deviation (SD), respectively 

(European Commission, 2013). Mean limits of detection (LOD) and limits of quantification 
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(LOQ) in soil were 0.023 ng/g and 0.063 ng/g for clothianidin and 0.017 ng/g and 0.045 ng/g 

for thiamethoxam, respectively. Mean recovery (spiked in triplicate at 0.1 ng/g, 1.0 ng/g, and 

10.0 ng/g) was 115 ± SD 11.7% for clothianidin and 91 ± SD 10.8% for thiamethoxam 

(Schaafsma et al., 2015). The extraction efficiency of this procedure was determined by 

spiking 10-g samples of 3 parent soils and their corresponding surface soil dust samples 

(fields 3B, 9A, and 9B) with 10 ng/g of clothianidin-d3 and thiamethoxam-d3 deuterium-

labeled internal standards, followed by incubation at 25 °C in darkness for 72 h before 

extraction. 

Recovery tests showed no difference (F= 0.12, degrees of freedom df1= 1, df2 = 7, p= 

0.7385) between the extraction procedure in soil (90 ± SD 15%) and surface soil dust (91 ± 

SD 19%). However, clothianidin-d3 recovery rates were higher (103 ± SD 8%) than those for 

thiamethoxam-d3 (78 ± SD 11%; F= 28.10, df1= 1, df2= 7, p= 0.0011; Figure 2.5). This 

method produced good recoveries, meeting the European Commission’s analytical quality 

control and validation procedure guidelines for pesticide residue analysis in food and feed 

(mean recoveries should be in the range of 70–120%, with SD ≤ 20% (European Commission, 

2013)). Furthermore, the stability of clothianidin during transport and storage was tested using 

blank soil samples spiked at 2 different levels in the field and kept in 50-mL polyethylene 

centrifuge tubes until analysis. Recoveries of 119.8% and 104.9% were obtained with spiked 

soil concentrations of 0.1 ng/g and 10 ng/g, respectively. 

2.4.2 Neonicotinoid Residues in Parent Soil 

Most of the data for neonicotinoid residues in parent soil were reported previously by 

Schaafsma et al. (2015 and 2016). Total neonicotinoid concentrations exceeded the limit of 

detection for all samples analyzed (Appendix Table 2.1).  
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Figure 2.5. LC-ESI (+)-MS/MS MRM chromatograms of 10-g extract of (a) surface soil dust 
and (b) 5-cm depth parent soil samples spiked with 10 ng/g deuterium labeled standards, 
incubated at 25°C in darkness for 72h before extraction. Paired samples were collected before 
planting during the first week of May 2013 in maize fields located in Chatham-Kent, Ontario. 
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One outlier was detected in parent soil samples for 2013 and 2015 (20.30 ng/g, Lund’s test 

studentized residuals 3.5639 > 2.73 at q=1, n= 18 and 25.12 ng/g, Lund’s test studentized 

residuals 3.2050 > 2.78 at q=1, n= 20 for each year, respectively) and they were removed 

from the analysis. Clothianidin was detected in all samples in all years, whereas 

thiamethoxam was detected in 77.8%, 94.4% and 97.4% of the samples from 2013, 2014 and 

2015, respectively. Clothianidin residues were higher (mean 2.61 ng/g, 4.25 ng/g, and 5.84 

ng/g; Table 2.2) than those of thiamethoxam (mean 0.45 ng/g, 1.34 ng/g, and 0.74 ng/g; 

t=3.56, p=0.0012; t=2.99, p=0.0051; t=5.34, p=<0.0001) in 2013, 2014, and 2015, 

respectively. Total neonicotinoid concentrations in parent soil ranged from 0.07 to 8.41 ng/g, 

0.07 to 14.55 ng/g, and 0.36 to 16.57 ng/g with means of 3.05 ng/g, 5.59 ng/g and 6.58 ng/g 

for 2013, 2014 and 2015, respectively (Table 2.2). There was a difference in total 

neonicotinoid concentration between years of collection for all sampled fields (F= 5.66, df1= 

2, df2= 20, p= 0.0113, Figure 2.6). However, during the sampling period 6 fields were 

continuously measured across three years showing no difference in total neonicotinoid 

concentration (F= 2.44, df1= 2, df2= 9, p= 0.1422, Figure 2.7).        

2.4.3 Neonicotinoid Residues in Surface Soil Dust 

One outlier for total neonicotinoid residues was detected in surface soil dust sampled in 

each of 2013 and 2014 (808.75 ng/g in 2013 and 542.38 ng/g in 2014 using Lund’s test 

studentized residuals 2.9308 and 3.2888 > 2.73 at q= 1, n= 18 for each outlier, respectively). 

Both outliers were associated with 1 co-operator grower, and were removed from further 

analyses because of normality assumption. No outliers were detected in 2015. Thiamethoxam 

and clothianidin were detected in all 55 samples analyzed, exceeding the LOD (Appendix 

Table 2.1). There were no differences between clothianidin and thiamethoxam residues (t = -
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Table 2.2. Analyses of variance for the fixed effects of sample type and year of collection on thiamethoxam, clothianidin and Totala 
neonicotinoid concentrations for samples collected before planting from commercial maize fields with history of neonicotinoid-treated seed use.    

Parent soil 17 0.45a ± 0.167
Surface dust 16 14.78b ± 4.586
Parent soil 18 1.34a ± 0.504

Surface dust 17 47.39b ± 17.558
Parent soil 35 0.91a ± 0.279

Surface dust 33 31.58b ± 9.618
Parent soil 18 0.74a±0.192

Surface dust 19 3.56b±1.022

Parent soil 17 2.61a ± 0.584
Surface dust 16 33.07b ± 9.252
Parent soil 18 4.25a ± 0.830

Surface dust 17 23.78b ± 6.014
Parent soil 35 3.45a ± 0.524

Surface dust 33 28.29b ± 5.426
Parent soil 18 5.84a±0.937

Surface dust 19 15.70b±1.823

Parent soil 17 3.05a ± 0.591
Surface dust 16 47.84b ± 12.810
Parent soil 18 5.59a ± 0.947

Surface dust 17 71.17b ± 20.994
Parent soil 35 4.36a ± 0.598

Surface dust 33 59.86b ± 12.453
Parent soil 18 6.58a±0.895

Surface dust 19 19.26b±2.381

<0.0001

Pooled (2013/2014) 13.7 1 40 136.84 <0.0001

<0.000158.22

70.54

2.9 1 17

Pooled (2013/2014) 34.7 1 47

Pooled (2013/2014) 8.2 1 47

17

4.81 1 17

57.68 <0.0001

Totala 2013 1 15 69.91 <0.0001

2014 <0.000165.591 16

15.6

12.7

2015

Clothianidin 2013 1 15

2013 1 1532.9

35.32014 1 16

2015 2.7 1

2015

Thiamethoxam

Neonicotinoid Year Sample type   n
Mean                 

(ng/g) ± SE
df2 F Pr > F

Ratio surface 
dust/parent soil

<0.0001

df1

23.74

146.47 <0.0001

76.52 <0.0001

150.05 <0.0001

<0.0001

2014 1 16 38.63 <0.0001

36.18

5.6

12.7

 
a Total of clothianidin and thiamethoxam; means followed by the same letter are not significantly different at α = 0.05 using SAS 
PROC MIXED PDIFF. 
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Figure 2.6. Scatter distribution and notched boxplot of total neonicotinoid concentration in 
parent soil samples collected from various commercial fields with a history of neonicotinoid-
treated seed use in Ontario in 2013, 2014 and 2015. *Total of clothianidin and thiamethoxam; 
means followed by the same letter are not significantly different at α = 0.05 using SAS PROC 
Glimmix PDIFF; Mean ± standard error (SE).      
 

 

 

 



33 
 

 

 

 

 

 

Figure 2.7. Scatter distribution and notched boxplot of total neonicotinoid concentration in 
parent soil samples collected from the same 6 commercial fields with a history of 
neonicotinoid-treated seed use in Ontario in 2013, 2014 and 2015. *Total of clothianidin and 
thiamethoxam; means followed by the same letter are not significantly different at α = 0.05 
using SAS PROC Glimmix PDIFF; Mean ± standard error (SE).      
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1.77, p= 0.0866; t= -1.27, p= 0.2125) in 2013 and 2014, respectively. In 2015, clothianidin 

residue concentrations were higher than for thiamethoxam (t= 5.81, p= <0.0001). Mean 

concentration for all compounds for all years are available in Table 2.2. There were 

differences between samples collected in 2013/2014 compared with 2015 (F= 8.43, df1= 2, 

df2= 19, p= 0.0024, Figure 2.8). Total neonicotinoid concentrations ranged from 6.71 to 

199.20 ng/g, 8.93 to 353.59 ng/g and 4.23 to 46 ng/g with means of 47.84 ng/g, 71.17 ng/g 

and 19.26 ng/g in surface soil dust for 2013, 2014 and 2015, respectively (Table 2.2).  

2.4.4 Surface and Parent Soil Residues Compared 

Clothianidin, thiamethoxam, and total neonicotinoid concentrations were higher in 

surface soil dust than in parent soil samples collected before planting in all years (Table 2.2). 

The mean total concentrations for surface soil dust were approximately 15.6, 12.7 and 2.9-

fold higher than those found in parent soils in 2013, 2014 and 2015, respectively (Figure 2.9). 

Ratios of residues in surface soil dust compared with those in parent soil were higher for 

thiamethoxam than for clothianidin, with average ratios of 24.3 and 7, respectively (Table 

2.2). 

Within the same sample method for collection (years 2013 and 2014), total 

neonicotinoid concentrations were similar between years (F= 0.26, df1= 1, df2= 40, p= 

0.6135), allowing data to be pooled across years. Pooling the data resulted in the detection of 

1 more outlier, 732.25 ng/g (Lund’s test studentized residuals 3.2490 > 3.05 at q= 1, n= 36). 

This data point was associated with the same cooperator as previous outliers, so it was also 

removed from analyses. Pooled across years 2013 and 2014, concentrations of individual and 

total neonicotinoid residues from each sample type were different (Table 2.2). The mean total 

concentration for pooled data in surface soil dust was 13.7 times higher than that found in  
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Figure 2.8. Scatter distribution and notched boxplot of total neonicotinoid concentration in 
surface dust samples collected from commercial fields with a history of neonicotinoid-treated 
seed use in Ontario in 2013, 2014 and 2015. *Total of clothianidin and thiamethoxam; means 
followed by the same letter are not significantly different at α = 0.05 using SAS PROC 
Glimmix PDIFF; Mean ± standard error (SE).      
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Figure 2.9. Scatter distribution and notched boxplot of total neonicotinoid concentration in 
parent soils and surface dust samples collected from commercial fields with a history of 
neonicotinoid-treated seed use in Ontario in 2013, 2014 and 2015. *Total of clothianidin and 
thiamethoxam; means followed by the same letter are not significantly different at α = 0.05 
using SAS PROC mixed PDIFF; P < 0.0001 for 4 analyses.   
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parent soil. The ratios between sample types were different for clothianidin and thiamethoxam 

(8.2 vs 34.7, respectively). 

 

2.5 Discussion 

In total, 5 outlier data points were found in 4 fields during the total sampling period. 

During 2013 and 2014, 4 outliers were found in 3 fields managed by the same co-operator, 

suggesting that similar management practices and environmental conditions influenced these 

sites. Another outlier was found in 2015 in a field managed by a different co-operator. 

Common factors to explain these outliers could not be identified from agronomic and 

environmental information collected for each site. Soil texture in the outlier fields (average of 

27% and 42% clay and silt content, respectively) and soil organic matter content (average 

3.9%) are properties that could affect sorption and degradation (Liu et al., 2006; Bajeer et al., 

2012). These outlier fields did not have unusually high clay, silt, or organic matter content 

relative to other fields examined, suggesting that sorption differences were not responsible. 

They were managed with minimum and conventional tillage, whereas the others had 

conventional or no tillage; however, it is difficult to attribute the high levels of neonicotinoid 

residues to different tillage practices. Application rates and history of use of neonicotinoid 

insecticides in the anomalous fields were also not unusual relative to the other fields in the 

present study. Another explanation may be the lack of tree cover observed surrounding the 

anomalous fields and the potential for residue drift from neighboring fields. Records of 

neonicotinoid use from neighboring fields were not available. 

To our knowledge, the present data are the first reported to assess the concentrations of 

neonicotinoid residues in wind-erodible sediments in areas of agricultural production where 
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neonicotinoid seed treatments are common. They show that concentrations of neonicotinoids 

can be detected in parent soil as well as in surface soil dust at least 1 yr after the previous 

planting season, with all samples containing detectable concentrations. The concentrations 

observed in parent soil samples were similar for clothianidin and different for thiamethoxam 

than those found in fields by Jones et al. (2014) in the United Kingdom (df = 1, F = 0.29, p = 

0.5966; df= 1, F= 4.05, p= 0.0480 by general linear model Welch ANOVA assuming 

unequal variances, for clothianidin and thiamethoxam, respectively). Jones et al. (2014) also 

found higher residues of clothianidin relative to thiamethoxam (t = 4.23, p = 0.0002; means 

of 4.89 ng/g and 0.41 ng/g for clothianidin and thiamethoxam, respectively; our t test on their 

data). 

The ratio of compound found in soil surface dust relative to that in parent soil for 

thiamethoxam is higher than that for clothianidin. Thiamethoxam hydrolyzes to clothianidin 

(FAO, 2011), which is more likely to occur deeper in the soil where there is more moisture for 

longer periods. Our data show much lower concentrations of thiamethoxam in the parent soil 

than for clothianidin and similar concentrations in surface dust, contributing to the inflated 

ratio for thiamethoxam between the 2 soil fractions. In addition, thiamethoxam has a greater 

propensity to move out of the sampling layer than does clothianidin. These compounds have 

different organic carbon–water partition coefficients (123 vs 56.2 for clothianidin and 

thiamethoxam, respectively) (PPDB, 2013). Further, thiamethoxam is more water-soluble 

(4100 mg/L vs 340 mg/L for thiamethoxam and clothianidin, respectively) (PPDB, 2013). 

These characteristics make thiamethoxam less likely to sorb with soil constituents, increasing 

its mobility potential (Kurwadkar et al., 2014) and supporting either increased leaching 
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downward through soil macropores or increased upward capillary flux through micropores to 

the soil surface. 

Several additional factors influence the fate of pesticides in soil, including the 

physicochemical soil characteristics, climate, and microbial degradation (Holland, 2004; 

Katagi, 2013). Soil organic matter affects the mobility of organic chemicals in soil because of 

entrapment or covalent bonding (Barraclough et al., 2005; Northcott & Jones, 2000). These 

specific data were not collected from the fields sampled in the present study; therefore, we 

cannot comment on the bearing of these factors on the present findings. 

The most important and unexpected observation in the present data was that residues of 

neonicotinoids were up to 1 order of magnitude higher in surface soil dust compared with 

parent soil during 2013 and 2014, and 3.5 times during 2015. Again, to our knowledge the 

present study is the first time that accumulation of neonicotinoid residues in surface soil dust 

has been reported. The contribution of this source of neonicotinoid residues to off-target 

movement and exposure has not been considered. It was surprising to find neonicotinoid 

residues in the dry surface soil dust at levels that are potentially biologically important, but 

nothing is known about the fate of these residues when they leave the surface and move 

elsewhere or their ultimate contribution to exposure risk. However, by comparison with other 

sources of residues such as dust from abraded seed during planting (Krupke et al., 2012), we 

argue that the contribution of surface soil dust to the overall wind-mediated load and non-

target exposure is approximately 2 orders of magnitude lower. One additional point to 

consider is the role that wind-eroded soil surface dust plays in the contamination of nearby 

water by neonicotinoid insecticides relative to leaching and surface runoff. 
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The accumulation of residues at the soil surface may be explained by 2 key processes, 

and these are not mutually exclusive: 1) organic matter content is higher in surface soil than in 

deeper horizons, favouring bonding of neonicotinoid residues mediated by organic carbon 

content that controls hydrophobic sorption of organic compounds in soil (Northcott & Jones, 

2000), 2) when treated seed is planted, disassociated residues can be caught in the upward 

flux of soil moisture during evaporation, transporting them to the soil surface via capillary 

action (Cessna et al., 2006). This phenomenon could also occur with neonicotinoid residues 

remaining in soil from previous crops or those transported from other fields by wind and 

water erosion. A controlled soil column study with labelled compounds, using soils taken 

from the fields studied, may further elucidate these findings and explain the processes. 

Although dust from nearby fields can contaminate neighboring land, the bioavailability 

of neonicotinoid soil-bound residues in the environment is uncertain. According to Northcott 

and Jones (Northcott & Jones, 2000), most organic chemicals released in the environment 

become bound in soil and sediments that act as sinks. Bound residues can be modified by 

detoxification and partitioning processes, affecting their bioavailability and toxicity before 

being rereleased to the environment once binding is reversed by alteration of the soil organic 

matter matrix. Little has been reported specifically on the bioavailability of neonicotinoid 

insecticide residues in soil, whether in parent material or fugitive soil dust. Caution is 

recommended in the interpretation of the present data in risk assessment until more is known. 

Previously, no evidence was reported of long-term accumulation of neonicotinoid 

residues (Schaafsma et al., 2015) in parent soils because of moderate persistence of these 

compounds in the studied cropping system. Similarly, samples collected consecutively from 
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same fields through 3 years showed there were no differences in concentrations of residues in 

parent soil (Figure 2.7). 

Total neonicotinoid concentration in surface dust data collected during 2015 were 

different from 2013 and 2014 (Figure 2.8). One possibility was because the difference of soil 

fraction sampled, while using the gator collection method during 2013/14 the average of 

surface dust collected across 500m was 5.5 g, while an average of 17.4 g was collected using 

the portable hand collector device across 70m. Probably a different particle size and a smaller 

area sampled were influential factors that lead to this difference. Higher concentrations of 

neonicotinoid residues were found in surface dust than in parent soil, a fact independent of the 

method used to disturb and collect the dust from its associated parent soil.       

One case stood out from the others. A field not sampled during 2013 but used for 

sample collection in 2014 because was it planted with treated maize seed and had no recent 

history of neonicotinoid-treated seed use in the previous 4 yr. Very low concentrations of 

neonicotinoid residues were detected before planting. The parent soil contained 0.07 ng/g 

compared with 76.63 ng/g in the surface soil dust. Planting in the region in 2014 was severely 

delayed because of a late spring, and no fields had been planted surrounding this field when 

samples were collected. These residues may have resulted from drift of abraded neonicotinoid 

dust when surrounding fields were planted or off-target movement of neonicotinoid residues 

by wind-eroded surface soil dust from adjacent fields. 

The results obtained in the present study suggest that neonicotinoid residues located in 

surface soil dust may be a source of residues transportable by wind erosion. The contribution 

of this source, previously not considered in exposure risk assessment, is uncertain but, we 

argue, small by comparison with other neonicotinoid residues sources such as abraded dust 
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during crop planting. More research to explain the mechanics and implications of this 

phenomenon is needed. 
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CHAPTER THREE 

Concentration and Movement of Neonicotinoids as Particulate Matter 

Downwind During Agricultural Practices Using Active and Passive Air 

Samplers in Southwestern Ontario 

 

3.1 Abstract 

Atmospheric emissions of neonicotinoid seed treatment insecticides as particulate 

matter in field crops occur mainly for two reasons: 1) due to abraded dust of treated seed 

generated during planting using vacuum planters, and 2) as a result of disturbances (tillage or 

wind events) in the surface of parental soils which release wind erodible soil-bound residues. 

In the present study, concentration and movement of neonicotinoids as particulate matter were 

quantified under real conditions using passive and active air samplers. Average air 

concentrations of Total Suspended Particulate (TSP) using passive samplers were 0.48, 0.08 

and 0.02 ng/cm2, and active samplers 16.22, 1.91 and 0.61 ng/m3 during planting, tillage and 

wind events, respectively. There was a difference between events on total neonicotinoid 

concentration collected in particulate matter using either passive or active sampling. Distance 

of sampling from the source field during planting of treated seed had an effect on total 

neonicotinoid air concentration. However, during tillage, distance did not present an effect on 

measured concentrations. Using hypothetical scenarios, values of contact exposure for a 

honey bee were estimated to be in the range from 1.1% to 36.4% of the reference contact 

LD50 value of clothianidin of 44 ng/bee. Data collected can be used as a benchmark for future 

exposure risk assessment, where the use of vacuum planters and neonicotinoid treated seed is 

involved. 
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3.2 Introduction 

The use of neonicotinoid insecticides as seed treatments is common for field crops in 

southwestern Ontario. In 2013 almost 100% of maize and 60-80% of soybeans crop areas 

were planted using seed treated with clothianidin or thiamethoxam (Stewart & Baute, 2013). 

Recently vacuum type planters have been shown to dislodge, as a result of abrasion, 

insecticide seed coatings during planting, and exhaust them to the atmosphere (Nikolakis et 

al., 2009; Nuyttens et al., 2013). These abraded particles or contaminated dust, are potentially 

toxic to exposed honeybees and other pollinators (Sgolastra et al., 2012; Girolami et al., 2012; 

Pistorius et al., 2015; Marzaro et al., 2011; Pistorius et al., 2009; Pochi et al., 2012; Tapparo 

et al., 2012), with some cases of acute mortality by direct contact reported (EFSA, 2013b; 

Sgolastra et al., 2012; Health Canada, 2012, 2013; Pistorius et al., 2009). Fugitive residues 

could also contaminate other environmental matrices such as surface water (Anderson et al., 

2015; Bonmatin et al., 2015; Morrissey et al., 2015; Schaafsma et al., 2015; Starner et al., 

2012) or nearby vegetation (Greatti et al., 2006; Greatti et al., 2003; Krupke et al., 2012; 

Nikolakis et al., 2009). In addition to contaminated dust from treated seed, residues of 

neonicotinoids persisting from previous years’ applications bound to airborne soil particles 

can contaminate off-target matrices. This source, not considered previously, is at 

concentrations 5 orders of magnitude lower than 15000 ug/g from fugitive residues escaping 

vacuum planters (Krupke et al., 2012; Limay-Rios et al., 2015). 

The movement of other groups of pesticides in agricultural areas of Ontario has been 

studied (Hayward et al., 2010; Hoff et al., 1992; Meijer et al., 2003; Gouin et al., 2005; White 

et al., 2006) focusing mainly on organochlorines and other semi-volatile organic compounds 

that were applied foliarly. These compounds have a moderate vapour pressure and low water 
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solubility, characteristics which make them widely distributed in the atmosphere (Hoff et al., 

1992). Neonicotinoids represent a completely different scenario of low volatility because of 

their low vapour pressure, which explains why residues from seed treatments only occur with 

dust in the atmosphere.  

Concentrations of neonicotinoid fugitive residue sampled under field conditions using 

vacuum type planters while planting neonicotinoid-treated seed have been measured. Tapparo 

et al. (2012), using active air samplers, collected the total suspended particulate (TSP) matter 

and PM10 (dust particles less than or equal to 10 µm in diameter) at various distances from 

planter exhaust having different modifications, they found average clothianidin concentrations 

in the range from 800 to 21,700 ng/m3 for TSP, and for PM10 average clothianidin 

concentrations between 200 to 700 ng/m3. In Italy, Pochi et al. (2012) using active air 

samplers located at different distances from the edge of the field measured neonicotinoid air 

concentration during planting, reported clothianidin concentrations in TSP of 545.5, 136.4 and 

227.3 ng/m3 at 5, 10 and 20 m, respectively. Using similar planter configurations and active 

air sampling, Biocca et al. (2014) assessed the dust drift from planting of treated seed, and 

found TSP mean concentrations for clothianidin ranging from 225 to 247 ng/m3.   

Using passive air samplers, various authors estimate the deposition of neonicotinoid 

residues on the ground (Biocca et al., 2011; Pochi et al., 2015; Greatti et al., 2006; Greatti et 

al., 2003; Tremolada et al., 2010; Heimbach et al., 2014; Xue et al., 2015). Xue et al. (2015) 

using vertical sticky traps, reported a mean neonicotinoid rate coming from planting of treated 

seed of 0.0029 g/ha with the assumption of a field of 100 m long × 150 m wide, and dust 

restricted to a 3-m high boundary layer. There are few data available on neonicotinoid 

concentration in dust plumes during planting of treated seed or during tillage by passive air 
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samplers, and even fewer using active samplers.  Both sources of data are important when 

determining exposure. Furthermore, there are no published data about concentrations of 

neonicotinoid pesticide in those particles or possible distances that those particles can travel 

under field conditions in a maize ecosystem.  

The main factors that could affect dust dispersion are seed quality, type of planter and 

air outlet, wind speed and soil conditions (Pistorius et al., 2015; Pistorius et al., 2009). It is 

important to understand the dynamics of movement that neonicotinoid residues originating 

from planting of treated seed can follow after being released to the atmosphere under realistic 

field conditions. This study measures the concentrations of neonicotinoid insecticides in the 

boundary layer originating from planting of treated maize and soybean seeds using vacuum 

style planters in commercial fields, with the objective of estimating how far biologically 

important concentrations of residues travel.  These will be the first data of this kind reported 

for maize and soybean production in the Great Lakes region of North America.  

 

3.3 Materials and Methods 

3.3.1 Experimental Fields 

This research was part of a larger study of pollinator exposure to neonicotinoid 

insecticides used as seed treatment in vacuum-style planters, in a commercial maize 

ecosystem (Limay-Rios et al., 2015; Schaafsma et al., 2015; Schaafsma et al., 2015; Xue et 

al., 2015). The study enlisted 10 farm co-operators who contributed a total of 31 fields where 

neonicotinoid-treated seed was planted during the period between 2013 and 2015. Another 8 

fields randomly chosen, were used to collect samples of wind borne particulate matter during 

tillage and visible wind erosion events during 2014 and 2015. Fields were located in five 
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counties (Essex, Chatham-Kent, Lambton, Middlesex, and Elgin) in southwestern Ontario, 

Canada. Soil characteristics, history of crop rotation and field management are reported in 

Chapter 2 Table 2.1.  

3.3.2 Sample Collection 

Particulate matter leaving agricultural fields was collected during three different field 

scenarios in years 2013, 2014 and 2015 using active and passive air samplers (Figure 3.1). 

The first scenario was during vacuum-planting of maize or soybean neonicotinoid treated seed 

managed under common agricultural practices for southwestern Ontario. The second was 

during tillage of fields which had a previous history of being planted with neonicotinoid 

treated seed.  The third scenario was, during wind events in non-tilled maize fields around one 

month after planting, and a tilled soybean field around 4 days after planting. Samplers were 

deployed during the total time of planting or tillage for the field sampled. Sampling devices 

were located at the leeward edge of the subject field (referred to as 0 meters from source), and 

the far leeward edge of the downwind neighbouring field (distances were variable, 10 to 694 

m, Appendix Table 3.1) always facing directly into the wind (see Figure 3.2 for example). For 

some locations because neighbouring fields presented some conflicting operations, data for 

the neighbouring field edge were not collected. Samplers were engaged five min before any 

activity occurred in the field, and removed 10 min after the event finished to maximize the 

collection period related to a field operation event.  Details about planter, seed treatment and 

doses used for each fields are summarized in Appendix Table 3.2. Mean meteorological 

conditions were measured during each test using a pocket weather meter (Kestrel 4000), and 

are given in Appendix Table 3.3. 
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Figure 3.1. Different air samplers utilized for particulate matter collection. A) active air sampler 
with TSP matter cap. B) passive air sampler panel hold by wood frame. Chatham ON, 2014-
2015.   
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Figure 3.2. Map describing the selected locations to position both lines of air samplers in the 
fields downwind from the source field. Two fields sampled during 2015 are represented in the 
map with different colors, blue was field 6A and red was field 6D.  
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Active air sampling 

In 2014 and 2015, two active air samplers were located downwind according to the 

predominant wind direction for each field evaluated; one sampler was located at the edge of 

the field being planted and the other in the far edge of the neighbouring field (Figure 3.2). The 

particulate matter suspended in air was collected using a BGI PQ100 FRM Ambient Air 

Particulate Sampler (Mesa Labs, Butler, NJ, USA, Figure 3.1A) using a 47-mm plastic filter 

adapter cassette with screen, and total suspended particulate (TSP) matter cap.  Air was 

aspirated through a 47-mm glass fiber filter (Pore size (Nominal) 1 µm, type A/E, Pall 

Corporation, Ann Arbor, MI, USA). Samplers operated at a constant flow of 16.7 L/min of air 

with a sampling height of 2 m for all measurements. After samples were collected, the 

cassette containing the glass fiber filter was placed face up in a new 100 x 15 mm Petri dish 

(Fisher Scientific) and sealed in a plastic bag, then placed immediately into a dark picnic 

cooler containing freezer packs for transport to the laboratory. Once in the laboratory, filters 

were removed from the cassette and placed into a 50-mL polypropylene disposable centrifuge 

tube (Fisher Scientific), followed by immediate dark photoperiod and storage at -20 ºC before 

sample extraction.       

Passive air sampling 

Devices for passive particulate matter collection were sticky dust traps as described by 

Xue et al. (2015). Briefly, a panel of dust traps consisted of 5 consecutive standard 

microscope slides (25 × 75 mm) supported by two plastic stationary slide binders. A wooden 

frame was used to maintain the panel vertically on the top of a 2 m metal stake that was 

oriented vertically over the ground (Figure 3.1B). Three towers were placed 25 m apart, 

parallel and along with each active air sampler location per field edge, resulting in a total of 6  
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samplers for each subject field (Figure 3.2). To collect the particulate matter, slide panels 

were coated with aerosol Tangle-Trap® (The Tanglefoot Company, Grand Rapids, MI), 

sprayed for a 3-s burst from an approximate 40-cm nozzle to surface distance. Samplers were 

set at 2 m from the ground for all measurements. After being exposed for the prescribed 

sample collection period collection, slide panels were removed from the wooden frame and 

placed vertically in a cardboard box using plastic comb ring binders in each side to keep the 

slides separate.  Then the cardboard box was sealed and stored similarly to air filter samples. 

All data for passive samplers were standardized to a 150-m field width of planting 

perpendicular to the wind direction (Total neonicotinoid concentration in the slides divided by 

planted field width and multiplied by 150), to make comparable measurements from different 

field sizes and planter widths of data collected during years 2013, 2014 and 2015. 

3.3.3 Group Categories for Wind and Distance 

Data for wind speed and distance of samplers from the source field were categorized in 

different groups.  Wind speed data were categorized as: L (low≤ 10 km/h), M (medium >10 

and ≤ 15 km/h) and H (high > 15 km/h), while distance from source data were categorized as: 

1 (0 m from source), 2 (> 0 and <169 m), 3 (≥ 170 and ≤ 300 m) and 4 (> 300 m). Raw and 

grouped data can be found for distance and wind variables in Appendix Tables 3.1 and 3.3, 

respectively.          

3.3.4 Analytical Methods 

The details for reagents and LC-MS/MS parameters analysis were described previously 

in Chapter 2 section 2.3.3.  
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Sample preparation  

To extract dust and pesticide from sticky dust trap samples (passive air sampler), the 

central slide from each one of the three panels per field location was removed, then the three 

slides per location were placed in a 50-mL polypropylene disposable centrifuge tube 

separated by wedging a 10-µL pipette tip between each slide. Acetonitrile (40 mL) was added 

to the tube, after which it was capped, sonicated (FS30 Ultrasonic bath sonicator, 40 KHz, 

100 W, Fisher Scientific, Pittsburgh, PA, USA) for 1 hr and kept at 2ºC in darkness overnight, 

before the glass slides were removed. A 13.3-mL aliquot of from slide extract was placed 

along with a 80-µL of the 100-ng/mL internal standard solution in a 50-mL polypropylene 

disposable centrifuge tube, and concentrated to dryness in an evaporator (Fisher-Labconco 

RapidVap Vertex Evaporator, 59 Pittsburg, PA, USA) under a gentle nitrogen stream at 40°C 

and 25 psi in darkness. The final residue was reconstituted in 4 mL of 1:1 methanol/water 

(v/v) containing 5mM formic acid (dilution solvent), vortexed for 2 min, and 1-mL aliquot 

transferred to a 2-mL amber glass auto sampler vial for LC-MS/MS analysis. Blank samples 

used in the matrix-matched calibration curve were prepared by coating glass slides with 

Tangle-Trap® followed by preparation and extraction as described previously. 

For air sampler filters (active sampler), filters were removed from the cassette and 

placed into a 50-mL polypropylene disposable centrifuge tube (Fisher Scientific) with 40 mL 

of commercial spring water (IceRiver green, Feversham, Ontario), shaken at 200 rpm (G10 

gyrotory shaker; New Brunswick Scientific, Edison, NJ, USA) for 18 hrs; followed by 

centrifugation for 5 min at 3000 rpm (Thermo IEC Central CL2). A 10-mL aliquot of the 

supernatant was transferred to a 50-mL polypropylene disposable centrifuge tube (Fisher 

Scientific) with 20 mL of acetonitrile, the sample was vortexed for 1 min, followed by 
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addition of 4 g magnesium sulfate, 1 g sodium chloride, 1 g sodium citrate tribasic, and 0.5 g 

sodium hydrogencitrate sesquihydrate; shaken thoroughly for 1 min; and then centrifuged for 

5 min at 3000 rpm (Thermo IEC Central CL2). A 4-mL aliquot of the resulting acetonitrile 

supernatant was transferred to a 5-mL glass test tube containing 20µL of 100 ng/mL mix 

internal standard solution, followed by evaporation to dryness in an evaporator (Fisher-

Labconco RapidVap Vertex Evaporator, 59 Pittsburg, PA, USA) under a gentle nitrogen 

stream at 40°C and 25 psi in darkness. The final residue was reconstituted in 1 mL of 1:1 

methanol/water (v/v) containing 5mM formic acid (dilution solvent), vortexed for 2 min, 

transferred to a 2-mL amber glass auto sampler vial for LC-MS/MS analysis. Blank samples 

used in the matrix-matched calibration curve were prepared by using new filters and 

immediately subjecting to the extraction described previously.   

Clothianidin is a metabolite of thiamethoxam in insects, plants (Nauen et al., 2003) and 

soil (FAO, 2011). Compounds were analyzed separately but statistical analyses were 

conducted using the total neonicotinoid concentration (which is the sum of thiamethoxam and 

clothianidin concentrations measured), both compounds are the most commonly used as seed 

treatments in southwestern Ontario field production. Data for all compounds are reported in 

Appendix Table 3.1.  

3.3.5 Calculated Honeybee Exposure  

The exposure of honeybees to neonicotinoid residues in abraded seed coating coming 

from planting of treated seed can be calculated by multiplying the estimated contact air 

volume or area of a honey bee, by the concentration of the insecticide in the studied matrix 

using methodology proposed by Tremolada et al. (2010). Here the volume of air that can be in 

contact with a bee during flying can be calculated using a virtual tunnel obtained by 
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multiplying the flight distance (500 m trip) by the cross section area of 12.5 mm2 (resulting 

from the approximation of the bee body to a cylinder with 12 mm of length and 4 mm of base 

diameter). In another study a similar method was used by Prier et al. (2001) to calculate the 

absorption of aerosolized bacterial spores on flying bees caused by electrostatic forces mostly 

generated by wing movements.  The length of a wing (10 mm) was used as the radius for this 

virtual tunnel resulting in a cross section area of 314.2 mm2. The resulting volume of air 

intercepted by a honey bee will be 0.00625 m3 for the first situation (virtual tunnel 1) and 

0.157 m3 if electrostatic force is taken into account (virtual tunnel 2).  These values were then 

multiplied by the neonicotinoid concentration in the air to provide the amount of insecticide 

captured by a honeybee.  

Following a similar approach but using the mean body surface area (2.21 cm2, virtual 

area 1) or the mean total physical surface area (sum of the mean body and wing surface area, 

3.27 cm2, virtual area 2) of a bee proposed by Poquet et al. (2014), and the mean total 

physical area of a flower, a contact exposure area could also be calculated. Using the two 

previous virtual area situations and the mean total physical surface area of a male willow 

flower (Salix spp.) estimated from previous work in the laboratory (n = 18, mean floral 

surface area = 16.2 cm2), the amount of insecticide captured by the forager honeybee can be 

calculated multiplying the area of the flower by the deposition values obtained with the 

passive air samplers, then the representative fraction of the bee area is multiplied by the 

hypothetical neonicotinoid concentration in the flower surface. It was assumed for these 

calculations that air was non-turbulent or calm, with a constant low speed and constant 

direction with uniform dispersion of the insecticide in the air volume or on area selected, 

which is assumed to be the worst case. The highest value found for each sampling device in 
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distance category 1 and categories 2, 3 and 4 combined, were used to calculate the most 

conservative and worst exposure scenario for each one of the different virtual situations. The 

calculated exposure values obtained for each one of the proposed scenarios, were compared 

with the equivalent acute contact LD50 for clothianidin estimated as 44 ng per honey bee by 

European Food Safety Authority (EFSA, 2013a).   

3.3.6 Statistical Analysis 

To avoid the use of zeroes all reported values including those below the LOD after the 

LC-MS/MS procedure were included in statistical analyses using SAS, Ver. 9.4 (SAS 

Institute). PROC UNIVARIATE and Shapiro-Wilk statistics were used to verify that 

assumptions of normally distributed residuals and homogenous error variance were met. 

Lund’s test was used to test for outliers (Lund, 1975). Total neonicotinoid concentration data 

for comparisons between all scenarios and within planting were transformed using the natural 

logarithm, and data within tillage scenario comparisons were transformed using the natural 

logarithm (X+1) to meet analysis of variance (ANOVA) assumptions. Differences in the mean 

total neonicotinoid concentration between different years and scenarios were tested using 

PROC MIXED in an unbalanced designed with year, scenario, wind speed and distance as 

fixed effects and field sampled as random effect, if year was not significant it was included as 

a random effect. Differences in the mean total neonicotinoid concentration between distances 

and wind speed within the same scenario were tested using PROC MIXED with wind speed 

and distance as fixed effects and field as random effect. Paired data of active and passive 

sampling devices were tested for correlation using PROC CORR with the SPEARMAN 

option. A trendline equation of total neonicotinoid concentration in particulate matter across 
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distance during planting and tillage was realized using an exponential model with EXCEL. 

The α level for statistical significance was 0.05 for all analyses.  

 

3.4 Results          

3.4.1 Analytical Performance 

The LC-ESI-MS/MS method of detection and validation of extraction efficiency for 

compounds in both matrices were described previously (Schaafsma et al., 2015; Xue et al., 

2015). Detection and quantification limits (LOD and LOQ) were estimated from the base of 

the mean height (n = 4) from the background noise signal on the blank matrix extract, being 

the noise signal plus 3 and 10 times the standard deviation, respectively (Currie, 1999). 

Values for passive air sampler (dust traps) were calculated in ng/cm2 of surface, and for active 

air samplers (filters) they were calculated in ng/m3 using the average m3 volume air aspirated 

by samplers. LOD and LOQ values for clothianidin using passive air samplers were 0.24 and 

0.80 ng/cm2, and 0.54 and 1.80 ng/m3 for active air samplers, respectively. For thiamethoxam, 

LOD and LOQ values were 0.04 and 0.13 ng/cm2 for passive air samplers, and 0.08 and 0.26 

ng/m for active air samplers, respectively. 

3.4.2 Neonicotinoid Residues in Particulate Matter  

3.4.2.1 Planting  

Using active air samplers during planting of neonicotinoid treated seed, total 

neonicotinoid concentrations ranged from 0.19 to 95.89 ng/m3 (Appendix Table 3.1), one 

outlier was detected (175.52 ng/m3, Lund’s test studentized residuals 4.8823 > 3.12 at q = 3, n 

= 44) and was removed from all analyses. Total neonicotinoid concentrations during planting 

between fields of soybean and maize present similar concentrations between years (F = 0.00, 
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df1 = 1, df2 = 15, p = 0.9784), allowing data to be pooled (Figure 3.3). Clothianidin was 

detected in 100% of the samples with 2.3% of them below LOD as trace amounts, while 

thiamethoxam was detected in 88.6% of the samples and 12.8% of them were below LOD as 

trace amounts.  

Total neonicotinoid concentrations using passive air samplers ranged from 0.01 to 4.90 

ng/cm2 (Table 3.1), one outlier was detected (16.41 ng/cm2, Lund’s test studentized residuals 

8.0835 > 3.33 at q = 3, n = 82) and was removed from all analysis. There was no difference 

during planting between soybean and maize fields between years (F = 0.11, df1 = 1, df2 = 46, p 

= 0.7365), allowing data to be pooled (Figure 3.4). Clothianidin was detected in 98.8% of 

samples of which 39.5% were below the LOD in trace amounts, while thiamethoxam was 

detected in 79.3% of samples of which 38.5% were below the LOD as trace amounts.  

3.4.2.2 Tillage and Wind Events  

Using active air samplers during tillage of fields with history of neonicotinoid treated 

seed use, total neonicotinoid concentrations ranged from 0.13 to 4.48 ng/m3 (Appendix Table 

3.1). Clothianidin was detected in 100% of samples of which 8.3% were below the LOD in 

trace amounts, while thiamethoxam was detected in 58.3% of samples of which 21.4% were 

below the LOD in trace amounts. During wind events, total neonicotinoid concentrations 

ranged from 0.09 to 1.55 ng/m3 (Appendix Table 3.1), one outlier was detected (4.39 ng/m3, 

Lund’s test studentized residuals 1.9433 > 1.93 at q = 3, n = 6) and was removed from all 

analysis. Clothianidin was detected in 100% of samples of which 33.3% were below the LOD 

in trace amounts, while thiamethoxam was detected in 66.7% of samples of which 50% were 

below the LOD in trace amounts.  
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Figure 3.3. Scatter distribution and notched boxplot of total neonicotinoid concentration in air 
samples collected during planting of neonicotinoid treated seed using active air samplers in 
Ontario during 2014 and 2015. ¹Total of clothianidin and thiamethoxam; means followed by the 
same letter are not significantly different at α = 0.05 using SAS PROC mixed PDIFF; n = 
number of samples; Mean ± standard error (SE).   
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Figure 3.4. Scatter distribution and notched boxplot of total neonicotinoid concentration in air 
samples collected during planting of neonicotinoid treated seed using passive air samplers in 
Ontario during 2013, 2014 and 2015. ¹Total of clothianidin and thiamethoxam; means followed 
by the same letter are not significantly different at α = 0.05 using SAS PROC mixed PDIFF; n = 
number of samples; Mean ± standard error (SE). 
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Total neonicotinoid concentrations using passive air samplers during tillage ranged from 

0.01 to 0.29 ng/cm2 (Appendix Table 3.1), one outlier was detected (0.37 ng/cm2, Lund’s test 

studentized residuals 2.8439 > 2.76 at q = 3, n = 19) and was removed from all analysis. 

Clothianidin was detected in 94.7% of samples of which 52.6% were below the LOD as trace 

amounts, while thiamethoxam was detected in 68.4% of samples of which 31.6% were below 

the LOD as trace amounts. Samples collected during wind events had total neonicotinoid 

concentrations ranging from 0.01 to 0.06 ng/cm2 (Appendix Table 3.1). Clothianidin was 

detected in 100% of samples of which 66.6% were below the LOD as trace amounts, while 

thiamethoxam was detected in 50% of samples of which 100% were below the LOD in trace 

amounts.  

3.4.2.3 Passive Air Samplers – All Scenarios 

Pooled data from planting of treated seed, and data from tillage and wind events for 

years 2014 and 2015 were used to compare differences between scenarios in an unbalanced 

design. There was no interaction between sampling scenarios and year (F = 1.16, df1 = 1, df2 = 

69, p = 0.2852), so year was moved from fixed to random effects in the ANOVA. There was 

a difference between scenarios on total neonicotinoid concentration collected in particulate 

matter (F = 25.97, df1 = 2, df2 = 69, p = < 0.0001, Figure 3.5), where the mean concentrations 

for planting events, tillage events, and wind events were 0.48, 0.08 and 0.02 ng/cm2, 

respectively. 

3.4.2.4 Movement of Particulate Matter – Passive Air Samplers 

During planting of neonicotinoid treated seed, distance of passive samplers from the 

source had an effect on total neonicotinoid concentration (F = 12.59, df1 = 3, df2 = 50, p = 

<0.0001, Figure 3.6).  As distance increased from the source the amount of total neonicotinoid  
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Figure 3.5. Scatter distribution and notched boxplot of total neonicotinoid concentration in air 
samples collected during three different scenarios, all distances combined using passive air 
samplers in Ontario during 2013, 2014 and 2015. ¹Total of clothianidin and thiamethoxam; 
means followed by the same letter are not significantly different at α = 0.05 using SAS PROC 
mixed PDIFF; n = number of samples; Mean ± standard error (SE). 
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Figure 3.6. Scatter distribution and notched boxplot of total neonicotinoid concentration in air 
samples collected at different categorical distances from the source field during planting of 
neonicotinoid treated seed using passive air samplers in Ontario during 2013, 2014 and 2015. 
¹Total of clothianidin and thiamethoxam; means followed by the same letter are not significantly 
different at α = 0.05 using SAS PROC mixed PDIFF; n = number of samples; Mean ± standard 
error (SE). 
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residues collected decline, with dispersal values at the tail portion of the decay curve followed 

a similar pattern as tillage values (Figure 3.7).  A similar result was observed for wind speed 

(F = 3.41, df1 = 2, df2 = 50, p = 0.0409) where the amount of neonicotinoid residues declined 

with increasing wind speed.  

When sampling was done during tillage in fields with history of neonicotinoid treated 

seed use, the effect of distance of passive samplers from the source was not significant (F = 

2.72, df1 = 3, df2 = 4, p = 0.1794, Figure 3.8), nor was the effect of wind speed (F = 4.87, df1 = 

2, df2 = 4, p = 0.0847). 

3.4.2.5 Active Air Samplers – All Scenarios 

Pooled data from planting of treated seed, and data from tillage and wind events for 

years 2014 and 2015 was used to compare differences between scenarios in an unbalanced 

design. There was no interaction between sampling scenario and year (F = 1.74, df1 = 1, df2 = 

38, p = 0.1948), so year was moved from fixed to random effects in the ANOVA. There was 

a difference between scenarios on total neonicotinoid concentration collected in particulate 

matter (F = 15.37, df1 = 2, df2 = 38, p = < 0.0001, Figure 3.9), where the mean concentrations 

for planting, tillage, and wind events were 16.22, 1.91 and 0.61 ng/m3, respectively. 

3.4.2.6 Movement of Particulate Matter – Active Air Samplers 

Distance of active samplers from the source had an effect on total neonicotinoid 

concentration during planting of neonicotinoid treated seed (F = 11.64, df1 = 3, df2 = 18, p = 

0.0002, Figure 3.10), as distance increased from the source the amount of total neonicotinoid 

residues collected declined (Figure 3.7). In contrast there was no effect due to wind speed (F 

= 3.29, df1 = 2, df2 = 18, p = 0.0604). 
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Figure 3.7. Total neonicotinoid concentration in particulate matter across distance during 
planting of neonicotinoid treated seed (black circles), and during tillage (solid black circles) 
using active (a) and passive sampling (b). Black solid (tillage) and black dotted (planting) lines 
are best fit regression lines using the proposed exponential model for each scenario evaluated. 
Values with triangles were collected from the same planter equipment. 1 Total of clothianidin and 
thiamethoxam.  
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Figure 3.8. Scatter distribution and notched boxplot of total neonicotinoid concentration in air 
samples collected at different categorical distances from the source field during tillage of fields 
with previous history of neonicotinoid seed treated use using passive air samplers in Ontario 
during 2014 and 2015. ¹Total of clothianidin and thiamethoxam; means followed by the same 
letter are not significantly different at α = 0.05 using SAS PROC mixed PDIFF; n = number of 
samples; Mean ± standard error (SE). 
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Figure 3.9. Scatter distribution and notched boxplot of total neonicotinoid concentration in air 
samples collected during three different scenarios, all distances combined using active air 
samplers in Ontario during 2014 and 2015. ¹Total of clothianidin and thiamethoxam; means 
followed by the same letter are not significantly different at α = 0.05 using SAS PROC mixed 
PDIFF; n = number of samples; Mean ± standard error (SE). 
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Figure 3.10. Scatter distribution and notched boxplot of total neonicotinoid concentration in air 
samples collected at different categorical distances from the source field during planting of 
neonicotinoid treated seed using active air samplers in Ontario during 2014 and 2015. ¹Total of 
clothianidin and thiamethoxam; means followed by the same letter are not significantly different 
at α = 0.05 using SAS PROC mixed PDIFF; n = number of samples; Mean ± standard error (SE). 
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At the locations sampled during tillage, the distance of active samplers from the source 

had no effect on total neonicotinoid concentration (F = 0.88, df1 = 3, df2 = 5, p = 0.5129, 

Figure 3.11), nor did wind speed (F = 0.40, df1 = 2, df2 = 5, p = 0.6889).  

3.4.3 Estimation of Honeybee Exposure 

Potential values of contact exposure downwind for bees flying 500 m through a virtual 

tunnel, were calculated to be in the range of 1.1% to 34.2% of the clothianidin acute contact 

LD50 of 44 ng/bee (EFSA, 2013a).  In the case of exposure for a virtual area during foraging 

on a single visit to a single Willow male flower, values were estimated to be in the range of 

10.1% to 36.4% of the clothianidin acute contact LD50 (Table 3.1).     

 

3.5 Discussion          

A total of 4 outliers were found in a total of only 4 fields managed by 3 of the 

cooperators for the following scenarios: 2 during planting (one for each sampling method, 

same cooperator but different fields), 1 during tillage (passive sampler) and 1 during wind 

event (active sampler). An important observation is that outlier values were collected at the 

edge of the studied field (distance category 1), where the highest exposure to neonicotinoid 

particulate matter was expected. The outliers observed during the planting scenario came from 

fields planted by the same vacuum planter.  All the data from this planter were unexpectedly 

higher than those collected from remaining planters (Figure 3.7, triangle data points). It is 

suspected that this vacuum planter had some unusual configuration that produced and/or 

exhausted more dust than at other locations where similar planter model and seed dosage were 

used, because these values of these data were all in the upper range compared with data from  
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Figure 3.11. Scatter distribution and notched boxplot of total neonicotinoid concentration in air 
samples collected at different categorical distances from the source field during tillage of fields 
with previous history of neonicotinoid seed treated use using active air samplers in Ontario 
during 2014 and 2015. ¹Total of clothianidin and thiamethoxam; means followed by the same 
letter are not significantly different at α = 0.05 using SAS PROC mixed PDIFF; n = number of 
samples; Mean ± standard error (SE). 
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Table 3.1. Potential values of contact exposure downwind during planting of neonicotinoid treated seed under different volume/area 

simulated scenarios for a honeybee, assuming a virtual area scenario where the bee is foraging in a male willow flower, or a virtual 

tunnel scenario were the bee is flying a distance of 500 m.   

Exposure scenario 
Distance (m) of 

fugitive dust 
sampling 

Exposure situation Totala neonicotinoid 
concentration value  

Calculated 
exposureb ng/bee 

Proportion of 
LD50 reference 

valuec 

Proximal edge of the field 0 
Virtual tunnel 1d 

95.89 
ng/m3 

0.60 0.014 

Distal edge of the field 152 75.95 0.47 0.011 

Proximal edge of the field 0 
Virtual tunnel 2e 

95.89 
ng/m3 

15.05 0.342 

Distal edge of the field 152 75.95 11.92 0.271 

Proximal edge of the field 0 
Virtual area 1f 

4.90 
ng/cm2 

10.83 0.246 

Distal edge of the field 10 2.02 4.46 0.101 

Proximal edge of the field 0 
Virtual area 2g 

4.90 
ng/cm2 

16.03 0.364 

Distal edge of the field 10 2.02 6.61 0.150 
a Total of clothianidin and thiamethoxam.  
b Total neonicotinoid concentration value multiplied by virtual volume/area calculated for each scenario.  
c Assuming a contact LD50 reference value of 44 ng/bee for clothianidin proposed by EFSA (EFSA, 2013a).  
d Virtual volume of air intercepted by a honeybee of 0.00625 m3 in a 500 m trip.   
e Virtual volume of air intercepted by a honeybee of 0.157 m3 in a 500 m trip.   
f Virtual contact exposure area calculated using the mean body surface area for a honeybee of 2.21 cm2 as a fraction of a male 

willow flower of 16.2 cm2, multiplied by the hypothetical concentration in the flower surface (mean surface flower area 
multiplied by total neonicotinoid concentration value).   

g Virtual contact exposure area calculated using the mean body surface area for a honeybee of 3.27 cm2 as a fraction of a male 
willow flower of 16.2 cm2, multiplied by the hypothetical concentration in the flower surface (mean surface flower area 
multiplied by total neonicotinoid concentration value). 
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similar planters at other locations. There was insufficient information collected about this 

planter to determine the cause. 

For the tillage scenario outlier, there were no unusual environmental conditions during 

data collection, nor differences in agronomic history compared with other fields that could 

explain the value obtained. The only notable observation was the presence of several larger 

soil aggregates adhering to one sampling frame suggesting contamination. Finally, the outlier 

identified during wind event scenario was observed in a tilled soybean field planted within 4 

days before sampling.  There are two explanations: 1) there was not enough time between 

planting and sampling to dissipate and homogenize into the soil the neonicotinoid residues 

exhausted from the planter and deposited over the soil surface, and 2) there was no vegetation 

cover from previous crops on the soil surface due to the tillage practice, resulting in the soil 

surface to be more susceptible to wind erosion. Wind speeds during this scenario were the 

highest reported in our data set (average 21.3 km/h). This speed is strong enough to produce 

wind erodible sediments that could leave the field as fugitive dust (Sullivan & Ajwa, 2011) 

and to be collected by the air samplers located in the downwind field edge.    

The present results are the first reported concentration values for neonicotinoid 

particulate matter leaving commercial agricultural fields in southwestern Ontario using two 

different sampling techniques. There were detectable concentrations in almost all samples 

collected during the different sampling scenarios.  Data from active air samplers were more 

consistent in that only 6.9% of samples had values below the LOD or not detected when both 

compounds were considered.  In contrast, passive air samplers had 26.7% of values below 

LOD, or 4 times less resolution by comparison.  
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It is difficult to compare the effectiveness of the two air samplers. There are no data 

available to know when the passive sampler implemented in this study can be saturated due to 

excess of dust collected, a factor that could affect its results.  Active samplers seem to have a 

greater capacity and are more flexible by the selection of different filters with differing 

capacities depending on the target material and analyte (Kosikowska, 2010). In relation to 

cost-benefit, passive samplers require 50% more time and consumables to prepare one sample 

for LC-MS/MS analysis compared with the active sampler used. However, the capital cost of 

the active sampling device is 343 times more expensive than the assembly of the passive 

sampling device (average values of $12,000 CAD and $35 CAD, respectively). Finally, the 

sampling method chosen depends on the question being asked.  Data collected with the active 

sampler can be used as a volumetric measure of pesticide particulate matter movement in air 

(addresses exposure to non-target organism in flight), while data collected by passive sampler 

may be more appropriate to describe pesticide deposition (addresses potential contact 

exposure from surfaces such as flowers). Data from the same field and collected at the same 

time using both samplers were positively correlated (Spearman, n = 63, r = 0.67, p = <0.0001, 

Figure 3.12) demonstrating that passive and active air sampling are comparable but may be 

appropriate for different end uses when considering non-target exposure.  

No differences in total neonicotinoid concentrations in air between maize and soybeans 

fields were observed using either air sampler techniques during planting (Figures 3.3 and 3.4). 

However far fewer soybean fields were sampled.  Seed characteristics, seeding rate per field 

and planter configuration for soybeans are much different than for maize so it is suggested to 

collect more data during planting of neonicotinoid treated soybean seed to increase the 

confidence in the conclusion. However, for exposure studies considering emissions similar for  
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Figure 3.12. Correlation between natural logarithm of total neonicotinoid concentration in 
particulate matter collected using active sampling and passive sampling. *Total of clothianidin 
and thiamethoxam. 
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soybeans and maize planted with similar equipment is a safe assumption. The average total 

neonicotinoid air concentration from active samplers pooled over soybean and maize fields at 

the edge of the planted field, is lower by an order of magnitude than results of previous 

studies (Biocca et al., 2014; Pochi et al., 2012; Tapparo et al., 2012) from Europe a few years 

ago.  Here planter configurations were different and few dust mitigation improvements made.  

The lower results in our study may be due to differences in environment, changes in seed 

drilling technology or improvement of seed treatment quality over the last few years 

(Nuyttens et al., 2013; Tapparo et al., 2012).   

Fugitive neonicotinoid residues were much lower during tillage and wind events after 

planting, compared with residues sampled during planting of treated seed employing either 

active or passive sampling (Figures 3.5 and 3.9), with an average planting/tillage total 

neonicotinoid concentration ratio of 8.5 and 6 for active and passive air sampling techniques, 

respectively. In addition, wind events also contributed to off-site transport of neonicotinoid 

residues, presenting an average planting/wind event total neonicotinoid concentration ratio of 

26.5 for active sampling, and a ratio of 24 for passive sampling technique. Emissions of PM10 

were more likely during tillage (Kjelgaard et al., 2004).  Neonicotinoid residues from 

previous applications adsorb to the fine particulate matter fraction of soil, known to have high 

proportions of clay and organic matter, components that are prone to sorb polar compounds 

(Clymo et al., 2005).  These fine particles are a source of contaminated dust that moves off 

site and were not previously considered in risk assessments, even when their contribution as 

TSP to the total load of neonicotinoid particulate matter released to the environment in a 

maize ecosystem is 14%. Despite finding measurable neonicotinoid concentrations during 

tillage and wind events, the bioavailability of neonicotinoid soil-bound residues in the 
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environment is uncertain (Northcott & Jones, 2000). Therefore, caution in the interpretation of 

the present data is recommended.  

Total neonicotinoid concentrations declined significantly with distance for both air 

sampling techniques during planting but not during tillage. This difference can be explained 

because of differences in particle size composition between the two scenarios.  According to 

Devarrewaere et al. (2015) the size fraction of dust released from treated seed ranges from 17 

to 1,751 µm, with settling velocity proportional to particle size. They suggest a dust particle 

with an equivalent diameter of 200 µm ejected at 1m height, with a wind speed of 18 km/h 

can travel between 4 and 50 m from the source before settling. A different result occurs 

during tillage.  Here particles are generally <20 µm and are in the suspended particulate 

fraction which can be transported great distances until deposition (Roney & White, 2006; 

Sullivan & Ajwa, 2011). Neonicotinoid particulate matter coming from planting of treated 

seed can travel as far as 690 m from our data. However, the nature and size of particles 

moving from the source field is unknown.  Further, it is impossible to know if they are soil-

bound residues or dislodged material from neonicotinoid treated seed, although due to the 

similar pattern of concentrations obtained in the tail section decay curve during planting and 

tillage, it seems like those fine particles were produced as a results of soil disturbance.  

There was a significant interaction between wind speed and total neonicotinoid 

concentration for passive samplers during planting, where the amount of neonicotinoid 

residues declined with increasing wind speed. This could be due to the fact that passive 

samplers mimic deposition, and lower wind speed could affect the deposition of the 

particulate material in the sampling area allowing more persistence in the air plume. Average 

wind speeds in 2013 were generally lower than for any other year of the study period, active  
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samplers were not deployed along with passive samplers during 2013, and fixed multiple 

distances were only sampled in 2013. 

 

Higher exposure to neonicotinoids of non-target organisms in a maize ecosystem occurs 

during planting of treated seed, and those bees flying closest to the planter are most likely to 

be exposed to lethal concentrations (Krupke et al., 2012).  Planters are constantly moving so 

high exposure is assumed to be a rare event.  More likely is exposure along leeward field 

borders where foraging vegetation is exposed to intermittent and frequent plumes of 

contaminated dust. The highest calculated exposure using the area/volume for a honeybee was 

found at 0 m distance from the planted field (field edge), and these values were on average 

15.9% and 21.6% of the contact LD50 of 44 ng/bee (EFSA, 2013a), for the virtual tunnel and 

virtual area scenarios, respectively.  These values are probably high enough to induce chronic 

effects (Aliouane et al., 2009). Exposure of non-target organism to neonicotinoid particulate 

matter mainly occurs during maize planting season between end of April and mid-May, and 

sometimes it can coincide with the blooming of tree species that are attractive to pollinators 

such as Acer spp. and Salix spp. (data not shown). Drift reduction during this critical period 

must be addressed in order to avoid possible exposure to neonicotinoids and likely other 

insecticide applied as seed treatments.  

Soil conservation by reduced tillage should also be a useful practice to mitigate off-site 

neonicotinoid transport, and should be contemplated as a solution to exposure risk. For future 

investigations, I recommend sampling different particle size of particulate matter to quantify 

the total contribution of each size partition and the overall source. The present data can be 
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used as a benchmark for future exposure risk assessment, where the use of vacuum planters 

and neonicotinoid treated seed is involved.  
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CHAPTER FOUR 

Movement of Neonicotinoid Residues to Surface Soil Mediated by 

Capillary Flux of Soil Moisture Through Evaporation (Wicking Effect) and 

Environmental Fate Evaluation Using a Fugacity Based EQC Model  

 

4.1 Abstract 

Neonicotinoid insecticides are commonly used as seed treatments on many crops 

globally. The behaviour of insecticides in soils is regulated by several physicochemical 

processes, well detailed in the literature. However, a phenomena described as “wick effect” 

has been not considered for movement of neonicotinoid residues from seed treatments. Using 

soil columns with different texture and organic carbon content the phenomena was tested. 

After 8 wk of constant upward water flux, clothianidin concentration for T1 columns was 

higher in surface profiles compared to top, middle or bottom profiles with average 

concentration values for all fields of 16.23, 10.90, 5.29 and 2.47 ng/g, respectively. These 

findings show that the wick effect is an important factor for residues movement and 

accumulation in soil surface that works independently of soil properties, but depends strongly 

on water movement mediated by macro and micropores. Using an equilibrium criterion model 

level III, environmental partitioning of clothianidin, thiamethoxam and cyantraniliprole was 

calculated in different matrices, being retained more in soil than water or sediments.   

 

4.2 Introduction 

Neonicotinoid insecticides have been widely used as seed treatments globally in cotton, 

maize, cereals, sugar beet and oilseed rape, with the active ingredients imidacloprid, 
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thiamethoxam and clothianidin used in more than 140, 115 and 40 different seed crops, 

respectively (Elbert et al., 2008). Part of the success of this insecticides class is derived from 

its diverse application options, long lasting effects and broad spectrum of activity against 

early season pests from different orders such as Coleoptera, Lepidoptera, Diptera, Homoptera, 

Hemiptera and Hymenoptera (Elbert et al., 2008).    

The movement, behaviour and fate of neonicotinoid insecticides in soil is mainly 

regulated by various physico-chemical and biological processes (Bajeer et al., 2012; Katagi, 

2013), with sorption as one of the most important processes reported due to its acceptance in 

describing partitioning between water and soil solutions (Bajeer et al., 2012; Banerjee et al., 

2008; Katagi, 2013; Kurwadkar et al., 2013; Liu et al., 2006). Adsorption and leaching of 

neonicotinoids are processes widely reported in the literature (Bajeer et al., 2012; Gupta et al., 

2008; Katagi, 2013; Kurwadkar 2014), due to the concern of possible contamination of 

groundwater if the insecticide is not bound strongly to the soil or is resistant to degradation.  

Water retention and hydraulic conductivity are among the most important soil properties that 

affect pesticide distribution and mobility (Katagi, 2013). Dissipation and persistence also 

affect pesticide soil mobility and possible environmental behaviour of pesticides, and these 

are well described for neonicotinoid insecticides (Gupta et al., 2008; Kumar et al., 2014; 

Placke, 1998a, 1998b; Ramasubramanian, 2013; Wang et al., 2013). Another important 

process that controls pesticide residue levels and transport in the soil profile is microbial 

degradation, which is largely affected by temperature, soil moisture and depth (Katagi, 2013; 

Liu et al., 2011). 

Based on the results of neonicotinoid residue accumulation in soil surface dust found in 

chapter 2, the idea of upward movement of neonicotinoid residues due to capillary action 
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produced by water evaporation from the soil surface was considered. This process was 

described years ago for various pesticides with high vapour pressure, that can volatilize from 

soil surface once are moved upward due to mass flow of water moving to the surface, process 

referred as “wick effect” (Lavy et al., 1990; Spencer et al., 1973). Surprisingly, previous cited 

studies just focus on pesticide losses due to volatilization from soil surface, not on possible 

environmental contamination. This process has not been described or considered for the 

neonicotinoid insecticide class.  

Environmental models may be used to predict the persistence and transport of organic 

chemicals between different environmental matrices such as air, soil, water, and sediments 

(Mackay, 2001).  For any compound, they can estimate concentration and distribution in 

various media in an evaluative environment, and tendency for intermedia transport using a 

fugacity approach (Mackay, 2001; Mackay et al., 2001). The concept of fugacity was 

introduced by G. N. Lewis in 1901 as a thermodynamic equilibrium criterion measured in 

units of pressure (Mackay, 2001), with the concept defined by Mackay and Paterson (Mackay 

& Paterson, 1982) as follows: “fugacity is a thermodynamic quantity related to chemical 

potential or activity that characterizes the escaping tendency from a phase” (p. 654A). When 

the fugacity approach is used, each environmental matrix is given a practical volume and set 

of properties, and the distribution of the compound is then calculated based on the “behaviour 

profile” obtained from the fugacity calculations in each evaluative matrix (Mackay, 1972; 

Mackay & Paterson 1982; Mackay et al., 1992). The model chosen for the present study is the 

EQC, or EQuilibrium Criterion model, which uses chemical-physical properties to quantify a 

chemical’s behaviour in a fixed evaluative environment to simplify chemical to chemical 

comparisons (Canadian Environmental Modelling Centre, 2003). The degree of complexity 
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used in the model was the level III non-equilibrium steady-state, in which each phase may 

have a different fugacity (Mackay & Paterson, 1982) and provides the most realistic results 

for environmental distribution and persistence.  

The objective of the present investigation was to evaluate the importance of soil 

composition to the upward flow of soil moisture (wick effect), in carrying clothianidin 

residues to the soil surface and to verify the “wick effect” under controlled conditions. 

Secondly, a fugacity approach model was used to estimate the possible environmental 

partitioning and persistence of three insecticides, commonly used as seed treatment in 

southwestern Ontario.  

 

4.3 Materials and Methods 

4.3.1 Field Descriptions 

This research was part of a larger study of pollinator exposure to neonicotinoid 

insecticides used as seed treatment in a commercial maize ecosystem (Limay-Rios et al., 

2015; Schaafsma et al., 2015; Schaafsma et al., 2016; Xue et al., 2015). The present study 

involved 5 fields previously reported in Chapter 2, which were chosen according to soil 

texture (parameters determined by submitting samples to A&L Canada Laboratories).  Intact 

soil columns were collected from those 5 fields with the most divergent percentages of clay 

and sand (Table 4.1).   

 4.3.2 Soil Column Sample Collection 

Soil columns were collected during the period of August 25 to 27, 2014. Core soil 

samples were taken randomly across the fields following 3 different planter rows for  
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Table 4.1. Physical and chemical properties of soils used.  

Field  

Soil Characteristics 

% Sand % Silt % Clay % OCa pH Soil Texture 

2C 20 36 44 2.3 n/a Clay 
3B 62 28 10 2.1 6.9 Sandy loam 
6C 15 39 46 2.7 n/a Clay  
8A 7 85 8 3 7.8 Silt 
9B 36 49 15 1.4 7 Loam 
a Value obtained from average of all columns segment collected. 
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collection, in each row between 3 and 4 cores were taken separated from the others by 1 m. 

Forty-eight core samples were collected and then divided in 12 samples each for fields 2C and 

3B, and 8 samples each for fields 6C, 8A and 9B.  An aluminum tube (33 cm length x 10 cm 

internal diameter) was used for each sample collected, previously cleaned with hot water and 

household detergent, then rinsed with acetone and left to dry under direct sunlight. The 

aluminum tube was pushed into the soil using a pneumatic hammer until the top of the tube 

was level with the soil surface.  Tubes were then dug out manually using a shovel (Figure 

4.1). Finally, the cores were labelled with the field name and stored undisturbed in their 

individual aluminum tubes, placed in dark plastic bags followed by dark, frozen storage (-20 

ºC) until they were used in the study. 

4.3.3 Soil Column Experimental Area Setup 

The experiment was conducted in a greenhouse at the Ridgetown Campus, within which 

a wind tunnel was constructed to control conditions external to the tubes and to keep the 

drying potential at the column soil surface as uniform as possible.  This drying potential 

created the gradient necessary to initiate capillary movement in the soil columns. The inside 

dimensions of the wind tunnel were 122 cm width by 360 cm length by 61 cm height. The 

wind tunnel structure was made using lumber, and the roof and bottom using plywood sheets. 

Once the structure was finished, at the bottom of the wind tunnel a template was made using a 

hole saw to open holes where the columns rest inside (Figure 4.2A). A 6-mm polyethylene 

poly vapour barrier (super-six, polytarp™, Toronto, Ontario), was used to insulate and create 

the walls of the wind tunnel. In front of the wind tunnel, a plywood grid grating with 8 cm2 

spaces was made to ensure non-turbulent laminar air flow across the soil columns area (Figure  
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Figure 4.1. Collection of soil core samples in field. A: pneumatic hammer used to push the 
aluminum tubes through soil; B, C and D: soil columns removed from sample sites.  
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Figure 4.2. Wind tunnel used to perform soil columns experiments. A: wind tunnel structure; B: 
plywood grid grating; C: soil columns and hydraulic pallet mover; D and E: final setup of soil 
columns; F: distribution of soil columns inside the wind tunnel, highlighted in green is the 
distribution of dummy columns covering all border of the experimental units located in the 
center. 
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4.2B). Two 50 x 50 cm box fans (120 V AC 60Hz, Classic Intertek), were located at the end 

of the wind tunnel to produce the internal airflow adjusted to a constant wind speed of 1.5 

m/s. The soil columns were located over a wood pallet and lifted into the wind tunnel using a 

hydraulic pallet mover (Figure 4.2C), where columns were situated as close to flush as 

possible to the wind tunnel bottom (Figure 4.2F).  

The platform in the tunnel had 42 equidistant spaces inside arranged with 6 by 7 rows, 

centred 10 cm apart, leaving 10 cm between adjacent tube edges to locate soil columns with 

the 18 middle spaces used to locate the experimental columns, while the remainder perimeter 

spaces were occupied with aluminum tubes filled with regular sand, to serve as dummy 

columns to minimize border effects (Figure 4.2F). Samples collected were divided into two 

sets to be run inside the wind tunnel.  The first set (fields 2C and 3B) was run during March 

and April of 2015 and second (fields 6C, 8A and 9B) during May and June of 2015. Average 

temperature was measured using a data logger (StowAway XTI), with temperatures inside the 

wind tunnel at 20 ± 3 ºC and 24 ± 4 ºC for the first and second runs, respectively. 

4.3.4 Soil Columns Preparation and Experimental Treatments 

Soil columns from each field were removed from frozen storage, and each column was 

randomly labelled with the evaluation treatment and set inside the greenhouse in complete 

darkness to defrost and equilibrate for 2 d. Once thawed, the bottom of the soil column was 

covered using a 10.8 cm diameter grate with PVC collar (NDS) with a mesh screen attached 

(nylon, pore size 1mm) to prevent soil loss from column to outside (Figure 4.3). Each column 

was placed in a round black plastic container of 18 cm diameter by 4 cm depth (Lung Sang 

Canada Inc.).  Columns were charged from the top with 300 mL of water (Ice River natural 

spring water, Feversham, Ontario) was added to the top of each column to charge them with  
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Figure 4.3. Soil columns preparation. A: lateral view of aluminum tube used to collect core 
samples; B: bottom of soil column covered with a PVC collar with a mesh screen attached; C: 
final experimental setup used for soil columns experiments; D: diagram showing the sample 
segments collected for each column. 
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water, allowing excess water to drain into the container below.  After 3 d excess water was 

reabsorbed and columns were at field capacity with the surface dry to the touch. 

Then containers at the base of each column were filled with 250 mL of water (Ice River 

natural spring water, Feversham, Ontario), and the pallet with soil columns appropriately 

arranged, was moved under the wind tunnel platform followed by lifting such that the top of 

the soil columns lined up with the holes in the floor of the wind tunnel and flush with the top 

of the floor (Figure 4.2). To ensure continuous available water in the base containers for 

continuous capillary flow, water was replenished to the 250-mL level (depth of 3 cm) every 4-

6 d. Each time water was replenished the experimental columns were re-randomized to new 

places in the pallet frame within the border area to ensure uniform and random exposure to 

wind currents. The area under the wind tunnel was covered using cardboard to avoid water 

evaporation and potential photodegradation (Figure 4.2).   

Each trial was conducted over a two-month period, to approximate the time expected 

between snow melt and maize planting, when the weather conditions starts to warm the soil 

surface and creates a gradient where the upward moisture movement by capillary action 

initiates. Treatments included: a control soil columns just as collected from fields without any 

alteration; plus, two treatments that were subjected to capillary water flow in the wind tunnel. 

Treatment 1 (T1), was an unmodified soil core columns; and Treatment 2 (T2) was a soil 

column with the soil profile completely blended and repacked (made of same soil collected 

but mixed before columns rearrangement to disturb and homogenize original soil layers, 

simulating tillage practice). For fields 2C and 3B there were 3, 6 and 3 replicates evaluated 

for control, T1 and T2, respectively, and for fields 6C, 8A and 9B there were 2, 3 and 3 

replicates evaluated for control, T1 and T2, respectively. At the end of two months, the soil 
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columns were dissected by layers using a metal spoon in four segments for analysis: three 

segments each one around 11 cm of column length (top, middle and bottom of the column) 

and one segment < 0.5 cm at the soil column surface crust (Figure 4.3). Each section for each 

column was analyzed for neonicotinoid concentration using LC-ESI-MS/MS, and organic 

carbon content was determined using the loss of ignition method by SGS Agri-Food 

laboratories (Guelph, Ontario).  

4.3.5 Analytical Methods 

The detail for reagents and LC-ESI-MS/MS parameters analysis were described 

previously in Chapter 2 section 2.3.3. 

Sample preparation 

Sample preparation was described previously in Chapter 2 section 2.3.3. Briefly, soil 

samples for each column segment were homogenized, followed by extraction of a 10-g 

representative sample in a 50-mL polypropylene disposable centrifuge tube, in 20 mL of 

acetonitrile. The sample was vortexed for 1 min, followed by addition of 4 g magnesium 

sulfate, 1 g sodium chloride, 1 g sodium citrate tribasic, and 0.5 g sodium hydrogencitrate 

sesquihydrate; shaken thoroughly for 1 min; and then centrifuged for 5 min at 3000 rpm 

(Thermo IEC Central CL2). A 4-mL aliquot of the resulting acetonitrile supernatant was 

transferred to a 5-mL glass test tube containing 20 mL of 100-ng/mL mix internal standard 

solution, followed by evaporation to dryness using a Pierce Reacti-Therm III heating module 

at 40 ºC under gentle filtered air stream in darkness. The final residue was reconstituted in 

1mL of 1:1 methanol/water (v/v) containing 5mM formic acid (dilution solvent), vortexed for 

2 min, and transferred to a 2-mL amber glass auto sampler vial for LC-ESI-MS/MS analysis.  
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Moisture content in soil was determined by oven drying the sample at 40°C until weight 

remained constant.  The concentrations were then expressed in terms of percentage of dry soil 

mass. 

Both clothianidin and thiamethoxam were measured separately, and these data are 

reported in Appendix Table 4.1. Raw data are presented as clothianidin and thiamethoxam 

concentrations but statistical analysis was performed just using clothianidin. This was done 

for simplicity and because clothianidin is a metabolite of thiamethoxam in soil (FAO, 2010) 

and it was the active ingredient most used in the fields of the present study.  

4.3.6 Statistical Analysis 

Clothianidin concentration and organic carbon content data were selected to perform all 

analysis using a completely randomized design. Statistical analyses were performed using 

SAS, Ver. 9.4 (SAS Institute). The PROC UNIVARIATE and Shapiro-Wilk statistics were 

used to verify that assumptions of normally distributed residuals and homogenous error 

variance were met. Clothianidin concentration and organic carbon content data were subjected 

to natural logarithm transformation to meet the assumptions of analysis of variance 

(ANOVA). Differences in clothianidin concentrations and organic carbon content between 

soil columns segments for each treatment were tested using PROC MIXED with segment as 

fixed effect and replicate as a random effect. The α level for statistical significance was 0.05 

for all analyses. 

4.3.7 Environmental Partitioning and Persistence of Seed Treatment Insecticides 

Using the EQC Model 

Following a similar approach used by Kurwadkar et al. (2014), environmental 

partitioning behaviour of thiamethoxam, clothianidin and cyantraniliprole was analyzed 
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following US EPA recommendations using an equilibrium criterion (EQC) Level III model 

with default environmental parameters (Table 4.3) (US EPA, 2012b). Simulations were 

performed using the EQC model version 2.02 downloaded from the Canadian Centre for 

Environmental Modelling and Chemistry website (Canadian Environmental Modelling 

Centre, 2003). The physical and chemical properties of each compound used in the model 

were obtained from the Pesticide Properties Data Base (PPDB) (PPDB, 2013). Distribution 

coefficients (Kd) were calculated using the organic-carbon partition coefficient (Koc) values 

from PPDB database multiplied by the fraction of organic carbon (Kd = Koc * foc). The foc used 

to calculated the Kd water-soil was the average of organic carbon content in the soil columns 

collected, and for Kd water-sediment was the mean organic carbon content reported for Lake 

Ontario sediments by Gobas and Maclean (2003). The bio-concentration factor for each 

compound was calculated using the software BCFBAF version 3.01, an individual program of 

the Estimation Program Interface version 4.11 (EPI Suite™) downloaded from US EPA 

website (US EPA, 2012a). Compounds were considered as type 2 (involatile chemicals) 

according to Mackay’s classification based on vapour pressure and water solubility properties 

(Canadian Environmental Modelling Centre, 2003). Following the recommendations of 

Mackay et al. (2001), persistence value was expressed as residence time attributable to 

reaction only (degrading reaction as a process that alters the chemical nature of the solute). 

The seed treatment insecticides chosen for modeling were clothianidin and thiamethoxam, 

two neonicotinoids of common use in Southwestern Ontario commercial maize ecosystem and 

cyantraniliprole (anthranilic diamide), the new molecule approved in 2013 by Health Canada's 

Pest Management Regulatory Agency (PMRA), and released for use in maize for 2016 

planting season.                     
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4.4 Results 

4.4.1 Analytical Performance 

The LC-ESI-MS/MS method of detection and extraction efficiency for compounds in 

soil was previously validated (Schaafsma et al., 2015). LOD and LOQ values for clothianidin 

were 0.023 and 0.063 ng/g, respectively.    

4.4.2 Soil Columns Characterization  

Samples from fields 2C and 6C had higher clay content (44 and 46%, respectively), 

while fields 8A and 9B had higher silt content (85 and 49%, respectively), field 3B had the 

higher sand but lower silt content (62 and 28%, respectively). Soil classification was the same 

for fields 2C and 6C (Brookston clay), whereas field 8A, 9B and 3B were Huron clay loam, 

Miami clay loam and Berrien sandy loam, respectively (Table 4.1). 

The percentage of organic carbon content in soil column segments ranged from 0.7 to 

5.5%, with means of 3%, 2.7%, 2.3%, 2.1% and 1.4% for fields 8A, 6C, 2C, 3B and 9B, 

respectively (Table 4.1). There was no difference in organic carbon content for all treatments 

between soil columns segments for fields 2C and 3B (Table 4.2). Fields 6C, 8A and 9B 

present differences in organic carbon content for T1 (intact columns subjected to water) 

between soil column segments (Table 4.2).   

4.4.3 Neonicotinoid Residues in Soil Column Segments 

Two soil columns collected in field 2C for T1 did not support capillary water movement, 

and were excluded from the analysis. Clothianidin concentrations exceeded detection limits 

for all samples analyzed (Table 4.2). Clothianidin residues ranged in ng/g for the different 

treatments as follows: for control columns from 2.89 to 38.33, 0.87 to 28.02, 0.75 to 20.80 

and 0.33 to 37.15 for surface, top, middle and bottom segments of the soil columns,  
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Table 4.2. Analyses of variance for the fixed effects of soil profile, treatment and field 
collected on clothianidin concentration and organic carbon content, using SAS PROC 
MIXED PDIFF at α = 0.05.   

 

Field Treatment Profile df1 df2 F Pr > F df1 df2 F Pr > F
Surface <0.5cm

Top 10cm
Mid 10cm

Bottom 10cm
Surface <0.5cm

Top 10cm
Mid 10cm

Bottom 10cm
Surface <0.5cm

Top 10cm
Mid 10cm

Bottom 10cm

Surface <0.5cm
Top 10cm
Mid 10cm

Bottom 10cm
Surface <0.5cm

Top 10cm
Mid 10cm

Bottom 10cm
Surface <0.5cm

Top 10cm
Mid 10cm

Bottom 10cm

Surface <0.5cm
Top 10cm
Mid 10cm

Bottom 10cm
Surface <0.5cm

Top 10cm
Mid 10cm

Bottom 10cm
Surface <0.5cm

Top 10cm
Mid 10cm

Bottom 10cm

Surface <0.5cm
Top 10cm
Mid 10cm

Bottom 10cm
Surface <0.5cm

Top 10cm
Mid 10cm

Bottom 10cm
Surface <0.5cm

Top 10cm
Mid 10cm

Bottom 10cm

Surface <0.5cm
Top 10cm
Mid 10cm

Bottom 10cm
Surface <0.5cm

Top 10cm
Mid 10cm

Bottom 10cm
Surface <0.5cm

Top 10cm
Mid 10cm

Bottom 10cm

T2 Water + 

homogenized 
soil

3 8 0.40 0.7599 3

13.2
13.9
4.9

8 0.26 0.8498

18.0
19.5
20.6
10.3

3 4 0.87 0.5260

51.1
57.9
14.1
13.5

9B

Control 3 4 0.87 0.5258

T1 Water 3 8 16.82 0.0008 3 8 5.90 0.0200

9.9

8 0.79 0.5316

4.3
5.4
5.8
6.4

T2 Water + 

homogenized 
soil

3 8 0.01 0.998 3

0.5513

3.6
3.8
3.6
4.9

8A

Control 3 4 2.51 0.1977

T1 Water 3 8 12.31 0.0023 3 8 13.91 0.0015

3.7
5.4
9.9
7.3

T2 Water + 

homogenized 
soil

3 8 2.51 0.1330 3

3 4 0.81

16.7
6.0
13.6

8 0.83 0.5119

17.2
15.3
16.6
8.4

3 4 2.91 0.1645

37.1
53.1

283.8
31.9

6C

Control 3 4 0.82 0.5476

T1 Water 3 8 4.13 0.0482 3 8 22.03 0.0003

21.9

0.5535

5.00 0.0095 3

3 8 0.09 0.9635

24.9
20.4
17.6
9.9

49.6
51.2
30.0
11.3

20 1.30 0.303

0.1273 3 8 0.48 0.7021

32.6
11.0
34.3
37.6

3B

Control 3 8 2.57

T1 Water 3 20

T2 Water + 

homogenized 
soil

3 8 0.75

3 8 0.20 0.8907

1.6
1.5
1.9
1.6

T2 Water + 

homogenized 
soil

3 8 0.17 0.9127

1.9
1.6
2.2

T1 Water 3 12 7.00 0.0056

Clothianidin Organic Carbon Content Ratio 
Cloth/Thiam

2C

Control 3 8 23.18 0.0003 3 8 1.21 0.3656

2.4
0.7
1.1
1.3

3 12 0.82 0.5065

4.8
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respectively; for T1 from 3.98 to 33.28, 1.68 to 28.70, 0.98 to 17.86 and 0.31 to 9.11 for 

surface, top, middle and bottom segments of the soil columns, respectively; and for T2 from 

0.72 to 23.68, 0.66 to 27.33, 0.59 to 38.33 and 0.85 to 30.06 for surface, top, middle and 

bottom segments, respectively.      

There was a difference in clothianidin concentration between column segments for the 

control treatment in field 2C but not for the other fields tested (F= 23.18, df1= 3, df2= 8, p= 

0.0003, Table 4.2), although for T1 clothianidin concentrations between soil column segments 

were different in all fields tested (Table 4.2), differing from T2 where no difference in 

clothianidin concentrations between soil column segments was found (Table 4.2). 

4.4.4 EQC Level III Model Analysis 

The insecticide parameters used for the simulation in the EQC model are shown in 

Table 4.4. The equilibrium partitioning estimations for water, soil and sediment for 

thiamethoxam were 20.9%, 79.1% and 0.05%, respectively, values very similar to those 

calculated for cyantraniliprole (21.9%, 78.1% and 0.02%). Those for clothianidin were 7.5%, 

92.5% and 0.03% for water, soil and sediment, respectively (Table 4.3, Figure 4.4). The 

persistence (in Figure 4.4, as reaction residence time) for thiamethoxam, cyantraniliprole and 

clothianidin were 1529, 1162 and 9734 h, respectively.   

 

4.5 Discussion 

Two soil columns from field 2C used in T1 did not display capillary movement and they 

were removed from all analysis. Water level in containers at the base did not change 

compared with other columns; after column dissection, stones of almost the same diameter as 

the columns were found in the middle-bottom segment, affecting the capillary movement.  
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Table 4.3. Environmentala and chemical parameters (from PPDB, 2013) and partitioning of insecticides using 
EQC Level III model.  

Physico-chemical properties 
  

Thiamethoxam 
  

Clothianidin 
  

Cyantraniliprole 
      

Molar mass (g/mol)  291.71  249.7  473.72 

Henry's Law Constant (Pa m3/mol)  4.7E-10  2.9E-11  1.7E-13 
Solubility (mg/l)  4100  340  14.2 
Vapor pressure (Pa)  6.6E-09  2.8E-11  5.13E-15 

Koc (ml/g)  70  123  241 

logKow  -0.13  0.905  2.02 
Melting point (ºC)  139.1  176.8  224 

Half-life (Hr) DT50-water  734.4  967.2  744b 

Half-life (Hr) DT50-soil  1200  13080  825.6 

Half-life (Hr) DT50-sediment  960  1356.6  168.7 

Kd (L/Kg) water-soil  1.589  2.792  5.471 

Kd (L/Kg) water-sediment  1.890  3.321  6.507 

BCF (L/Kg)c  0.95  1.24  3.84 

Percent distribution-waterd  20.9  7.48  21.9 

Percent distribution-soild  79.1  92.5  78.1 

Percent distribution-sedimentd  0.05  0.03  0.02 
              
a Default environmental parameters used in the model: area of air 100,000 km2, water 10,000 km2, soil 90,000 
km2, and sediment 10,000 km2; with volumes of 1 x 1014, 2 x 1011, 1.8 x 1010, and 5 x 108 m3, respectively.   
b Value obtained from USEPA, 2013. Environmental Fate and Ecological Risk Assessment for the Registration 
of the New Chemical Cyantraniliprole - Amended. Office of Pesticide Programs Environmental Fate and 
Effects Division Environmental Risk Branch I, Washington, DC.  
c Values calculated using EPI Suite™ V. 4.11       
d Values calculated using EQC Level III model, version 2.02. 
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Figure 4.4. A) Graphical output from Level III EQC for clothianidin; B) cyantraniliprole; and C) 
thiamethoxam.   
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Clothianidin concentration values in soil column segments were over the LOD and LOQ in all 

analyzed samples (Appendix Table 4.1). The higher clothianidin/thiamethoxam ratios in 

Table 4.2 are due to clothianidin being the predominant seed treatment in the previous planted 

crops and the normal degradation of thiamethoxam to clothianidin (FAO, 2011). The fields 

selected for soil column samples collection differed in clay and organic carbon content, 

mainly factors that can affect the mobility of pesticides in soil profile (Arias-Estévez et al., 

2008; Bajeer et al., 2012; Katagi, 2013; Khan, 1980; Liu et al., 2006). In all control columns 

except for the one containing the highest percentage of sand there was a gradient trend in the 

average of clothianidin concentration between segments, ranging from highest in the surface 

fraction to lowest in the bottom fraction (fields 2C, 6C, 8A and 9B, Figures 4.5 and 4.6). The 

only field that showed significant differences was field 2C containing the most clay (44% clay 

content, Table 4.2), probably due to adsorption interactions with clay surfaces (Cox et al., 

1998) or interactions with silt fraction (Katagi, 2013; Khan, 1980), since there is no difference 

in organic carbon content between soil column segments that could affect clothianidin 

sorption (Table 4.2). However, in control columns for field 3B (62% sand content) there was 

no clothianidin gradient along the columns, and average clothianidin concentration 

distribution in column segments was opposite from other fields, probably due to more 

leaching because of larger soil aggregates (sand, >5 mm) which have less adsorptive surface 

area (Gupta et al., 2008; Katagi, 2013; Khan, 1980). After 8 weeks of constant upward water 

flux, the average clothianidin concentration amongst the different segments and columns for 

T1 in all tested fields was significantly different; partition of clothianidin between segments 

was more likely to happen independently of texture and organic carbon content once the 

upward capillary pump started (Figures 4.5 and 4.6). The upward mobility of clothianidin  
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Figure 4.5. Distribution of clothianidin concentration and organic carbon content for soil 
columns in fields 2C and 3B for control, T1 (unmodified cores) and T2 (disturbed cores). Grey 
columns are mean clothianidin concentration ± standard error, and red dots are % organic carbon 
content mean ± standard error; means followed by the same letter are not significantly different 
at α = 0.05 using SAS PROC mixed PDIFF. 
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Figure 4.6. Distribution of clothianidin concentration and organic carbon content for soil 
columns in fields 6C, 8A and 9B for control, T1 (unmodified cores) and T2 (disturbed cores). 
Grey columns are mean clothianidin concentration ± standard error, and red dots are % 
organic carbon content mean ± standard error; means followed by the same letter are not 
significantly different at α = 0.05 using SAS PROC mixed PDIFF. 
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residues within the soil profile due to evaporation of water from the soil surface (wick effect), 

was not affected by clay or organic carbon content as reported previously for other organic 

pesticides (Lavy et al., 1990; Spencer et al., 1973). Although the phenomenon was described 

years ago, the idea was not considered for neonicotinoids when used as a seed treatment, and 

this may be the first study that reports the phenomenon for neonicotinoid insecticides using 

undisturbed soil columns. Different results were obtained when T2 was evaluated, after 

disturbance of the soil columns structure no difference was found between any soil column 

segment for the studied fields (Figures 4.5 and 4.6). After destruction of soil structure the 

water flux was disrupted, being the micropores and macropores (Katagi, 2013) an important 

factor that could affect clothianidin residues mobility due to the wick effect. Conservation 

tillage is not as common as conventional tillage (Statistics Canada, 2016), which makes it 

more likely that capillary action is happening in a broader area than we might expect. There is 

a need for a farmers judgement call to decide what the requirements for their soil management 

are.  

Batch, lysimeter and soil column studies can provide us with important physical-

chemical parameters of chemical compounds, although results cannot be extrapolated to the 

complex environment were these compounds interact with many other matrices. 

Consequently, the interaction between the chemical and environmental variability makes it 

difficult to assess the environmental behaviour of such compounds based on the results of one 

or two parameters. The EQC model level III (output in Figure 4.4) can provide us with 

information regarding partitioning, transport and transformation of the compounds, and more 

importantly it can give us an idea of the environmental compartment where the compound 

will tend to be retained and finally transformed by advection or reaction processes 
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(persistence) (Mackay, 2001). This information can help to focus studies in those 

compartments and direct efforts and strategies to mitigate possible hazards.  

According to the EQC model level III environmental partitioning results, the studied 

insecticides used as seed treatments are retained more in soil than in water and sediment 

compartments. The results showed that thiamethoxam and cyantraniliprole behave similarly, 

which is surprising because their physicochemical properties, particularly solubility are very 

different (Table 4.4). However, thiamethoxam breaks down to clothianidin in soil (FAO, 

2011) and therefore will be less likely to leach, as supported by the simulation.  

Recently the focus of risk assessment has changed from pollinators to aquatic 

organisms; leaching of cyantraniliprole into water compartments needs to be considered in 

future research. Data available for cyantraniliprole in Pesticide Properties Data Base (PPDB), 

report the formation in soil of 4 key metabolites as major fractions, all of them with relevant 

environmental importance due to higher Koc or higher leaching potential values than the 

precursor compound. The information regarding chemical degradation products is important 

because the EQC model did not take into account metabolites for calculations.  

Clothianidin was more persistent than thiamethoxam and cyantraniliprole. The main 

removal mechanism for all compounds was reaction in soil followed by advection in water, 

although advection and reaction presented similar values in the other compartments (Figure 

4.4). For all compounds the important transport parameters are those controlling soil-water 

exchange and degradation processes in soil compartment. Partitioning of the chosen 

insecticides in air matrix was not considered because they do not volatilize, due to their very 

low vapour pressure. Also, because of the lower values in Henry's Law Constant they will 

tend to persist in water and may be adsorbed onto sediments.        
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In fields where the only source of neonicotinoids are seed treatments, the wicking effect 

can be considered a minor source of neonicotinoid residues compared to exhaust from 

pneumatic planters. Based on results obtained in Chapter 3, the contribution of soil-bound 

residues coming from tillage represent an average of 14% of the total neonicotinoid 

concentration when is compared with residues coming from planting of neonicotinoid treated 

seed. However, due to the recent increase in tillage practice (Statistics Canada, 2016) and the 

extensive area of field crops planted, this source needs to be considered in future overall risk 

assessment for the general source, transport and impact of neonicotinoid insecticide residues 

in a maize ecosystem.   
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CHAPTER FIVE 

 

General Discussion and Recommendations 

Neonicotinoid insecticides are a common IPM input in field crops, and their widespread 

use as seed treatments, along with their systemic properties can generate risk to non-target 

insects in the agroecosystems in which they are used. Recently, the use of neonicotinoid 

insecticides as seed treatments has been challenged as a potential environmental risk for 

pollinators, soil and aquatic invertebrates and consequently a detriment to ecosystem services. 

Environmental risk assessment can be classified in three levels (tiers) of complexity: tier one: 

generic numerical standards based on available information, use of specific scenarios with 

conservative assumptions (qualitative risk assessment); tier two: Site-specific conditions, 

investigations and testing to reduce uncertainty adjusted to tier 1 results; and tier three: site-

specific risk assessment and/or risk management, should focus on areas where it is still 

uncertain (Quantitative risk assessment) (Canadian Council of Ministers of the Environment, 

2008; Dwyer, 1997). Much of the risk assessment to date has relied on tier one laboratory data 

and tier two field data leaving a gap in the peer reviewed literature whether these data may be 

extrapolated to field conditions (Godfray et al., 2014). The objectives of this thesis were to: 1) 

determine neonicotinoid residual concentrations in soil surface dust and parent soil in 

commercial maize agroecosystems with a history of neonicotinoid treated seed use; 2) 

determine neonicotinoid concentration in particulate matter released from commercial fields 

during wind events, tillage and planting of neonicotinoid treated seed; and 3) describe upward 

movement of neonicotinoid residues using intact soil columns and estimate the possible 

environmental partitioning of neonicotinoid insecticides using a fugacity approach model. 
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Neonicotinoid insecticide residues in parent soils and surface soil dust  

Mean total neonicotinoid concentration values for soil surface and parent soil of maize 

fields with a history of neonicotinoid seed treatment use was 45.03 ng/g and 5.12ng/g, 

respectively for all sampled years. Concentrations in soil surface dust were at least 10 fold 

higher than those in associated parent soil for all fields measured before planting, although the 

average contribution of surface soil dust as Total Suspended Particulate (TSP) is 14% of the 

total load of neonicotinoid particulate matter released to the environment in a maize 

ecosystem (Chapter 3). However, the concentration of neonicotinoid residues from this source 

is minimal compared to the material exhausted during planting of treated seed (Krupke et al., 

2012).  

The amount of particulate material released to the environment as tillage erosion 

(average 2.7 t/ha) is several orders of magnitude higher than that exhausted by the vacuum 

type planter (48 ± 42.3 g/ha). According to Lobb et al. (1999), tillage erosion is the major 

cause of soil loss in southwestern Ontario, which makes soil surface dust originated from 

fields previously planted with neonicotinoid treated seed a potential contamination source for 

surface water or other foraging resources. However, currently there is no information in the 

literature that assesses the fate and effects of these soil bound residues to the environment and 

non-target insects. Furthermore, there is uncertainty regarding the bioavailability of these soil-

bound residues (Northcott & Jones, 2000).  

The most important result found in the current study was that residues of neonicotinoids 

accumulated in surface soil dust, presenting concentrations that are potentially biologically 

important. The current study is the first to assess the concentration of neonicotinoid in soil 

bound residues that can be susceptible to wind erosion, elucidating a new contribution source 
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for neonicotinoid insecticide residues when used as seed treatments in field crops, that has not 

been considered in previous exposure risk assessments. 

 

Concentration and movement of neonicotinoids during agricultural practices 

Neonicotinoid concentrations for TSP under commercial field conditions were on 

average 6.2 fold higher during planting of treated seed than during tillage or wind events, 

whether measured by active or passive sampling (Chapter 3). Dust movement during planting 

presented the highest concentrations of neonicotinoid in TSP; tillage and wind event scenarios 

were contributors to off-site transport of residues at much lower concentrations (average 

planting/tillage total neonicotinoid concentration ratio of 8.5 and 6 for active and passive air 

sampling, respectively). Air concentration (ng/m3 or ng/cm2) of neonicotinoid particulate 

matter during planting of treated seed declined significantly over a distance of 150 m, but 

there was a long tail in the plume with little decline and it was possible to detect a 

concentration of 1.61 ng/m3 as far as 690 m from the source. During tillage, the dispersal of 

particles followed the same pattern as the downwind tail portion of decay curve for planting-

time dust (Figure 3.7).  It was difficult to discern the relative contributions of the equipment 

as opposed to the exhaust dust.  Tillage equipment disturbs much more soil than planter 

equipment, but concentrations of neonicotinoid residues were similar whether measuring in 

the decay tail during tillage or planting.  It is clear that similar amounts of fine dust particles 

contaminated with insecticide travel great distances whether from tillage or planting.  

Exposure of honeybees to neonicotinoid insecticide as particulate matter is more likely 

to happen along leeward field borders where contaminated dust at higher concentrations can 

be suspended in the air or settle on foraging resources. Contact exposure values for honeybees 
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were calculated for clothianidin, with average exposure values 15.9% and 21.6% of the 

contact LD50 of 44 ng/bee (EFSA, 2013), for virtual tunnel and virtual area scenarios, 

respectively (Chapter 3). The highest calculated exposure mainly occurs in the field edge of 

the planted field, presenting values probably high enough to induce chronic effects (Aliouane 

et al., 2009).   

 

Movement of clothianidin residues to surface soil and environmental partition 

using EQC model 

Neonicotinoid insecticides movement and fate in soils is mainly regulated by various 

physico-chemical and biological processes. However, the wick effect (Lavyet al., 1990; 

Spencer et al., 1973) was not reported as an important contributor to the accumulation of 

neonicotinoid insecticide residues in the soil surface. Regardless of the soil texture and 

organic carbon content, the wick effect is likely to happen once upward capillary flux starts. 

Although wind eroded neonicotinoid soil bound residues are at concentrations 5 orders of 

magnitude lower than abraded seed residues exhausted by vacuum planters, the particulate 

fraction released during tillage practices can be subject to long-range transport and 

contaminate surface water and foraging resources (Cessna et al., 2006). The contribution that 

this source makes to the contamination of water by neonicotinoid insecticides relative to 

leaching and surface runoff needs to be addressed in exposure risk assessment.  

Regarding environmental partitioning using the EQuilibrium Criterion model, the most 

important transport parameters were those controlling soil-water exchange and degradation 

processes in soil. The neonicotinoids, clothianidin, thiamethoxam and the diamide 

cyantraniliprole were assessed, and soil was found to be the principal compartment for 
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compounds retention, followed by water and sediment compartments. According to the model 

results in Chapter 4, if leaching was a significant source for neonicotinoid movement from 

soil to water, the retention values would have been lower than those predicted in the soil 

compartment.  Therefore, these compounds are less prone to leaching than many argue, and 

their entry into water systems appears to arise from direct movement by wind during planting 

or various water and wind erosion pathways including preferential flow taking surface 

residues directly into surface water and tile drains.  

 

Recommendations and conclusions 

The use of neonicotinoid insecticides as seed treatments in field crops are under review 

by the Pest Management Regulatory Agency (PMRA) (Health Canada, 2016), based on the 

perceived potential risk to aquatic invertebrates (Struger et al, 2016). The main contributor of 

neonicotinoid residues in maize ecosystem are those escaping from vacuum planter exhaust 

during planting (Xue et al, 2015). This phenomenon is essentially a problem of seed treatment 

pesticide drift exposing pollinators, contaminating foraging resources and aquatic systems.  

Much of the off target exposure problem can be reduced if the problem of drift were managed.  

Studies directed on the amount of dust escaping vacuum planters were conducted 

concurrently in the same laboratory but were not part of this thesis. Here, on average 48 ± 

42.3 g/ha of contaminated dust resulting in 0.74 ± 0.87 g ai/ha which is about 3.8 % of what is 

applied to the seed is released by the planter exhaust during planting (n = 37, data not shown). 

These data emphasize the need to generate strategies to avoid off site transport of dislodged 

material from the seed, many of these studies were conduct during 2014 and 2015 with no 

mitigation strategy in place.  However, in 2016 dust was nearly fully mitigated by employing 



108 
 

a planter exhaust filter. Here an average air concentration in TSP during planting of treated 

seed after using a mitigation strategy was 0.44 ng/m3 (n = 22, data not shown).  This value 

represents a 97% reduction in neonicotinoid residue emissions compared with the average air 

concentration reported in Chapter 3 of 16.22 ng/m3 during planting.  

All stakeholders must be engaged to develop practical mitigation strategies to minimize 

off site transport of neonicotinoid residues.  Efforts should be directed towards reducing the 

amount of material dislodging from seeds and reducing the amounts of contaminated dust 

exhausted by the planter. These two problems can be mitigated if there are improvements in 

the seed quality using a seed finishing polymer, and by making modifications in the planter 

exhaust design as a cyclone, air filtration or use of deflectors.     

Regarding movement of soil bound residues as TSP, avoiding excessive tillage and 

practicing soil conservation can be useful to minimize the off-site transport of neonicotinoid 

residues.  Field crops represent a large and concentrated area in southwestern Ontario.  The 

use of neonicotinoid seed treatments is widely practiced in this region.  This thesis suggests 

that without soil conservation and reduced tillage this source previously not considered can 

have a much larger impact on exposure risk than expected if it is not addressed.   
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APPENDIX 

Appendix Table 1.1. Different classes of insecticides comparing their chemical structure and physico-chemical properties. 
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Information collected from Pesticide properties data base (PPDB, 2013). 
a Data from EXTOXNET. 2001. [Cited 2016 January 30]. Available online: http://extoxnet.orst.edu/pips/ghindex.html.  
N/A not available. 
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Appendix Table 2.1. Determination of clothianidin and thiamethoxam residues (ng/g) in 

parent soil and surface soil dust sampled from commercial fields with history of treated seed 

use before planting in Ontario in 2013, 2014 and 2015. 

 

Sample type Field Sampling date 

cl
ot

hi
an

id
in

 

th
ia

m
et

ho
xa

m
 

T
ot

al
 

Parent soil 1A 2013-05-09 1.19 0.95 2.14 

Parent soil 1B 2013-05-09 1.37 2.68 4.04 

Parent soil 2A 2013-05-09 3.16 1.24 4.40 

Parent soil 2B 2013-05-08 7.00 13.30 20.30 

Parent soil 3A 2013-05-07 8.35 0.06 8.41 

Parent soil 3B 2013-05-06 5.35 0.37 5.72 

Parent soil 4B 2013-05-08 0.07 0.00 0.07 

Parent soil 4A 2013-05-09 0.57 0.08 0.65 

Parent soil 5B 2013-05-13 0.19 0.00 0.19 

Parent soil 5A 2013-05-13 1.20 0.06 1.26 

Parent soil 7A 2013-05-16 1.75 0.93 2.68 

Parent soil 7B 2013-05-16 0.85 0.00 0.85 

Parent soil 6A 2013-05-07 5.70 0.09 5.79 

Parent soil 6B 2013-05-06 6.25 0.40 6.65 

Parent soil 9A 2013-05-08 3.11 0.00 3.11 

Parent soil 9B 2013-05-15 2.58 0.12 2.70 

Parent soil 8A 2013-05-08 1.09 0.34 1.43 

Parent soil 8B 2013-05-06 1.60 0.30 1.90 

Parent soil 1C 2014-04-22 5.29 1.56 6.85 

Parent soil 1B 2014-04-22 6.59 1.36 7.95 

Parent soil 2C 2014-04-24 4.35 4.00 8.35 

Parent soil 2B 2014-04-24 7.02 3.52 10.54 

Parent soil 3A 2014-04-23 7.12 0.02 7.14 

Parent soil 3B 2014-04-23 9.06 0.02 9.08 

Parent soil 4C 2014-04-21 0.54 0.00 0.54 

Parent soil 4B 2014-04-21 1.61 0.10 1.71 

Parent soil 5C 2014-04-23 1.62 8.45 10.07 

Parent soil 5B 2014-04-23 1.93 0.14 2.07 

Parent soil 6A 2014-04-23 5.00 0.69 5.69 

Parent soil 6C 2014-04-23 14.01 0.54 14.55 
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Parent soil 7C 2014-04-23 0.04 0.03 0.07 

Parent soil 7B 2014-04-23 2.22 1.55 3.77 

Parent soil 8A 2014-04-22 3.79 1.76 5.55 

Parent soil 8C 2014-04-22 1.56 0.25 1.81 

Parent soil 9B 2014-04-22 2.20 0.09 2.29 

Parent soil 9A 2014-04-22 2.56 0.11 2.67 

Parent soil 1C 2015-05-02 6.1 0.1 6.19 
Parent soil 1D 2015-05-02 6.31 0.9 7.2 
Parent soil 2A 2015-05-02 2.78 1.26 4.04 
Parent soil 2C 2015-05-02 6.25 1.6 7.85 
Parent soil 3A 2015-04-29 25.09 0.03 25.12 
Parent soil 3B 2015-04-29 11.89 0.06 11.95 
Parent soil 4B 2015-05-08 1.68 0.04 1.72 
Parent soil 5A 2015-04-30 2.64 1.8 4.43 
Parent soil 6A 2015-04-29 6.3 0.46 6.76 
Parent soil 6C 2015-04-29 6.5 0.3 6.81 
Parent soil 6D 2015-04-30 10.01 0.2 10.2 
Parent soil 7C 2015-04-30 1.01 1.39 2.4 
Parent soil 7D 2015-04-30 0.35 0.01 0.36 
Parent soil 8A 2015-05-01 4.67 3.05 7.72 
Parent soil 8C 2015-05-01 7.89 0.54 8.43 
Parent soil 9A 2015-05-01 5.32 0.11 5.42 
Parent soil 9C 2015-05-01 16.51 0.06 16.57 
Parent soil 9D 2015-05-01 4.87 0.76 5.63 
Parent soil 10A 2015-05-03 4.19 0.63 4.81 

Surface dust 1A 2013-05-09 59.75 6.725 66.48 

Surface dust 1B 2013-05-09 66.00 48.50 114.50 

Surface dust 2A 2013-05-09 685.00 47.25 732.25 

Surface dust 2B 2013-05-08 307.50 501.25 808.75 

Surface dust 3A 2013-05-07 11.80 6.88 18.68 

Surface dust 3B 2013-05-06 7.78 6.88 14.65 

Surface dust 4B 2013-05-08 28.50 6.38 34.88 

Surface dust 4A 2013-05-09 22.15 8.55 30.70 

Surface dust 5B 2013-05-13 75.00 7.05 82.05 

Surface dust 5A 2013-05-13 5.50 16.25 21.75 

Surface dust 7A 2013-05-16 5.50 16.25 21.75 

Surface dust 7B 2013-05-16 129.00 70.20 199.20 

Surface dust 6A 2013-05-07 14.85 6.90 21.75 

Surface dust 6B 2013-05-06 3.88 2.84 6.71 

Surface dust 9A 2013-05-08 76.50 6.15 82.65 

Surface dust 9B 2013-05-15 11.40 16.70 28.10 
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Surface dust 8A 2013-05-08 3.83 3.33 7.15 

Surface dust 8B 2013-05-06 7.70 6.78 14.48 

Surface dust 1C 2014-05-05 26.15 25.17 51.33 

Surface dust 1B 2014-05-05 17.79 3.33 21.13 

Surface dust 2C 2014-04-22 121.21 421.17 542.38 

Surface dust 2B 2014-04-22 61.14 132.98 194.12 

Surface dust 3A 2014-04-25 54.31 299.28 353.59 

Surface dust 3B 2014-04-25 34.50 25.27 59.77 

Surface dust 4C 2014-04-24 21.53 11.30 32.84 

Surface dust 4B 2014-04-24 9.65 21.71 31.35 

Surface dust 5C 2014-04-24 6.92 39.90 46.82 

Surface dust 5B 2014-04-24 11.46 62.26 73.72 

Surface dust 6A 2014-04-28 3.68 29.01 32.69 

Surface dust 6C 2014-05-05 9.94 6.47 16.41 

Surface dust 7C 2014-04-28 9.93 66.70 76.63 

Surface dust 7B 2014-04-28 95.55 35.65 131.20 

Surface dust 8A 2014-04-28 12.90 10.25 23.15 

Surface dust 8C 2014-04-28 15.16 25.99 41.15 

Surface dust 9B 2014-04-28 4.75 4.18 8.93 

Surface dust 9A 2014-04-28 8.95 6.24 15.20 

Surface dust 1C 2015-05-02 17.92 1.68 19.6 
Surface dust 1D 2015-05-02 7.76 4.16 11.92 
Surface dust 2A 2015-05-02 27.78 18.22 46 
Surface dust 2C 2015-05-02 24.69 3 27.69 
Surface dust 3A 2015-04-29 17.47 0.31 17.79 
Surface dust 3B 2015-04-29 14.28 1.94 16.23 
Surface dust 4B 2015-05-08 10.59 2.98 13.57 
Surface dust 5A 2015-04-30 7.51 1.52 9.04 
Surface dust 6A 2015-04-29 16.59 1.29 17.88 
Surface dust 6C 2015-04-29 18.52 12.14 30.67 
Surface dust 6D 2015-04-30 12.74 1.74 14.48 
Surface dust 7C 2015-04-30 2.5 1.73 4.23 
Surface dust 7D 2015-04-30 5.15 0.79 5.94 
Surface dust 8A 2015-05-01 8.75 3.06 11.81 
Surface dust 8C 2015-05-01 20.96 6.64 27.6 
Surface dust 9A 2015-05-01 17.62 2.4 20.01 
Surface dust 9C 2015-05-01 31.23 0.41 31.65 
Surface dust 9D 2015-05-01 10.78 1.64 12.42 
Surface dust 10A 2015-05-03 25.5 1.93 27.43 
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Appendix Table 3.1. Values of clothianidin and thiamethoxam in particulate matter during planting, tillage and wind events using 
active and passive air samplers, and distance (meters) of the samplers from field source in Ontario during 2014 and 2015. 

      Active air samplers  Passive air samplers 

Year 

S
cen

ario 

F
ield

 

Crop 
planted 
/ event 

Distance 
of 

samplers 
from field 

source 

D
istance category 

C
loth

ian
id

in
 

n
g/m

3 

T
h

iam
etoxam

 
n

g/m
3 

Total* 
neonicotinoid 
concentration 

(ng/m3) 

 C
loth

ian
id

in
 

n
g/cm

2 

T
h

iam
eth

oxam
 

n
g/cm

2 

Total* neonicotinoid 
concentration (ng/cm2) 

standarized to 150m 
width field 

 

 

  

2013 Planting 1B Corn 0 1 n/a n/a n/a  0.11 0.02 0.13 
2013 Planting 1B Corn 10 2 n/a n/a n/a  0.02 0.01 0.03 
2013 Planting 1B Corn 50 2 n/a n/a n/a  0.10 0.00 0.10 
2013 Planting 1B Corn 100 2 n/a n/a n/a  0.05 0.01 0.06 
2013 Planting 2B Corn 0 1 n/a n/a n/a  0.11 0.14 0.25 
2013 Planting 2B Corn 10 2 n/a n/a n/a  0.05 0.00 0.05 
2013 Planting 2B Corn 50 2 n/a n/a n/a  0.00 0.01 0.01 
2013 Planting 2B Corn 100 2 n/a n/a n/a  0.02 0.00 0.02 
2013 Planting 3B Corn 0 1 n/a n/a n/a  4.87 0.03 4.90 
2013 Planting 3B Corn 10 2 n/a n/a n/a  2.01 0.01 2.02 
2013 Planting 3B Corn 50 2 n/a n/a n/a  1.63 0.01 1.64 
2013 Planting 3B Corn 100 2 n/a n/a n/a  0.43 0.01 0.44 
2013 Planting 4B Corn 0 1 n/a n/a n/a  0.42 0.14 0.56 
2013 Planting 4B Corn 10 2 n/a n/a n/a  0.07 0.01 0.08 
2013 Planting 4B Corn 50 2 n/a n/a n/a  0.04 0.40 0.44 
2013 Planting 4B Corn 100 2 n/a n/a n/a  0.03 0.01 0.04 
2013 Planting 5B Corn 0 1 n/a n/a n/a  1.29 0.14 1.43 
2013 Planting 5B Corn 10 2 n/a n/a n/a  0.30 0.02 0.32 
2013 Planting 5B Corn 50 2 n/a n/a n/a  0.02 0.02 0.04 
2013 Planting 5B Corn 100 2 n/a n/a n/a  0.05 0.01 0.06 
2013 Planting 6A Corn 0 1 n/a n/a n/a  0.83 0.04 0.87 
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2013 Planting 6A Corn 10 2 n/a n/a n/a  0.23 0.00 0.23 
2013 Planting 6A Corn 50 2 n/a n/a n/a  0.57 0.00 0.57 
2013 Planting 6A Corn 100 2 n/a n/a n/a  0.16 0.02 0.18 
2013 Planting 7A Corn 0 1 n/a n/a n/a  0.39 0.58 0.98 
2013 Planting 7A Corn 10 2 n/a n/a n/a  0.24 0.36 0.60 
2013 Planting 7A Corn 50 2 n/a n/a n/a  0.01 0.44 0.45 
2013 Planting 7A Corn 100 2 n/a n/a n/a  0.20 0.51 0.71 
2013 Planting 8B Corn 0 1 n/a n/a n/a  0.70 0.12 0.83 
2013 Planting 8B Corn 10 2 n/a n/a n/a  0.16 0.03 0.18 
2013 Planting 8B Corn 50 2 n/a n/a n/a  0.09 0.00 0.09 
2013 Planting 8B Corn 100 2 n/a n/a n/a  0.04 0.00 0.04 
2013 Planting 9B Corn 0 1 n/a n/a n/a  1.03 0.36 1.39 
2013 Planting 9B Corn 10 2 n/a n/a n/a  0.17 0.23 0.40 
2013 Planting 9B Corn 50 2 n/a n/a n/a  0.11 0.06 0.17 
2013 Planting 9B Corn 100 2 n/a n/a n/a  0.09 0.39 0.48 
2014 Planting 1C Corn 0 1 4.01 0.00 4.01  0.85 0.01 0.27 
2014 Planting 1C Corn 34 2 15.86 0.41 16.27  0.31 0.02 0.15 
2014 Planting  1B Soys 0 1 4.05 9.70 13.76  2.24 0.02 0.50 
2014 Planting 2C Corn 0 1 11.76 0.23 11.98  1.50 0.02 0.43 
2014 Planting  3A Corn 537 4 3.80 0.00 3.80  0.40 0.01 0.09 
2014 Planting 3A Corn 0 1 n/a n/a n/a  1.05 0.01 0.24 
2014 Planting  3B Corn 0 1 39.40 0.13 39.54  0.56 0.01 0.39 
2014 Planting 3B Corn 355 4 n/a n/a n/a  2.00 0.02 1.37 
2014 Planting 4C Corn 0 1 10.30 0.00 10.30  1.19 0.07 0.46 
2014 Planting 5C Corn 0 1 60.72 0.00 60.72  1.23 0.01 0.62 
2014 Planting 5C Corn 300 3 17.14 0.19 17.33  0.41 0.02 0.22 
2014 Planting 6C Corn 0 1 21.79 0.25 22.04  11.07 0.05 1.54 
2014 Planting 6C Corn 254 3 1.05 0.00 1.05  0.72 0.02 0.10 
2014 Planting 7C Corn 0 1 1.01 11.70 12.71  0.22 0.53 0.23 
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2014 Planting 8C Corn 0 1 40.35 13.83 54.18  2.37 1.37 1.49 
2014 Planting 8C Corn 104 2 15.87 6.78 22.65  0.70 0.17 0.34 
2014 Planting 8A Soys 0 1 5.67 17.97 23.63  0.70 0.40 0.36 
2014 Planting 9B Corn 0 1 1.39 0.09 1.49  0.17 0.01 0.04 
2014 Tillage Extra field Tillage 0 1 0.72 0.00 0.72  n/a n/a n/a 
2014 Tillage Extra field Tillage 0 1 0.60 0.20 0.80  n/a n/a n/a 
2014 Tillage 2C Tillage 0 1 2.38 0.00 2.38  0.39 0.04 0.21 
2014 Tillage 2C Tillage 130 2 0.70 0.00 0.70  0.75 0.01 0.37 
2014 Tillage  3A Tillage 0 1 0.13 0.00 0.13  0.39 0.02 0.14 
2014 Tillage 5C Tillage 0 1 1.63 0.00 1.63  0.30 0.02 0.15 
2014 Tillage 5C Tillage 300 3 2.22 1.52 3.74  0.55 0.03 0.29 
2014 Tillage 6C Tillage 0 1 0.58 0.00 0.58  0.57 0.02 0.08 
2014 Tillage 6C Tillage 254 3 1.54 0.00 1.54  0.66 0.00 0.09 
2014 Tillage 7C Tillage 0 1 1.28 0.00 1.28  0.40 0.04 0.16 
2014 Tillage 8C Tillage 0 1 0.16 0.00 0.16  0.05 0.01 0.02 
2014 Tillage 8C Tillage 104 2 0.92 0.00 0.92  0.17 0.02 0.07 
2014 Tillage 9B Tillage 0 1 2.42 0.54 2.95  0.22 0.11 0.07 
2014 Tillage Extra field Tillage 0 1 0.95 0.24 1.19  n/a n/a n/a 
2014 Tillage Extra field Tillage 0 1 1.49 0.08 1.57  n/a n/a n/a 
2014 Wind event 5C Corn 0 1 0.09 0.00 0.09  0.64 0.06 0.06 
2014 Wind event 5C Corn 180 3 0.10 0.00 0.10  0.83 0.03 0.01 
2015 Tillage 2C Tillage 0 1 2.54 0.11 2.65  n/a n/a n/a 
2015 Tillage 3A Tillage 0 1 4.32 0.16 4.48  0.05 0.00 0.02 
2015 Tillage 3A Tillage 358 4 2.56 1.91 4.47  0.03 0.00 0.01 
2015 Tillage 3B Tillage 0 1 1.32 0.18 1.50  0.04 0.00 0.01 
2015 Tillage 3B Tillage 214 3 1.00 0.04 1.04  0.14 0.00 0.05 
2015 Tillage 6A Tillage 0 1 3.93 0.06 3.99  0.00 0.03 0.01 
2015 Tillage 6A Tillage 167 2 1.12 0.03 1.15  0.02 0.11 0.04 
2015 Tillage 8A Tillage 0 1 2.09 0.93 3.02  0.04 0.00 0.01 
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2015 Tillage 8A Tillage 140 2 3.02 0.20 3.22  0.11 0.06 0.04 
2015 Planting 10A Corn 0 1 11.00 16.85 27.85  0.72 1.87 0.60 
2015 Planting 10A Corn 300 3 2.53 1.89 4.42  0.15 0.89 0.24 
2015 Planting 1D Corn 0 1 6.97 0.17 7.15  2.40 0.01 0.54 
2015 Planting 1D Corn 694 4 1.51 0.10 1.61  0.21 0.01 0.05 
2015 Planting 2A Corn 0 1 6.67 0.15 6.82  1.21 0.00 0.43 
2015 Planting 2A Corn 330 4 2.13 0.28 2.42  0.41 0.03 0.15 
2015 Planting 3A Corn 300 3 54.66 0.10 54.76  1.56 0.05 0.58 
2015 Planting 3A Corn 0 1 95.85 0.04 95.89  45.71 0.02 16.41 
2015 Planting 3B Corn 0 1 175.24 0.27 175.52  10.84 0.00 3.53 
2015 Planting 3B Corn 152 2 75.52 0.43 75.95  0.49 0.00 0.16 
2015 Planting 5A Corn 0 1 8.28 0.23 8.52  0.11 0.06 0.05 
2015 Planting 5A Corn 345 4 0.15 0.05 0.19  0.02 0.00 0.01 
2015 Planting 6A Corn 0 1 6.15 0.02 6.17  1.74 0.00 0.59 
2015 Planting 6A Corn 167 3 1.54 0.30 1.84  0.04 0.00 0.01 
2015 Planting 6D Corn 0 1 4.42 0.27 4.70  1.06 0.09 0.97 
2015 Planting 6D Corn 200 3 3.40 0.25 3.65  0.03 0.00 0.03 
2015 Planting 7C Soys 0 1 11.07 1.82 12.89  0.04 0.39 0.10 
2015 Planting 7C Soys 370 4 0.99 0.26 1.25  0.02 0.10 0.03 
2015 Planting 7D Corn 0 1 11.44 1.64 13.08  0.52 0.26 0.17 
2015 Planting 7D Corn 681 4 5.57 0.13 5.70  0.03 0.02 0.01 
2015 Planting 8A Corn 0 1 11.26 0.47 11.73  1.86 0.01 0.47 
2015 Planting 8A Corn 140 2 5.51 0.09 5.60  0.11 0.00 0.03 
2015 Planting 8C Soys 0 1 4.25 6.90 11.14  0.04 0.37 0.16 
2015 Planting 8C Soys 150 2 1.50 9.51 11.01  0.05 0.50 0.21 
2015 Planting 9C Corn 0 1 0.91 0.04 0.95  0.02 0.00 0.01 
2015 Planting 9C Corn 70 2 1.17 0.03 1.20  0.05 0.00 0.01 
2015 Planting 9D Soys 0 1 1.54 0.34 1.88  0.10 0.01 0.06 
2015 Planting 9D Soys 266 3 3.57 0.11 3.68  0.02 0.07 0.06 
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2015 Wind event Extra field Corn 0 1 0.61 0.04 0.65  0.02 0.00 0.02 
2015 Wind event Extra field Corn 0 1 0.59 0.09 0.68  0.10 0.00 0.04 
2015 Wind event Extra field Soys 0 1 4.09 0.30 4.39  0.02 0.01 0.01 
2015 Wind event Extra field Corn 0 1 1.51 0.04 1.55   0.02 0.00 0.01 

*Sum of clothianidin and thiamethoxam. 
n/a not available. 
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Appendix Table 3.2. Details about vacuum planter and summary of planting date, hybrid, seed treatment and doses used for each field 
studied in Ontario during 2013, 2014 and 2015. 

 

Field Crop 

Planter characteristics 

Hybrid Planting date 

Neonicotinoid insecticide 
used Rate of Bayer 

Fluency Agent used 
(% of 

recommended*) make/model 
No. 

rows 
Active 

ingredient 
Rate (mg 

a.i./kernel) 

1B Corn 
John Deere 

1680 
16 DKC 53-56 RIB 5/9/2013 clothianidin 0.25 100 

1B Soybeans 
John Deere 
1790 NT 

24 n/a 6/6/2014 thiamethoxam 0.122 50 

1C Corn 
John Deere 

1680 
16 DKC 57-75RIB 5/27/2014 clothianidin 0.25 50 

1D Corn 
John Deere 

1680 
16 DKC 57-75RIB 5/22/2015 clothianidin 0.25 100 

2B Corn 
John Deere 
1790 NT 

24 DKC 52-62 5/8/2013 clothianidin 0.25 100 

2C Corn 
John Deere 
1790 NT 

24 MZ 4640SMX 5/24/2014 clothianidin 0.25 100 

2A Corn 
John Deere 
1790 NT 

24 DKC 50-78RIB 5/4/2015 clothianidin 0.25 100 

3B Corn 
John Deere 
1770 NT 

16 n/a 5/6/2013 clothianidin 0.25 100 

3A & 
3B 

Corn 
John Deere 
1770 NT 

16 DKC 53-56 RIB 4/27/2014 clothianidin 0.50 100 

3A & 
3B 

Corn 
John Deere 
1770 NT 

16 
P0506AM // DKC 

57-75RIB 
5/1/2015 clothianidin 0.75 100 
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4B Corn 
John Deere 

1770  
12 P0216AM-KM84 5/8/2013 clothianidin 0.25 100 

4C Corn 
John Deere 

1770  
12 A7270G8 5/28/2014 clothianidin 0.25 100 

5B Corn 
John Deere 

1770  
16 P074HR 5/13/2013 clothianidin 0.25 100 

5C Corn 
John Deere 

1790  
24 

DKC 48-12 // DKC 
49-82 

5/31/2014 clothianidin 0.25 100 

5A Corn 
John Deere 

1790  
24 

A7270G8 // DKC 
53-56 

5/1/2015 clothianidin 0.25 100 

6A Corn Case IH 1240 18 P0216HR-KM62 5/7/2013 clothianidin 0.25 100 

6C Corn Case IH 1240 18 DKC 52-61 RIB 5/11/2014 clothianidin 0.25 100 

6A Corn Case IH 1240 18 DKC 53-56 4/29/2015 clothianidin 0.25 100 

6D Corn Case IH 1240 18 DKC 50-78 5/3/2015 None 0 100 

7A Corn 
John Deere 
1770 NT 

16 Pioneer PO216 5/16/2013 clothianidin 0.25 100 

7C Corn 
John Deere 
1770 NT 

16 P0216AM 5/31/2014 thiamethoxam 0.25 100 

7C Soybeans 
John Deere 
1790 NT 

16 n/a 5/25/2015 None n/a 0 

7D Corn 
John Deere 
1770 NT 

16 DKC 50-78RIB 5/9/2015 clothianidin 0.125 100 

8B Corn 
John Deere 
1770 NT 

24 n/a 5/6/2013 clothianidin 0.25 100 

8A Soybeans 
John Deere 
1770 NT 

24 n/a 6/7/2014 thiamethoxam 0.122 100 
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8C Corn 
John Deere 
1770 NT 

24 
P0216AM // DKC 

52-61 RIB 
5/26/2014 thia // clo 0.25 100 

8A Corn 
John Deere 
1770 NT 

24 DKC 50-78 5/2/2015 clothianidin 0.25 100 

8C Soybeans 
John Deere 
1770 NT 

24 Chikala 5/19/2015 thiamethoxam 0.122 0 

9B Corn 
John Deere 

1770  
24 

DK 52-59//P0216 
AM 

5/15/2013 clothianidin 0.25 100 

9B Corn 
John Deere 

1770  
24 P0216AM 5/28/2014 clothianidin 1.25 100 

9C Corn 
John Deere 

1770  
24 DKC 50-90 5/13/2015 clothianidin 0.25 100 

9D Soybeans 
John Deere 
1790 NT 

24 P22T69R-KA26 5/20/2015 thiamethoxam 0.33 n/a 

10A Corn 
John Deere 
1770 NT 

24 P0496AMX-KM67 5/4/2015 clothianidin 1.25 100 

1 Recommended application rate for corn: 1/8 cup per 80,000 seeds.     
n/a not available        
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Appendix Table 3.3. Meteorological conditions presented during the field trials in Ontario during 2013, 2014 and 2015 
 

Year Field Scenario 
Date of 

collection 

Average air 
temperature 

(ºC) 

Relative 
humidity 

(%) 

Average wind 
speed (km/h) 

Wind 
speed 

category 

Prevailing 
wind 

direction 

2013 1B Planting 5/9/2013 21 74.1 2.7 L n/a 

2013 2B Planting 5/8/2013 23 57 5.5 L n/a 

2013 3B Planting 5/6/2013 21 37.5 10 L n/a 

2013 4B Planting 5/8/2013 18 65 3.7 L n/a 

2013 5B Planting 5/13/2013 11 52 8.2 L n/a 

2013 6A Planting 5/7/2013 18 66 10 L n/a 

2013 7A Planting 5/16/2013 16 61.6 8.4 L n/a 

2013 8B Planting 5/6/2013 20 22 15 M n/a 

2013 9B Planting 5/15/2013 26 59.1 19.5 H n/a 

2014 1C Planting 5/27/2014 24 72 5.5 L SE 

2014  1B Planting 6/6/2014 27 39 16 H NW 

2014 2C Planting 5/24/2014 25 49 13 M NE 

2014  3A Planting 4/27/2014 8 55 12 M SE 

2014  3B Planting 4/27/2014 8 55 12 M SE 

2014 4C Planting 5/28/2014 17 45 11 M S 

2014 5C Planting 5/31/2014 n/a n/a 10 L W 

2014 6C Planting 5/11/2014 23 36 8 L N 
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2014 7C Planting 5/31/2014 25 43 11 M W 

2014 8C Planting 5/26/2014 26 50 16 H E 

2014 8A Planting 6/7/2014 26 35 16 H NW 

2014 9B Planting 5/28/2014 18 52 8 L SW 

2014 Extra field Tillage 5/18/2014 n/a n/a 13 M NW 

2014 Extra field Tillage 5/18/2014 n/a n/a 12 M NE 

2014 2C Tillage 5/23/2014 18 43 10 L SE 

2014  3A Tillage 4/26/2014 n/a n/a 12 M NW 

2014 5C Tillage 5/31/2014 n/a n/a 10 L W 

2014 6C Tillage 5/11/2014 23 36 8 L N 

2014 7C Tillage 5/31/2014 23 43 11 M W 

2014 8C Tillage 5/26/2014 27 39 18 H E 

2014 9B Tillage 5/27/2014 20 61 10 L NW 

2014 Extra field Tillage 5/18/2014 n/a n/a 11 M n/a 

2014 Extra field Tillage 5/18/2014 n/a n/a 13 M n/a 

2014 5C Wind event 6/30/2014 n/a n/a 16 H NE 

2015 2C Tillage 5/4/2015 n/a n/a 23 H N 

2015 3A Tillage 4/29/2015 20 40 18 H NE 

2015 3B Tillage 4/29/2015 16 48 18 H NE 

2015 6A Tillage 4/29/2015 14 51 10 L E 
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2015 8A Tillage 5/2/2015 21 35 15 M NE 

2015 10A Planting 5/4/2015 20 54 13 M N 

2015 1D Planting 5/22/2015 15 52 20 H S 

2015 2A Planting 5/4/2015 23 65 23 H N 

2015 3A Planting 5/1/2015 20 40 18 H SE 

2015 3B Planting 5/1/2015 16 48 16 H S 

2015 5A Planting 5/1/2015 14 53 12 M E 

2015 6A Planting 4/29/2015 14 51 10 L E 

2015 6D Planting 5/3/2015 22 62 23 H NE 

2015 7C Planting 5/25/2015 27 47 37 H N 

2015 7D Planting 5/9/2015 17 82 7 L NW 

2015 8A Planting 5/2/2015 21 35 15 M NE 

2015 8C Planting 5/19/2015 15 70 14 M SE 

2015 9C Planting 5/13/2015 9 68 15 M SE 

2015 9D Planting 5/20/2015 15 59 10 L E 

2015 Extra field Wind event 5/22/2015 15 28 24 H S 

2015 Extra field Wind event 5/22/2015 16 26 25 H S 

2015 Extra field Wind event 5/22/2015 15 28 21 H S 

2015 Extra field Wind event 5/22/2015 15 29 20 H S 
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Appendix Table 4.1. Determination of clothianidin and thiamethoxam residues (ng/g) and % organic carbon content in soil column segments.  

Field Treatment Profile Rep clothianidin thiamethoxam 
%OC 

content 
Field Treatment Profile Rep clothianidin thiamethoxam 

%OC 
content 

2c T0 surface 1 7.67 3.62 3.2 6c T0 surface 2 15.51 0.54 3.1 
2c T0 top 1 4.1 6.65 2.9 6c T0 top 2 6.97 0.23 2.9 
2c T0 mid 1 1.27 1.34 1.8 6c T0 mid 2 1.9 0.06 2.7 
2c T0 bottom 1 0.65 0.40 2.8 6c T0 bottom 2 1.3 0.09 2.2 
2c T0 surface 2 9.84 2.75 1.9 6c T1 surface 1 30.45 1.81 3.3 
2c T0 top 2 1.73 1.09 1.9 6c T1 top 1 28.02 1.06 3 
2c T0 mid 2 0.75 0.42 2.3 6c T1 mid 1 1.23 0.40 2.7 
2c T0 bottom 2 0.33 0.38 2.3 6c T1 bottom 1 8.98 0.25 2 
2c T0 surface 3 3.55 2.36 2.4 6c T1 surface 2 20.7 1.01 3.2 
2c T0 top 3 3.33 4.80 2.2 6c T1 top 2 28.7 2.17 3 
2c T0 mid 3 1.18 1.14 1.7 6c T1 mid 2 8.48 0.49 2.3 
2c T0 bottom 3 0.48 0.34 2.5 6c T1 bottom 2 2.69 0.36 1.4 
2c T1 surface 1 24.34 2.55 3.9 6c T1 surface 3 30.25 0.90 3 
2c T1 top 1 1.68 2.58 3.2 6c T1 top 3 16.82 1.17 2.7 
2c T1 mid 1 0.98 2.74 0.9 6c T1 mid 3 17.86 3.66 2.4 
2c T1 bottom 1 1.08 1.13 1.1 6c T1 bottom 3 4.6 0.58 1.6 
2c T1 surface 2 7 2.96 4 6c T2 surface 1 9.37 0.92 3.1 
2c T1 top 2 4.71 3.53 4.5 6c T2 top 1 6.01 0.62 2.6 
2c T1 mid 2 2.83 1.40 5.5 6c T2 mid 1 11.35 0.78 2.8 
2c T1 bottom 2 0.58 0.40 5.3 6c T2 bottom 1 8.48 0.85 2.6 
2c T1 surface 1 33.28 3.00 2.4 6c T2 surface 2 9.64 0.50 2.6 
2c T1 top 1 16.83 4.60 3.5 6c T2 top 2 7.92 0.38 2.4 
2c T1 mid 1 3.38 0.52 2.2 6c T2 mid 2 8.22 0.46 2.4 
2c T1 bottom 1 1.54 0.36 2.2 6c T2 bottom 2 8.52 0.96 2.6 
2c T1 surface 2 3.98 5.72 2.5 6c T2 surface 3 20.29 0.87 2.5 
2c T1 top 2 2.42 2.77 3.5 6c T2 top 3 7.68 0.41 2.2 
2c T1 mid 2 1.15 0.71 2.5 6c T2 mid 3 8.41 0.43 2.1 

2c T1 bottom 2 1.29 0.20 2.1 6c T2 bottom 3 7.14 1.07 2.2 
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2c T2 surface 1 0.72 0.33 0.8 8a T0 surface 1 21.31 5.40 3.4 
2c T2 top 1 0.66 0.40 1 8a T0 top 1 28.02 7.54 3.2 
2c T2 mid 1 0.78 0.34 0.9 8a T0 mid 1 13.81 3.89 3 
2c T2 bottom 1 0.85 0.43 1.2 8a T0 bottom 1 3.37 0.75 3.3 
2c T2 surface 2 1.17 0.77 1.6 8a T0 surface 2 15.31 4.90 3.3 
2c T2 top 2 0.85 0.48 1.6 8a T0 top 2 5.3 1.14 3 
2c T2 mid 2 0.59 0.37 1.9 8a T0 mid 2 3.24 0.86 3.2 
2c T2 bottom 2 0.95 0.57 1.7 8a T0 bottom 2 0.63 0.07 1.8 
2c T2 surface 3 1.55 1.04 1.2 8a T1 surface 1 25.22 6.54 3.2 
2c T2 top 3 1.25 0.96 1.1 8a T1 top 1 16.48 3.50 3.1 
2c T2 mid 3 1.73 0.95 1.2 8a T1 mid 1 9.12 0.73 3.3 

2c T2 bottom 3 1.33 1.02 1.3 8a T1 bottom 1 2.41 0.24 2.1 

3b T0 surface 1 17.07 0.28 2.2 8a T1 surface 2 10.39 3.29 3.1 
3b T0 top 1 1.26 0.35 2.1 8a T1 top 2 6.6 1.27 3 
3b T0 mid 1 12.08 0.45 2.1 8a T1 mid 2 5.33 0.90 3 
3b T0 bottom 1 7.43 0.32 2.3 8a T1 bottom 2 2.01 0.33 1.7 
3b T0 surface 2 2.89 0.28 0.9 8a T1 surface 3 8.73 2.3 3.2 
3b T0 top 2 4.74 0.30 2 8a T1 top 3 8.64 1.11 3 
3b T0 mid 2 19.92 0.30 2.1 8a T1 mid 3 5.54 0.38 2.5 
3b T0 bottom 2 17.52 0.29 2.1 8a T1 bottom 3 1.45 0.25 1.3 
3b T0 surface 3 8.38 0.32 2.1 8a T2 surface 1 8.16 3.59 3.2 
3b T0 top 3 4.55 0.31 2 8a T2 top 1 8.9 3.16 3.2 
3b T0 mid 3 5.03 0.34 2 8a T2 mid 1 7.5 2.46 3.8 
3b T0 bottom 3 37.15 1.03 1.4 8a T2 bottom 1 10.24 2.84 3.7 
3b T1 surface 1 7.87 0.24 2.7 8a T2 surface 2 8.27 2.35 3 
3b T1 top 1 4.7 0.28 2.5 8a T2 top 2 7.66 1.89 3.1 
3b T1 mid 1 4.16 0.26 2.5 8a T2 mid 2 6 2.05 3.1 
3b T1 bottom 1 3.17 0.33 2.3 8a T2 bottom 2 4.17 1.37 3.2 
3b T1 surface 2 11.75 0.28 2.4 8a T2 surface 3 23.68 3.43 3.3 
3b T1 top 2 11.59 0.32 2.3 8a T2 top 3 27.33 3.01 3.2 
3b T1 mid 2 4.13 0.32 2.1 8a T2 mid 3 38.33 4.46 3.3 

3b T1 bottom 2 0.92 0.32 2.1 8a T2 bottom 3 30.06 2.71 3.2 

3b T1 surface 3 6.62 0.36 2.4 9b T0 surface 1 5.6 0.21 2 
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3b T1 top 3 3.32 0.37 2.2 9b T0 top 1 0.87 0.03 1.2 
3b T1 mid 3 1.94 0.33 2.2 9b T0 mid 1 2.15 0.18 1.5 
3b T1 bottom 3 0.74 0.25 2.2 9b T0 bottom 1 3.61 0.25 1.8 
3b T1 surface 1 7.01 0.03 2.4 9b T0 surface 2 38.33 0.65 1.9 
3b T1 top 1 5.88 0.04 2.5 9b T0 top 2 26.92 0.45 1.8 
3b T1 mid 1 6.7 0.02 2.2 9b T0 mid 2 2.91 0.17 1.7 
3b T1 bottom 1 2.09 0.11 2.3 9b T0 bottom 2 0.44 0.05 1.3 
3b T1 surface 2 5.29 0.05 2.5 9b T1 surface 1 20.17 1.29 1.5 
3b T1 top 2 4.25 0.03 2.3 9b T1 top 1 5.5 0.23 1.3 
3b T1 mid 2 1.48 0.03 2.3 9b T1 mid 1 3.09 0.11 1.4 
3b T1 bottom 2 0.31 0.12 2.4 9b T1 bottom 1 1.45 0.17 0.8 
3b T1 surface 3 12.06 0.09 2 9b T1 surface 2 32.66 2.25 1.7 
3b T1 top 3 25.54 0.06 2 9b T1 top 2 10.22 0.43 1.5 
3b T1 mid 3 12.19 0.05 1.9 9b T1 mid 2 7.48 0.42 1.4 
3b T1 bottom 3 9.11 0.33 1.6 9b T1 bottom 2 1.83 0.30 0.7 
3b T2 surface 1 4.79 0.29 2.2 9b T1 surface 3 10.68 2.87 1.2 
3b T2 top 1 6.33 0.36 2.2 9b T1 top 3 5.31 0.91 1.5 
3b T2 mid 1 2.9 0.35 2.3 9b T1 mid 3 3.57 0.50 1.3 
3b T2 bottom 1 3.44 0.39 2.3 9b T1 bottom 3 0.71 0.33 1.2 
3b T2 surface 2 7.59 0.27 1.8 9b T2 surface 1 5.67 0.31 0.7 
3b T2 top 2 7.22 0.32 1.8 9b T2 top 1 7.42 0.31 1.3 
3b T2 mid 2 6.56 0.33 1.8 9b T2 mid 1 9.13 0.43 1.2 
3b T2 bottom 2 6.78 0.48 1.7 9b T2 bottom 1 7.3 0.42 1.2 
3b T2 surface 3 8.53 0.29 1.8 9b T2 surface 2 5.71 0.19 1.2 
3b T2 top 3 7.87 0.37 1.8 9b T2 top 2 4 0.12 1.1 
3b T2 mid 3 7.93 0.31 1.8 9b T2 mid 2 4.17 0.09 1.4 

3b T2 bottom 3 5.19 0.68 1.6 9b T2 bottom 2 3.59 0.54 1.3 

6c T0 surface 1 18.63 0.38 3.9 9b T2 surface 3 8.07 0.57 1.7 
6c T0 top 1 21.74 0.30 3.5 9b T2 top 3 8.48 0.59 1.4 
6c T0 mid 1 20.8 0.02 3.4 9b T2 mid 3 4.65 0.35 1.4 

6c T0 bottom 1 8.27 0.20 2.5 9b T2 bottom 3 4.29 0.50 1.3 

 


