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Abstract: Neonicotinoids have been the most commonly used insecticides since the early 1990s.
Despite their efficacy in improving crop protection and management, these agrochemicals have
gained recent attention for their negative impacts on non-target species such as honeybees and
aquatic invertebrates. In recent years, neonicotinoids have been detected in rivers and streams
across the world. Determining and predicting the exposure potential of neonicotinoids in surface
water requires a thorough understanding of their fate and transport mechanisms. Therefore, our
objective was to provide a comprehensive review of neonicotinoids with a focus on their fate and
transport mechanisms to and within surface waters and their occurrence in waterways throughout
the world. A better understanding of fate and transport mechanisms will enable researchers to
accurately predict occurrence and persistence of insecticides entering surface waters and potential
exposure to non-target organisms in agricultural intensive regions. This review has direct
implications on how neonicotinoids are monitored and degraded in aquatic ecosystems. Further, an
improved understanding of the fate and transport of neonicotinoids aide natural resource
practitioners in the development and implementation of effective best management practices to
reduce the potential impact and exposure of neonicotinoids in waterways and aquatic ecosystems.

Keywords: neonicotinoid insecticides; fate and transport; agriculture; ecosystem

1. Introduction

1.1. Background of Neonicotinoids

Pesticides are any substance used for controlling, preventing, destroying, repelling, or
mitigating a pest. In most instances, the pest is an unwanted weed, insect, fungus, nematode, or
rodent. Pesticides are further subdivided into specific groups to signify the particular type of pest the
chemical is intended to control. Common examples include herbicides, fungicides, and insecticides
[1-5]. Specifically, neonicotinoids have become the fastest-growing insecticide class since the
commercialization of organophosphates (OP), pyrethroids, and carbamate insecticides [6].
Neonicotinoids are insecticides that exhibit physicochemical properties, rendering them more useful
over other classes of insecticides. This includes having a wide range of application techniques (e.g.,
foliar, seed treatment, soil drench, and stem applications) and efficacy in controlling sucking and
biting insects (i.e., whiteflies, thrips, leaf miners, beetle and lepidopteran species) [7].
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Neonicotinoids were developed in the late 1980s and introduced into the pesticide market
during the 1990s. Imidacloprid is the oldest neonicotinoid and was first approved for use in United
States (U.S.) in 1994 and in Canada during 1995 to control insect damage to potatoes, tomatoes,
apples, field lettuce, and other greenhouse plants [8]. In contrast, other neonicotinoids (i.e.,
acetamiprid, thiacloprid, thiamethoxam, and imidacloprid) were not approved for crops grown for
human consumption in Europe until 2004 [9]. The use of neonicotinoids has been registered in
approximately 120 countries worldwide [10]. There have been tremendous benefits associated with
the use of insecticides in the agricultural, public health, forestry, and domestic landscape industries,
which contribute greatly to the economies of both developed and developing countries [11]. Among
many factors, extensive use of insecticides is partially responsible for increased yield in agricultural
production in recent decades. For example, wheat production in the United Kingdom and corn
production in the United States has increased in the last three decades [11]. However, its use has been
associated with serious health consequences for humans and the environment [11]. Overwhelming
evidence has risen over the past decade regarding potentially harmful risks to humans, non-target
insects, aquatic invertebrates, and side effects on the natural environment following usage of specific
classes of insecticides [12,13].

Recent surface water studies have reported the occurrence of several neonicotinoids, specifically
imidacloprid, clothianidin, and thiamethoxam, at various frequencies and concentrations throughout
the world [14]. A review investigating surface water in eight countries reported that neonicotinoids
were frequently detected in surface water with concentrations ranging between 0.001 ug/L and 320
pg/L. These findings have led countries around the world to reduce neonicotinoid use to minimize
the potential negative impacts on non-target organisms (e.g., bees and macroinvertebrates [9]. While
other researchers have investigated the occurrence of neonicotinoids in aquatic environments and
degradation mechanisms under laboratory conditions, a global review regarding neonicotinoid fate
and transport mechanisms and degradation in realistic environmental conditions is limited.
Therefore, the objective of this study was to provide a comprehensive review of neonicotinoids, with
a focus on occurrence and fate and transport mechanisms to and within surface waters. Therefore,
we reviewed 55 articles focused on the occurrence and/or fate and transport of neonicotinoids in
realistic aquatic environments.

1.2. Global Economic Impacts and Commercialization

The growth of neonicotinoids in the global market is supported by their effectiveness for
minimizing crop damage. Presently, neonicotinoids occupy approximately one-quarter of the global
insecticide market, with 80% of insecticide use being applied through pre-coated seed treatment [15].
Three of the most commonly used neonicotinoids in agricultural and urban settings include
imidacloprid, thiamethoxam, and clothianidin [14]. In 2009, imidacloprid accounted for 41.5% of the
neonicotinoids purchased with a market value of $2.6 billion, followed by thiamethoxam and
clothianidin at $627 and $439 million, respectively [6]. However, as of 2014, neonicotinoids were
registered in over 120 countries worldwide, out of which thiamethoxam accounted for 25% of the
total global insecticide market with a commercial value of $3 billion, while in 2012, imidacloprid and
clothianidin were the most used insecticides accounting for 85% in global insecticides market [10].

2. Physical and Chemical Structure of Neonicotinoids

Currently, seven neonicotinoids are commercially available (Table 1). Neonicotinoids have
exceptional potency and systemic action for crop protection against insects compared to mammalian
organisms [16]. Neonicotinoids act as agonists on the postsynaptic insect nicotinic acetylcholine
receptors (NAChRs), biodegradable substituents which have a much higher affinity on insects than
mammals [17].

Specifically, the nAChR plays a central role in the mediation of fast excitatory synaptic
transmission in an insect’s central nervous system [6]. Further, the nAChR has become an important
target site in modern crop protection with the discovery and commercialization of neonicotinoids
(i.e., nereistoxin (4-N,N-dimethylamino-1,2-dithiolane), nithiazine (2-nitromethylenetetrahydro-1,3-
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thiazine), five-membered ring systems (imidacloprid, thiacloprid), six-membered ring system

(thiamethoxam), and noncyclic structures (nitenpyram, acetamiprid, clothianidin, dinotefuran) [6].
The toxins released by these chemicals are considered to be centrally mediated because the symptoms
of neonicotinoids are similar to those in nicotine [18,19]. The acetylcholine receptors (nAChRs) are
members of the superfamily ligand-gated ion channel responsible for rapid excitatory cholinergic

neurotransmission [18-20]. nAChR molecules contain five subunits, each of which contain a
dicysteine loop (Cys-loop) with 13 intervening residues in the N-terminal, extracellular domain [21].
They are classified into a subunits and non-a subunits, in which the classification is based on the

presence of a or non-a.

Table 1. Chemical properties of neonicotinoid class of insecticides (adapted from [22]).

Molecular Water I-.Ialf.- Half-Life Leachab}hty
i1s Log Ko Life in R . Potential
Compound Structures Mass Solubility in Soil
(g/mol) (mg/L) ow (mL/g) Water (Days) Base on K,
(Days) Y Values
/N
Acetamiprid i N NJ\N// 227 2950 080  169.05 NA 31[;21]50 High [23]
Ccl N/
o
i
AN _
Clothianidin < 249.7 340 0.91 215 O8od08 971250 Moderate
S o _o 2] 2] [23]
N
[}
Il
N
Dinotefuran N 202.2 39830 055  NA NA 7;_5]2 NA
OG/\“/ '
(\/N 0-365 17-6931 Moderat
- — oderate
Imidacloprid —< o 255.7 610 0.57 260
P TN\ SN 22] 22] (23]
N\
—
o
i
o 0-8
Nitenpyram ‘ 270.7 590000 -0.66 NA NA 22 NA
N N [22]
(T
cl N
N ‘ N/>
Thiacloprid o N N\)\ N 252.7 184 1.26 615 NA 3“1[;12(])00 Low [23]
N
o \N/\O
/““\ Z ) 385-408 6-3001
Thiamethoxam C N 291.7 4100 -0.13 70 22] 22] High [23]

Kow = octanol water partition coefficient; Koc

partition coefficient.

organic carbon partition coefficient; Ka = soil-water
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3. Application Methods

Neonicotinoids enter the environment through various application methods. However, the two
primary methods are seed treatment and spraying [24]. Each method allows the chemical constituent
contained in the compound to directly reach the soil. However, depending on the characteristics of
the crop and application method, only 1.6% to 28% will be absorbed by the crop, while the rest will
remain in the soil and/or be transported to aquatic environments [8,25]. Anaerobic conditions, pH,
ultraviolet (UV) light, temperature, and biological activities are environmental conditions that greatly
influence the fate and transport of neonicotinoids [8,26]. The major transport routes of neonicotinoids
to aquatic environments is surface runoff with a small portion of soluble or insoluble fractions
transported through snowmelt [27].

3.1. Fate and Transport in Soil Environments

In the terrestrial environment, soil acts as a sink for most insecticides in both agricultural and
urban landscapes [28]. Neonicotinoids enter soil by numerous routes including direct application to
the soil through spray drift, seed dressing, and runoff. Once neonicotinoids enter the soil-water
environment, they undergo various transport and transformation processes (Figure 1) [28]. Transport
processes of neonicotinoids in soil environments include predominately leaching, surface runoff, and
plant uptake. Fate and transport pathways of neonicotinoids in soil environments are dependent on
the insecticide chemical properties (solubility, leaching potential, volatility, and half-life), soil
characteristics (type, texture and formation), and application methods (seed dressing and spraying)
[29,30]. Neonicotinoids that remain in the soil-water environment undergo biological and
photochemical degradation [31].

- |
- i
5 g \
3 g 4
F N 2 Volatilization
g = :
£ 5 RN
= 5
: LT fp;g
ey T
=) -%E\f

Metabolism

Agueons
Photodeeradation
——

X

Movement in Water

/

Figure 1. Factors affecting the fate and transport of neonicotinoid insecticides in agroecosystems
(adapted from [32]).

Neonicotinoids are small molecules with high water solubility ranging from 184 to 590,000 mg/L
and low volatility, which presents concerns for the potential of neonicotinoids to leach into surface
and groundwater [22]. To understand leaching behavior of neonicotinoids, multiple studies have
been conducted to evaluate the sorption of neonicotinoids in varying soils from around the world
[33]. In soils, sorption of neonicotinoids is influenced by organic carbon content (OC), soil textural
composition, and temperature [8]. According to [34], the rate of neonicotinoid adsorption increases
with temperature and dissolved organic carbon as they compete with neonicotinoids for binding sites
on soil particles.

Insecticide leaching through the soil profile is dependent on the physical-chemical properties,
insecticide formulation, and soil type. Some classes of neonicotinoids have high leaching potential
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(Table 1), which results in their ability to freely move through the soil column and enter groundwater
or surface water [28,30]. According to [8], they found soils to be the major medium through which
groundwater and surface water contamination of neonicotinoids occurred, specifically at application
sites (e.g., agricultural fields). Neonicotinoid classes exhibit moderate to high water solubility and
low volatility, resulting in their amenability for use as systemic insecticides [22]. In soils, one of the
efficient transport methods to determine the leaching potential of organic compounds is by using the
organic-carbon partition coefficient (K, ) and half-life (D7) to calculate Groundwater
Ubiquity Score (GUS) (displayed in Table 1). The GUS is calculated using the following expression:
GUS =log,,(DT;,)x(4—log,,(K,,)), where (DT,) is the time at which 50% of the mass of the

applied organic compound dissipates, and (K, ) is the distribution coefficient normalized by the

organic matter content [35].

Due to the continuous presence of water in many soils, hydrolysis is also a major chemical
reaction that influences the transformation of neonicotinoids in the soil environment. In contrast,
photolysis is a chemical reaction, resulting in the degradation of neonicotinoids into secondary
byproducts by reactions with sunlight. However, in the soil, photodegradation is the least common
transformation due to the ability of soils to adsorb radiant energy thus reducing the exposure of
sunlight on the compound [32,36].

3.2. Fate and Transport in Water Environments

In recent years, insecticides, including neonicotinoids, have contributed both to surface and
ground water contamination in waterbodies located within high agricultural regions where frequent
use of neonicotinoids has occurred [37]. Between 25.4% to 80.9% of neonicotinoids applied to soils
undergo some form of degradation; however, that percentage depends on the application rate and
soil type [38]. This means approximately 20% to 75% of neonicotinoids applied are available for
transport to surface waters by runoff or leached into groundwater [36]. Additionally, following
insecticide applications sprayer equipment often containing a mixture of the residue may result to
offsite runoff and cause negative effect on the environment if not appropriately managed [39].
Further, there is a growing concern regarding groundwater contamination by insecticides used in
agricultural industries and urban settings [40]. Neonicotinoids have been found in groundwater in
the U.S., Europe, and other regions of the world [24,41]. Therefore, understanding how these
insecticides reside and degrade in aquatic environments is important. Various factors affect the fate
and transport of neonicotinoids in aquatic environments including surface runoff, biological
degradation, and aqueous photolysis (Figure 1).

As with other pesticides, neonicotinoids enter waterbodies through diffuse sources including
point and non-point sources. Non-point sources include, but are not limited to, agricultural fields,
urban lawns, and golf courses. Neonicotinoids are transported in water through tile drains, base flow,
seepage, runoff, subsurface drainage, soil eroding from treated field, spray drift, and deposition after
volatilization. In comparison, point sources include effluent from wastewater treatment plants and
industrial discharges containing neonicotinoids [42]. Factors including high water solubility, long

half-life and low (K, ) of neonicotinoids (as highlighted in Table 1) enhance their persistence and
mobility in soil [28].

3.3. Neonicotinoid Degradation Pathways

Biotic and abiotic degradation processes contribute to environmental persistence of
neonicotinoids. The half-life of neonicotinoids varies depending on physiochemical conditions (i.e.,
organic matter content, soil texture, residence time) prior to undergoing complete degradation [30].
For instance, in middle and high latitudes, the half-life of neonicotinoids are longer than in tropical
regions because of a shorter photoperiod and lower photo intensity and temperature [30]. The half-
life of imidacloprid in soil ranges from 28 to 1250 days in comparison to 7 to 353 days for
thiamethoxam and 148 to 6931 days for clothianidin [3]. However, in subtropical humid climates the
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half-life of imidacloprid has been observed to be shorter in soil [30]. In contrast, in aquatic
environments, the half-life of neonicotinoids ranges from 0 to 40.3 days for clothianidin, 0 to 30 days
for imidacloprid, and 0 to 36.6 days for thiamethoxam [2].

In water, neonicotinoids undergo two major degradation processes: hydrolysis, and photolysis.
Hydrolysis is the chemical transformation in which the compound reacts with water, resulting in the
separation of the water molecule. For the process of hydrolysis to be successful, the chemical
compound would have a functional group in their structure, which provides the compound the
ability to react with water [32] and is an important factor that influences the fate and transport of
neonicotinoids in water [36]. In contrast, photodegradation of neonicotinoids is one of the major
abiotic degradation mechanisms, which provides information on the environmental stability of
neonicotinoids following exposure of sunlight [43].

According to [31], photodegradation of imidacloprid often forms byproducts less harmful to
non-target species; however, under certain conditions, toxic byproducts can be produced. For
instance, imidacloprid and thiamethoxam were found to undergo photocatalytic degradation in a
microcosm study using six polychromatic fluorescent UVA (355 nm) lamps and in a titanium dioxide
(TiO2) solution. Byproducts formed from imidacloprid included 6-chloronicotinic acid, imidacloprid
hydroxyl, imidacloprid urea, and desnitro olefin, while thiamethoxam degraded into clothianidin
and thiamethoxam urea (Figures 2 and 3) [9].

N
v W H H
CI”{SXNTN\
Q

N I 2N
CI”%XNHE ¢l S)\,N\rrrx

CH, NO, —

N_ _NH

§E N LD~

—

/ Thiamethoxam \

N e CHy
PN P
a s o, Y
N R
CHj N O AN S>—C|
clothianidin C"—-Ql
] COOH thiamethoxam urea

Figure 2. Byproduct of thiamethoxam photocatalytic degradation experiment (adapted from [43]).
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OH
H\N)}
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| . imidacloprid hydroxyl

| 3
\ X N NH,
COOH N0
) N7y jpps
- M
Jl/j /(j/\)_/j - ¢ N/ 0 H
N7 W H

Cl” 'N
NO. imidacloprid urea

6-chloronicotinic acid
/ Imidacloprid \
Cl x

7 NN
= RS | H
N coon | NN N AN A
P N MH;
CI” N7 NH”  H

desnitro olefin

Figure 3. Byproduct of imidacloprid photocatalytic degradation experiment (adapted from [43]).

Another important parameter influencing the degradation of neonicotinoids in aquatic systems
is pH [30]. To understand the effect of pH on the degradation of neonicotinoids, [44] studied four
classes of neonicotinoids (acetamiprid, imidacloprid, thiacloprid, and thiamethoxam) at 23 °C, where
imidacloprid and thiamethoxam degraded rapidly under alkaline condition, while at pH 7 and 4 the
compounds remained relatively stable. In contrast, acetamiprid and thiacloprid degraded more
rapidly in acidic conditions, but remained stable for approximately 30 days in alkaline conditions
[30].

In surface water, the presence of dissolved organic carbon and suspended particulate matter
have been found to also affect the rate of degradation of neonicotinoids in aquatic environments by
mimicking the sorption process, thereby decreasing their degradation rate [36]. In contrast, in soil

environments parameters such as half-life, soil-water partition (K,), percentage of soil organic

carbon (%OC), soils adsorption coefficient (K, ) and octanol-water partition coefficient (K )

affect the fate and transport of neonicotinoids [45,46].

The most rapid degradation pathway for neonicotinoids in water is photodegradation; however,
the degradation process is often limited due to factors such as water depth, light penetration, and
microbial activities [26]. Other chemical properties impacting degradation of neonicotinoids in soil

and water include high water solubility, low octanol-water partitioning coefficient (logK_ ) and

low organic carbon partition coefficient (log K,.) which enhance the movement of neonicotinoids

through surface and subsurface runoff [22].

Few studies have investigated environmental persistence of post application of neonicotinoids.
In natural and deionized water, photodegradation experiments of imidacloprid has been broadly
investigated with various light sources in combination with either catalyst or photosensitizers, in
which it has been expressed that imidacloprid is vulnerable to photodegradation adhering to either
first-order or pseudo-first order kinetics [43]. Imidacloprid was found to readily undergo degradation

with a first-order rate constant of 1.6x107™*S™" and a half-life of 1.2 h under aqueous photolysis
[47], which has been confirmed in other photolysis studies as well [31]. Laboratory-based photolysis
studies of mixed solvents, such as acetonitrile and water with artificial sunlight from a 250 W sun
lamp, have reported half-lives of imidacloprid to be 3.0 h [48]. Furthermore, when the mixtures are
enriched with a photosensitizer such as titanium dioxide (TiOz) and acetone imidacloprid photolysis
is reduced. Further, [49] reported significant photodegradation of neonicotinoids insecticides,
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specifically thiamethoxam, in an aqueous solution experiment conducted using both sunlight and
artificial light.

Kurwadkar [43] observed aqueous photodegradation of neonicotinoids in natural waters varied
depending on the presence of DOM and other inorganic pollutants influencing photolysis by causing
degradation to increase or decrease. Similarily, Zeng [50] reported that photodegradation in natural
waters was affected by a diversity of photosensitizers including DOM, nitrate, nitrite, and impurities
such as iron. The active portion of neonicotinoid insecticides undergoing photodegradation was
typically the nitroguanidine group. In such case, the most important species relevant to the
environmental fate and transport of these insecticides are the portions containing the molecular
structures attached to the nitroguanidine group. However, the degradation byproducts of
neonicotinoid compounds posing the greatest risk to the environment are typically those with the
chloropyridine ring [43].

4. Occurrence and Persistence of Neonicotinoids in Global Surface Waters

For this review, 55 studies were reviewed from eight countries around the world to investigate
the occurrence of neonicotinoids in streams, groundwater, and lakes, with most studies focusing on
neonicotinoid occurrence in rivers [2,5,8,22,23,51-56] (Figure 4).

Legend

. i @ 1-4 Studies O 21-30 Studies

59 Studies
[ | Glebal Map

[ 3
. 10-14 Studies

15-20 Studies

a 4,000 8,000 18,000 Hilometers

Figure 4. Locations of neonicotinoid studies around the world.

The first comprehensive study of neonicotinoids in surface water within an agricultural
intensive region was completed in Southern Ontario, Canada, where fifteen sites were investigated
including nine streams and six rivers [54]. Based on the federal guidelines set for neonicotinoids in
Canada, over 90% of neonicotinoids were detected in over half of the fifteen sites between 2012 and
2014 [54]. Further, in predominately agricultural regions imidacloprid was detected at concentrations
up to 11.9 ug/L [57]. Therefore, to better understand the widespread use of neonicotinoids in aquatic
ecosystem, the U.S., Netherlands and Sweden carried out surveys regarding the presence of
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imidacloprid, thiamethoxam and acetamiprid in surface water [53,56]. Neonicotinoids were detected
in 89-100% of surface water samples for imidacloprid, 31% of surface water samples for
thiamethoxam and 17% of surface water samples for acetamiprid with concentrations ranging from
0.22 to 200 pg L, depending on the compound. Findings from the survey provided strong evidence
for potential water-quality concerns in both surface and ground water in these regions [24].
Neonicotinoids are also being used in developing countries around the world. For example, in
Bangladesh a dramatic shift to insecticide usage has occurred in agricultural regions over the last two
decades [58]. Specifically, the use of neonicotinoids in Bangladesh has increased from 7350 metric
tons in 1992 to 45,172 metric tons in 2010 [55]. On the global stage, neonicotinoids continue to
dominate the insecticide market [14], which has resulted in more being observed in downstream
aquatic environments [2].

Many surface waters studies have been conducted, specifically in varying regions of the U.S.
(Figure 5 Table 2). A recent study conducted by the U.S. Geological Survey (USGS) detected
neonicotinoids in 53% of surface water samples collected from streams located in different regions of
the country with imidacloprid most frequently detected (37% of samples) followed by clothianidin
(24% of samples), and thiamethoxam (21% of samples) [22]. Based on these findings, neonicotinoids
are moving into water resources following the application by both seed treatment and/or liquid, thus
posing potentially significant risks on surface water ecosystems [24].
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Table 2. Neonicotinoid concentrations recorded from surface water studies worldwide (ng/L).

10 of 17

Study Location Year THM IMI ACE CLO THA DNT NTP Reference
Elkhorn River, Ongoing
Midwestern, USA 2018-2019 (Range) nd 7-81 nd 949 nd nd - study
Neuse River, Southeastern 2019 Median (Range) nd 14-42 nd nd nd nd nd Ongoing
USA study
Nationwide River, USA 2012-2014 Range for 38 streams nd-190 nd-142 nd—45.6 nd-66.3 nd nd-13.8 nd [59]
Seven Stream Basins, .
Towa, USA 2013 Median (Range) <(nd-185) <2 (nd-42.7) nd 8.2 (nd-257) nd nd - [2]
Seven watersheds, 2016 Range nd-1607 nd-1333 nd-109 nd-778 nd-7 nd-18 nd [60]
Ontario, Canada
Stream, Southern Ontario, 2012-2014 Range <1.4-12.9 <1.3-364 <0.2-85 <1.8-314 <0.5-7.97 - - [54]
Canada
Pearl River, .
Guangzhou, China 2017 Median (Range) 30.6 (4.97-102)  31.0 (nd-180)  17.1(3.13-67.6) 16.6 (0.55-67.2)  1.33 (nd-12.4) [51]
Yangtze River, China 2015 Median (Range) 1.10 (nd-236) 4.37 (0.02-44.4)  2.50 (0.26-2.0) 0.10 (nd-10.5) 0.02 (nd-0.26) nd 0.34 (nd-3.50) [5]
River, Osaka, Japan 2009-2010 Median 2.65 (nd-11) 5.55 (nd-25) 1.4 (nd-1.4) 3.2 (nd-12) - 20.0 (3.7-220) - [61]
River, Sydney, Australia 2013 Median (Range) 0.1 (nd-0.2) 0.2 (nd—4.56) 0.08 (nd-0.32) 0.06 (nd-0.42) 0.1 (nd-0.2) nd - [24]

nd =not detected, THEM = thiamethoxam, IMI = imidacloprid, ACE = acetamiprid, CLO = clothianidin, THA = thiacloprid, DNT = dinotefuran, and NTP = nitenpyram.
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A more recent nationwide survey in the U.S., conducted by the USGS, observed elevated
neonicotinoids concentrations in streams and rivers sampled in California and Iowa urban regions.
For example, imidacloprid, thiamethoxam and clothianidin concentrations were as high as 142.8,
190.4 and 38.2 ug/L, respectively [59]. Further, a study conducted in 2013 in Iowa collected seventy-
nine water samples in seven stream basins across the state during the growing season, where
substantial corn (59%) and soybean (86%) production occurred within the Missouri and Mississippi
River Basins [2]. Neonicotinoid occurrence in these regions was high, with the majority of detectable
neonicotinoids being clothianidin, thiamethoxam, and imidacloprid, with less or no detection of other
classes of neonicotinoids such as thiacloprid. Clothianidin was the most often detected insecticide
with detection in 75% of stream samples, in regions with application rates of approximately 215,000
kg, followed by thiamethoxam (47%; 49,900 kg) and imidacloprid (23%; 70,700 kg) [2].

In aquatic environments, neonicotinoids have the ability to persist for days to weeks prior to
undergoing transport or degradation processes [62]. Neonicotinoids continue to be observed in
downstream ecosystems years following their removal from the insecticide market such as in Europe
[62], which emphasizes the need for a better understanding of neonicotinoid persistence following
applications in aquatic systems.

N Legend
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Figure 5. Map displaying neonicotinoid river study locations in the U.S.

5. Toxicity of Neonicotinoids towards Organisms

While the commercialization of neonicotinoids and their contribution to the global economy
have been significant, concerns (e.g., surface and groundwater contamination, toxicity towards non-
target organisms) associated with the extensive use of these products remain undisputed [9]. As the
use of neonicotinoids continues to increase in many parts of the world, neonicotinoid products also
continue to undergo increasing scrutiny. Table 3 reports the EPA’s neonicotinoid toxicity limits for
freshwater fish and invertebrates.

In aquatic ecosystems, neonicotinoids affect non-targeted sensitive aquatic invertebrates,
significantly impacting aquatic food webs [63]. Sumon [57] conducted acute toxicity tests using ten
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macroinvertebrate samples belonging to three different taxonomic groups, which include Insecta (6
taxa), Phylum Mollusca (3 taxa) and Phylum Annelida (1 taxon) to evaluate the negative effects of
imidacloprid on macroinvertebrate communities. Imidacloprid was reported to have significantly
negative effects on insect species including Tubifex and Chironomid. Following a recent study of the
effects of neonicotinoids on the environment, non-targeted organisms, water quality, and human
health by the Canadian Pest Management Regulatory Agency (PMRA), a reevaluation of clothianidin,
thiamethoxam, and imidacloprid was determined in order to further understand their toxicity levels
on non-target species [8]. In this review, 22 studies were focused on the toxicity towards insects and
invertebrates [1,55,64,65]. Four (4) out of fifty-five (55) rivers studies completed in Canada, Europe
China, and the U.S. observed concentration levels above the chronic concentration limits for aquatic
systems [15,51,57] (Figure 6). In Europe, the acute and chronic toxicity levels for aquatic environment
are 0.2 and 0.0083 pg/L [66], while in Canada, the Canadian Council of Ministers of Environmental
Water Quality Guideline toxicity level for aquatic environment is 0.230 pg/L [67].

Table 3. Environmental Protection Agency’s Office of Pesticide Programs toxicity limit in freshwater
for fish and invertebrates. - means no benchmark available [66].

Compounds Fish Invertebrates
Acute (ug/L) Chronic (ug/L) Acute (ug/L) Chronic (ug/L)
Acetamiprid >50,000 19,200 10.5 2.1
Clothianidin >50,750 9700 11 0.05
Dinotefuran >49,550 6360 >484,150 >95,300
Imidacloprid 114,500 9000 0.385 0.1
Nitenpyram - - - -
Thiacloprid 12,600 918 81.9 0.97
Thiamethoxam >57,000 20,000 17.5 0.74
M Legend
W . @ 01pgL-119pgh (158tudies) @ 38.2 pg/L - 190.4 pgiL (25 Studies)
' 0.1pg/L-0.28 pgiL (10 Studies) :| Global Map
= @ 0024 g/l - 0.322 pgil (5 Studies)

o 4050 2,100 18,200 Kilometers

Figure 6. Neonicotinoid concentrations detected with few exceeding chronic concentration limits in
aquatic systems.

Concern has also risen regarding the role of neonicotinoids to adversely affect pollinators,
thereby resulting in honeybee colony collapse and disorder [68]. Bee colony collapse disorder has
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been characterized by sudden disappearance of honey bees from terrestrial ecosystems, which many
scientists have attributed to factors including insecticides, pathogens, and natural habitat
degradation [69,70]. According to [71] beekeepers lost approximately 10% of their bee colonies in
early spring of 2007 across 22 states in the U.S. Insecticides applied to agricultural fields were the
possible cause of the colony collapse disorder in those environments. For example, thiamethoxam
has been linked to decreased honeybee survival rate following exposure [72]. Imidacloprid
occurrence has also been linked to reducing bumble bee colony growth and queen performance in

the terrestrial environments [73], as well as being sublethal (LD,) to other non-target insects

present in the surrounding ecosystem where the chemical is applied [74].

6. Exposure Risks to Humans

Neonicotinoids are applied in the environment by either spraying, drip irrigation, or seed
treatments, resulting in potential exposure to humans by means of atmospheric contamination (e.g.,
inhalation) [75]. Individuals who are not in direct contact with neonicotinoids have the potential for
exposure to the chemicals through dietary ingestion from eating fruits and vegetables harvested from
agricultural land where neonicotinoids were applied. From 29 samples of fruits and vegetables,
neonicotinoids were detected in 72% of the fruits and 45% of the vegetables [76]. Additionally,
neonicotinoids have high water solubility, which could result in ingestion exposure to humans
through drinking water contamination [75].

These systemic insecticides are poisonous at high concentrations to the nervous system
especially liver, kidney, thyroid, testicular, and are most likely carcinogenic to humans at high
concentrations [75]. In order to address insecticides in relation to health-related concerns associated
with human exposure to neonicotinoids through ingestion, international organizations and several
countries have set lower acceptance levels of these chemicals in food which vary from country to
country. The Codex Committee on Pesticides Residues (CCPR) is a supplementary body of Codex
Alimentarius Commission (CAC) that is charged with the primary responsibility of providing advice
on pesticides residues in food [77]. Their major objective is to develop the maximum residue limits
(MRLs) for countries including the European Union (EU), China, and Japan [77]. MRLs are fixed by
applying the Best Agricultural Practices in the field and then compared with the results of the risk
assessment of pesticides residues in food in the worst-case scenario referred to as the Theoretical
Maximum Daily Intake (TMDI). TMDI calculations often result in a gross overestimation of intake
and are compared with the Acceptable Daily Intake (ADI) that is a toxicological indirect parameter.
For example, the MRLs in EU countries for imidacloprid and thiamethoxam are 0.05 and 20 mg/kg,
respectively. In contrast, in China, the MRL for imidacloprid is 0.5 mg/kg, while 10 and 15 mg/kg are
the MRLs for imidacloprid and thiamethoxam in Japan, respectively [78]. Therefore, humans are
potentially exposed to unsafe levels of insecticide residues in their food products on a daily basis,
even though the ADI of pesticide in certain food in one country are considered unacceptable within
specific countries [78].

Further, the long-term exposure implications are relatively unknown given limited data and
time since their entrance to the pesticide market and are needed to be further evaluated. In 2013, the
European Union countries expanded its ban on neonicotinoids insecticides (e.g., clothianidin,
imidacloprid, thiamethoxam) due to the growing concern of their potentially significant threat to
non-target insects such as honeybees [79]. The ban was implemented by E.U. member states—a total
of sixteen countries including the United Kingdom, France, and Germany voted in favor of the ban,
while Romania, Demark, and three other countries voted against the ban, and 13 countries remained
neutral [79].

7. Future Work/Knowledge Gap

In conclusion, we reviewed 55 articles that focused on the occurrence and/or fate and transport
of neonicotinoids in realistic aquatic environments and 22 articles that focused on the toxicity towards
insects and invertebrates. This comprehensive review provides a foundation for improving our
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understanding of neonicotinoid usage and potential impacts on non-target species and the natural
environment at the global scale. This review serves as a useful tool for identifying regions that may
need enhanced development of best management practices (BMPs) to mitigate the negative
consequences associated with extensive use of insecticides in surface and groundwater. Specifically,
the U.S. had significantly higher concentrations of insecticides compared to other reviewed regions.
Therefore, we recommend further investigation of neonicotinoids at both micro and macro scales.

A substantial amount of research has been completed to investigate the occurrence of
neonicotinoids in aquatic environments and degradation of these insecticides under laboratory
conditions. Findings from this work have the potential to aide in best management practice
development and implementation for identifying potential fate and transport scenarios for these
insecticides. However, the impacts of field conditions on the degradation of neonicotinoids remains
not well understood. Therefore, future investigations are needed to:

1) Quantify the potential roles of realistic field conditions on degradation along various
neonicotinoid insecticide fate and transport scenarios.

2) Improve our understanding of the role of river geomorphology on photochemical
transformation and degradation of neonicotinoids along path-specific environmental
conditions.

3) Investigate the long-term exposure implications to non-target organisms (including humans).
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