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Mosquitoes can be a nuisance and also transmit pathogens causing numerous
diseases worldwide. Homeowners and others may hire private companies to alleviate
mosquito-related issues. Here, two pyrethroids (Suspend® Polyzone® [deltamethrin]
and Bifen Insecticide/Termiticide [bifenthrin]) used in mosquito control were evaluated
on blocks of properties in two neighborhoods (Magnolia Ridge: 1-6 lot blocks, 2,100 —
7,500 m%/block and Cedar Ridge: 1-3 lot blocks, 1,300 — 4,200 m?/block) in eastern
North Carolina for 23 weeks from May 18 — October 19, 2015. Properties were treated
by Mosquito Authority operators using backpack mist blowers every 21 days. At 17 fixed
sampling locations (13 treatment and four control lots), Centers for Disease Control and
Prevention CO,-baited traps were deployed overnight once/week for the duration of the
experiment (377 trap nights). Oviposition traps (ovitraps) were deployed weekly at the
same 17 locations and ovistrips remained in the field for seven days as a measure of
Aedes albopictus abundance. Mosquitoes were identified to species, quantified, and

tabulated by location and week. Differences were observed in mosquito abundance



between neighborhoods, treatments, and weeks and differences varied between
species. Adult and egg abundance were generally significantly (P < 0.05) higher in traps
placed on control properties (no insecticide) compared to traps placed on treatment
properties. In both neighborhoods, the abundance of Psorophora columbiae and Ae.
vexans was significantly higher in control versus treatment traps. Bifenthrin and
deltamethrin showed differences in efficacy (e.g. Ae. vexans, An. punctipennis, and Ps.
ferox abundance was greater in traps placed on bifenthrin compared to deltamethrin

and control properties), but this varied between neighborhoods and species.
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CHAPTER | — INTRODUCTION AND PURPOSE OF THE STUDY

Nuisance mosquitoes and the increasing threat of arbovirus transmission in the
United States [US] (e.g. La Crosse virus, West Nile virus, dengue virus, chikungunya
virus, Zika virus) makes mosquito control an essential aspect of public health protection.
With the decline of county, municipal, and state-funded mosquito control programs (Del
Rosario et al., 2014), homeowners may hire private mosquito control companies who
apply barrier (or other) insecticide treatments to address mosquito-related issues
(VanDusen et al., 2015). Consequently, private mosquito control programs (e.g.
Mosquito Authority, Mosquito Squad, etc.) are filling the gap left by underfunded
government programs. Limited field studies have shown differences in effectiveness of
barrier sprays against some mosquito species (e.g. Trout et al., 2007; Hurst et al., 2012;
VanDusen et al., 2015) and further studies are needed to evaluate the effectiveness of
barrier sprays.

Barrier sprays are applied to surfaces where mosquitoes are sugar feeding or
known to rest (e.g. vegetation or manmade structures such as fences) (Fulcher et al.,
2015). Insecticides used in barrier sprays can be applied with either backpack sprayer
(Amoo et al., 2008; VanDusen et al., 2015) or truck-mounted mist sprayer (Fulcher et
al., 2015). Bifenthrin is commonly used for outdoor barrier sprays of peri-domestic
vegetation and structures in the US (VanDusen et al., 2015). Deltamethrin is also used
for barrier sprays in the US and is also frequently used in African countries for indoor
and outdoor residual sprays to combat malaria vectors [e.g. deltamethrin (K—othrine®)
has been shown to control Anopheles culicifacies Giles for up to 12 weeks] (Ansari et
al., 1997). Suspend®Polyzone® (EPA registration 432-1514) was first registered in

2011.



The objectives of this study carried out in suburban neighborhoods in eastern
North Carolina (NC) were to: 1) compare the effectiveness of barrier sprays using
Suspend® Polyzone® (deltamethrin) and Bifen Insecticide/Termiticide (bifenthrin) for
controlling mosquitoes, and 2) assess the extent to which suppression of mosquito

abundance differs between study sites and mosquito species over time.



CHAPTER Il - LITERATURE REVIEW

Mosquitoes as Vectors

The term “arthropod-borne virus” was first introduced by the World Health
Organization (WHO) in 1942 and describes animal viruses that cause encephalitis
(WHO, 1967). Arthropod-borne viruses can be transmitted biologically from an
arthropod to a vertebrate and back again to the arthropod. The expression “arbovirus”
was recommended by the international sub-committee on nomenclature and was
officially endorsed in 1963 (WHO, 1967). Yellow fever virus was one of the first
recognized arboviruses and is primarily transmitted by Aedes aegypti L. More than 200
arboviruses are known to be or suspected of being mosquito-borne (DeFoliart et al.,
1987). This helps explain why more than one million people die from mosquito-borne

diseases annually (American Mosquito Control Association [AMCA], 2016a).

Nearly 3.2 billion people are at risk of malaria (Family Plasmodiidae; Genus
Plasmodium) (WHO, 2016a). Consequently, nearly half of the world’s population is at
risk of this mosquito-borne disease. Malaria is predominantly transmitted by Anopheles
spp. mosquitoes, which are found on every continent in the world except Antarctica
(Centers for Disease Control and Prevention [CDC], 2016a). As of 1951, thanks to a
rigorous eradication program, the United States (US) has been deemed free of malaria
as a significant public health problem; however, sporadic disease foci do occur

periodically (CDC, 2016b).

West Nile virus (WNV Family Flaviridae; Genus Flavivirus) emerged in New York

City in 1999. West Nile Virus was previously enzootic in Africa, Asia, and Europe



before emerging in the Western Hemisphere (Turell et al., 2001). Since appearing in
the US, WNV has spread across North and South America and into the Caribbean
(Kramer et al., 2007). The initial outbreak in New York City in 1999 was responsible for
62 hospitalizations and seven deaths (Fradin et al., 2002). In the sixteen years since
(1999-2015), nearly 42,000 human WNV cases have been reported, resulting in 1,765
deaths in the US (CDC, 2016c). West Nile virus has been detected in 65 different
mosquito species and at least 23 species have been implicated as transmitting the
disease to humans (CDC, 2016d); Hamer et al., 2008). These species include Culex
pipiens Linnaeus and Ae. vexans Meigan, the latter of which can be found in every state

in the US (Tiawsirisup et al., 2008; Turell et al., 2001).

In 2013, chikungunya virus (CHIKV Family Togaviridae; Genus Alphavirus) was
transmitted locally for the first time in the Americas in the Caribbean (CDC, 2016e). In
2014, CHIKV was locally transmitted in several US territories for the first time, including
Puerto Rico, the US Virgin Islands, and Florida (CDC, 2016e). In 2015, there were 896
total cases in the US (895 imported cases, one locally transmitted case). Prior to 2014,
all cases of CHIKV infection in the US were a result of travelers visiting areas where the
virus is endemic (Asia, Africa, Indian Ocean) (CDC, 2016f). Moving forward, it seems
eminent that many parts of the Americas are at high risk of a major CHIKV epidemic
(CDC, 2016e). Chikungunya virus is primarily transmitted by Ae. albopictus Skuse and
Ae. aegypti. People infected with CHIKV experience fever, rash, and joint pain that can
last for years (CDC, 2016g). There is no treatment or antiviral drug, at this time, which
can be administered to CHIKV-infected patients (WHO, 2016b). Treatment includes

pain management, normally using ibuprofen or acetaminophen to decrease fever and



aches (CDC, 2016g). At this time, the only strategy to control the spread of CHIKV is
prevention, which relies heavily on reducing natural and artificial mosquito oviposition

sites and suppressing abundance of adult mosquitoes (WHO, 2016b).

Dengue fever (DENV; Family Flaviviridae, Genus Flavivirus) results from
infection by one of four closely related serotypes (dengue 1-4) (CDC, 2016h). The most
recent outbreak of dengue in the continental US occurred in south Texas in 2005.
Dengue virus is primarily transmitted to humans by Ae. aegypti; however, Ae. albopictus
was responsible for an outbreak in Hawaii 2001 (CDC, 2016i). Consequently,
approximately two billion humans are at risk of contracting DENV worldwide (CDC,
2016i; Halstead, 2008). Contracting DENV can lead to the development of dengue
fever (DF) or, in more serious cases, dengue hemorrhagic fever (DHF) (WHO, 2016c).
Symptoms of DF include a high fever (> 40°C), headache, muscle and joint pain,
nausea, and mild bleeding (WHO, 2016¢). Dengue hemorrhagic fever symptoms are
similar to DF; however, once the fever starts to subside, severe symptoms may
develop. These symptoms include severe abdominal pain, difficulty breathing and
constant vomiting (CDC, 2016h). These symptoms define a crucial period where
patient’s blood vessels become excessively permeable. This may lead to circulatory
failure, shock, and potentially death if proper medical care is not utilized (CDC, 2016h).
At this time, there are no known treatments for DF; the best treatment for DHF is
maintenance of bodily fluid levels by medical professionals (CDC, 2016h). Currently,
there are three vaccines under development for DENV that are under phase Il and
phase lll clinical trials (WHO, 2016c). Also, patients who survive a DENV infection

develop a life long acquired immunity against that particular serotype (WHO, 2016c).



In February of 2014, Zika virus (ZIKV; Family Flaviridae; Genus Flavivirus) was
first confirmed in the Western Hemisphere on Easter Island (Dyer, 2015). Zika virus
has subsequently spread across all parts of Latin America and is now threatening
Caribbean islands (Dyer, 2016). Zika virus is an arbovirus that is spread primarily by
mosquitoes (CDC, 2016j). Common symptoms of ZIKV-infected patients (20% of
patients are symptomatic) include fever, rash, joint pain, and conjunctivitis. In most
cases, symptoms are mild and only last about a week (CDC, 2016j). Zika virus is
primarily transmitted by Ae. aegypti and Ae. albopictus (Dyer, 2015). However, ZIKV
can also be vertically transmitted in humans from mother to newborn, although this is
rare (CDC, 2016j). In February 2016, the Brazilian Ministry of Health and Jamaican
Health authorities have recommended that women do not become pregnant in the next
six to 12 months (Dyer 2015, Dyer 2016). This suggestion is based on the risk that
ZIKV may affect fetal brain development (resulting in microcephaly) in the first and
second trimester of pregnancy (Dyer, 2016). Further complicating matters regarding
ZIKV is that there is one confirmed case of the virus being spread through a blood
transfusion (CDC, 2016j). Zika virus has also been found in male semen, showing
100,000 times the viral load in semen than that of blood and urine; illustrating its viability
to be transmitted via sexual contact (Mansuy et al., 2016). As of September, 2016 there

has been 3,132 imported cases of Zika and 43 locally transmitted cases of the virus.

Mosquito Feeding Habits

Female and male mosquitoes primarily rely on sources of sugar (e.g. flower
nectar) for nutrition (AMCA, 2016b). Female mosquitoes imbibe blood because they

need the protein for egg development; however, male mosquitoes do not blood feed.
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The saliva expectorated by mosquitoes during blood feeding contains anticoagulant
properties and this saliva causes an itching sensation in vertebrate hosts (AMCA,
2016a). Mosquitoes blood feed on a variety of hosts, ranging from birds to humans,

although most mosquitoes are specialized in their feeding hosts (AMCA, 2016b).

Host-seeking mosquitoes use a variety of senses when searching for a potential
source of blood (Day, 2005). For mid- to long-range tracking, female mosquitoes rely
on olfactory signals, primarily carbon dioxide (Day, 2005). These odors can be carried
by light winds, which allow the seeking mosquito to track down a host. Once inside an
odor plume, the mosquito will perform several 90-degree turns searching for stronger
odors or visual cues (Day, 2005). Some species (including Ae. vexans, Psorophora
columbiae Dyer and Knab, and Cx. nigripalpus Theobald) can respond to visual signs at
distances up to 19 meters (Allan et al., 1987). Mosquitoes respond visually to contrast,
motion, and color, which are important stimuli in host identification and recognition (Day,
2005; Allan et al., 1987). Once within close range, host-seeking mosquitoes utilize
vision, heat, sound, and olfactory cues until they are physically close enough to touch

the host (Day, 2005).

Key Mosquitoes in North Carolina

At this time, there are 10 genera and 66 species of mosquitoes found in North
Carolina (Harrison et al., 2016). Several of these species have been known to carry
arboviruses, including An. quadrimaculatus Say, Ae. albopictus and Cx. pipiens

complex.



Anopheles quadrimaculatus is often regarded as the most historically important
vector of malaria in the eastern US (University of Florida/Institute of Food and
Agricultural Sciences [UF/IFAS], 2016a). lIts resilient ability to vector malaria has given
rise to the common name, “malaria mosquito” (UF/IFAS, 2016a). Of course, this was a
larger issue before malaria was eradicated from the US in 1951 (CDC, 2016b).
Unfortunately, malaria still affects approximately 1,500 US residents / year when they
travel to malaria endemic regions and return to the US infected (UF/IFAS, 2016a).
Because An. quadrimaculatus is so abundant in the US, there is a risk of local
transmission that initiated as a result of traveling abroad. This species is found along

the eastern seaboard and as far west as Texas and the Dakotas (UF/IFAS, 2016a).

A study done at Falls Lake in central North Carolina showed that An.
quadrimaculatus typically have bimodal yearly peaks in spring and autumn (Robertson
et al., 1993). The same study showed that An. quadrimaculatus were predominantly
collected around the edge of the lake and in flood plain regions. Anopheles
quadrimaculatus abundance is correlated with rising water levels in the lake as a result
of heavy rain events, with a typical lag period of 14 to 30 days between peak water
levels and peak population sizes (UF/IFAS, 2016a; Robertson et al., 1993). Larvae are
also found in several other freshwater sources, including portions of standing water
infaround streams, canals, and ponds (Brunswick County, 2016a). Adult An.
quadrimaculatus mosquitoes are opportunistic feeders, readily feeding on humans and
other animals (Brunswick County, 2016a). This species is primarily active at night and
demonstrate high activity at dusk (Brunswick County, 2016a). They are inactive during

the day when they rest in shaded areas such as tree holes, inside buildings, and



shelters (UF/IFAS, 2016a; Brunswick County, 2016a). Brunswick County (NC) Vector
and Mosquito Control considers An. quadrimaculatus to be of medium importance to its

residents for their ability to vector arboviruses (Brunswick County, 2016a).

Aedes albopictus mosquitoes are native to tropical and temperate regions in east
Asia. Its native habitat, combined with its black and white striped coloration, has given
rise to the nickname “Asian tiger mosquito” (lllinois Dept. Public Health, 2016; Unlu et
al., 2010). The first reports of an Ae. albopictus population in the US were in Houston,
Texas in 1985 (Unlu, 2010). It is believed they were imported unintentionally in used
tire shipments from northern Asia (University of California [UC] Riverside, 2016). Aedes
albopictus has since spread across the southeast and as far north as New Jersey,
establishing populations in 28 states across the region (UF/IFAS, 2016b; Doyle et al.,
2009). Aedes albopictus can transmit at least 26 arboviruses, including DENV, ZIKV,
Eastern equine encephalitis virus, and WNV (Dyer, 2015; Harrison, 2008; Paupy et al.,
2009). Aedes albopictus is an aggressive daytime feeder that is opportunistic (using a
number of different sources for blood meals) (lllinois Dept. Public Health, 2016;
UF/IFAS, 2016b). Knowledge of mosquito blood-feeding habits is important since
epidemiologic cycles may involve different types of vertebrate hosts. One study
demonstrated that Ae. albopictus preferred mammalian blood meals > 80% of the time,
with a slight preference for humans over other mammals, and host availability played a
role in this study (Richards et al., 2006). Approximately 7% of Ae. albopictus blood

meals were reported from avian hosts in the aforementioned study.

Female Ae. albopictus mosquitoes oviposit in any container or natural area that

will hold water, e.g. abandoned tires, flowerpot receptacles, birdbaths, etc. (UF/IFAS,
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2016b). Aedes albopictus eggs are resistant to drying and can survive up to one year
without being immersed in water (UF/IFAS, 2016b; Unlu, 2010). Because of their
opportunistic blood feeding habits, and their invasive nature, Ae. albopictus is regarded

as the most problematic pest in NC (Harrison, 2008).

Culex pipiens complex in NC is thought to be a hybrid of two species, Cx. pipiens
(the northern house mosquito) and Cx. quinquefasciatus Say (the southern house
mosquito) (Brunswick County, 2016b). The most important distinction between the two
species is the inability of Cx. quinquefasciatus to diapause, which limits its northern
range of habitat (Kothera et al., 2012). The hybrid zone in the US is large, running as a
band from California to NC, which suggests an extensive degree of gene flow between

the two species (Farajollahi et al., 2011; Kothera et al., 2012).

Species in the Cx. pipiens complex are enzootic vectors for several arboviruses
and are the primary vectors of WNV in North America (Farajollahi et al., 2011; Fonseca
et al., 2004). These mosquitoes have the ability to transmit WNV transovarially to some
degree, which allows overwintering mosquitoes the ability to start an infection cycle in
the spring (Fonseca et al., 2004). Mosquitoes in this complex are also efficient vectors
of St. Louis encephalitis virus (SLEV) (Kothera et al., 2012). The Cx. pipiens complex is
“one of the major outstanding problems in mosquito taxonomy” because there are a
variety of physiological and behavioral traits that occur without defining morphological

characteristics between the species (Fonseca et al., 2004).

Species in the Cx. pipiens complex are ornithophilic; however, they will often

imbibe blood from humans (Farajollahi et al., 2011). These feeding behaviors explain

10



why Cx. pipiens complex species are important bridge vectors for arboviruses such as
WNV. Large outbreaks of SLEV are typically found in urban settings with peridomestic
birds functioning as the primary urban reservoir and Cx. pipiens complex mosquitoes
serving as the vector (Crans, 2016). This species is typically found in eastern NC
between May and November, depending on seasonal exceptions (Brunswick County,

2016b).

Controlling Mosquitoes

There are two phases of responsibility for controlling mosquito populations:
individual and public (AMCA, 2016c). The most effective mosquito control programs
use an Integrated Mosquito Management (IMM) approach, including mosquito
surveillance, source reduction, larvicide/adulticides, and community education and

outreach (AMCA, 2016¢; CDC, 2016k).

Elimination of water-holding containers (source reduction) is the most important
method for controlling Ae. albopictus as this is where they oviposit (AMCA, 2016d).
Mosquitoes depend on water to complete the first three stages (egg, larvae, and pupae)
of their life cycle, which suggests that removing standing water is crucial to mosquito
abatement (Western Carolina University [WCU], 2016; UF/IFAS, 2016c¢).
Recommendations include dumping excess water out of flowerpots, flushing birdbaths
every two weeks, and ensuring property is free of any drainage issues (Apperson et al.,
2011). These techniques are referred to as the “tip and toss” method, which is
advocated by several counties in NC, including Buncombe and Brunswick County

(Buncombe County, 2016; Brunswick County, 2016c¢). This technique removes
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standing water and larval/pupal mosquitoes. The Western Carolina University Mosquito
and Vector-borne Disease Laboratory proposes that reducing the containers holding

water near a house will decrease the risk of vector-borne disease (WCU, 2016).

Mosquito control is crucial at the community level because some mosquito
species can fly long distances from their emergence site (Hopkins et al., 2016). Aedes
albopictus have a flight range up to 100 meters; however, salt marsh mosquitoes such
as Ae. sollicitans Walker and Ae. taeniorhynchus Wiedemann (commonly found in
eastern NC), can fly up to 40 miles (North Carolina State University, 2016). Community
education is vital to mosquito control and sharing information about individual efforts
can make a large impact (NC Cooperative Extension Service, 2016). These efforts
benefit when coupled with a mosquito control program; however, government-funded
organizations, such as the Public Health Pest Management (PHPM) division in NC,
have been disbanded due to budget restraints (Apperson et al., 2011; Del Rosario et al.,

2014).

Pesticides are one component of IMM and are defined by the National Pesticide
Information Center (NPIC) as being “any substance intended for preventing, destroying,
repelling, or mitigating any pest” (AMCA, 2016¢; NPIC, 2016a). Pesticide is a blanket
term used to cover various types of pest control chemicals such as herbicides,
fungicides, and insecticides. Insecticides work in a variety of ways to Kill or otherwise
mitigate insects, including affecting their nervous system, water balance, oxygen
metabolism, molting behavior, maturation process, or other physiological processes
(NPIC, 2016b; Eaton, 2016). For mosquito control, insecticides are further broken down

into larvicides and adulticides (CDC, 2016k).
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Larvicides

Larvicides are used to manage immature mosquito populations before they
emerge as adults (CDC, 2013). They are sprayed directly onto water sources (e.g.
ditches) where mosquito larvae grow (CDC, 2016k). Larvicides can be used in
conjunction with adulticides, but only when access to mosquito oviposition sites is
feasible and if removal or drainage of these areas is impractical (CDC, 2013; WHO,
2016d). Insect growth regulators (IGR) target mosquitoes’ ability to mature (AMCA,
2016¢). These regulators mimic hormones in juvenile mosquitoes that disrupt how they
grow and reproduce (NPIC, 2016c¢). Firstly, they can prevent the formation of chitin,
which is a carbohydrate, needed for the formation of a functional exoskeleton.
Secondly, they can administer unusual doses of juvenile agents causing sterilization in
their eggs or difficulty molting to the next life stage. Insect Growth Regulators can also
cause insects to metamorphose too early, causing them to develop into a nonfunctional

adult (Washington State University, 2016).

Monomolecular films (MMFs) are larvicides/pupicides that are biodegradable,
ethoxylated alcohol surfactants derived from renewable plan oils (Nayar et al., 2003;
Connelly et al., 2009). Monomolecular films were originally designed by the U.S. Navy
during World War 1l to help remove oil slicks and have since been used in a number of
applications, especially cosmetics (Connelly et al., 2009). This technique for mosquito
control was developed during the 1980s, however it has not gained acceptance in many
mosquito abatement programs (Nayar et al., 2003). Monomolecular films are lighter
than water and do not mix very well with water (Connelly et al., 2009). Their mode of
action is physical rather than chemical (Nayar et al., 2003). When applied, MMFs

13



spread spontaneously and rapidly over the surface water, creating an ultra-thin layer
(Connelly et al., 2009). This film causes the surface tension of the water to lower which
inhibits proper orientation on the surface by immature mosquitoes (Nayar et al., 2003).
Mosquito larvae and pupae are essentially flooded with water, causing anoxia and
drowning (Nayar et al., 2003; Connelly et al., 2009). This shift to noninsecticidal
compounds can be used in response to vector resistance and adverse, secondary,

ecological effects to chemical control techniques (Batra et al., 2006).

Microbial larvicides are used to deliver a natural toxin to target pests (Connelly et
al., 2009). Bacillus thuringiensis (Bt) is a Gram positive, rod-shaped, spore forming
bacterium that often has insecticidal properties (Glare et al., 1998). It is the most
commonly used agricultural microbial pesticide in the world and most microbial
pesticides registered with the U.S. Environmental Protection Agency (EPA) are based of
Bt (Connelly et al., 2009). Over 180 different registered pesticide products contain
some variation of Bt (NPIC, 2016d). Bacillus thuringiensis is naturally found in soil and
aquatic environments, worldwide (Connelly et al., 2009). Bacillus thuringiensis
israelensis (Bti) is a subgroup of Bt that is highly specific to dipterans, notably
mosquitoes, black flies, and some midges (Connelly et al., 2009). The mode of action
for Bti-containing products is defined by parasporal crystals (Glare et al., 1998).
Mosquitoes must ingest these crystals in the larval stage to cause mortality (Glare et al.,
1998). Once ingested, the alkaline nature of the mosquito midgut allows hydrolysis of
the parasporal crystals’ proteins and the release of pro-toxins (Connelly et al., 2009).
These pro-toxins are activated by gut enzymes, after which they are bound to the larval

gut epithelium (Connelly et al., 2009). This binding causes cell rupture and loss of
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bodily fluids, ultimately resulting in death of the larvae (Connelly et al., 2009). Bacillus
thuringiensis israelensis-treated mosquito larvae typically cease feeding within one
hour; demonstrate reduced movement within two hours, and general paralysis within six
hours of ingestion (Glare et al., 1998). The mode of action transpires rapidly enough to

see noticeable mosquito larval control within 24 hours (Connelly et al., 2009).

Adulticiding

Adulticiding is a component of IMM that suppresses mosquito abundance in an
affected area, thus lowering the number of eggs laid and subsequent abundance (CDC,
2013). Adulticides can be applied to areas using hand-held sprayers, truck-based
sprayers, or aircraft (CDC, 2013; EPA, 2016a). These methods of mosquito control are
referred to as “space-spraying” or “wide area mosquito control” and they are dependent
on several factors in order to be successful, including application method, droplet size,
rate of application and reapplication, and target area size (WHO, 2016d). Adulticides
sprayed either from a truck-based applicator or from an aircraft are done using ultra-
low-volume (ULV) technology (CDC, 2013). The ULV, or “fogging”, sprayers utilize
minute amounts of pesticide per hectare (usually less than 220 milliliters per hectare)
(EPA, 2016a). This technique minimizes unnecessary exposure to both non-target
species and humans (EPA, 2016a). Ultra-low-volume sprays are used for knockdown
of adult mosquitoes in close vicinity, typically suppressing mosquitoes by 80% (Cass
County, 2016). These types of ULV sprays typically kill mosquitoes that are flying for 30

minutes post-spray.
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Long-term residual sprays, or “barrier sprays” are applied as a mist using a
backpack sprayer (Cass County, 2016). Residual sprays are used to make a barrier
between areas abundant with mosquitoes and residential/commercial areas (Cass
County, 2016). Insecticides used in barrier sprays are typically very stable in

environmental conditions and have extended residual effects (Cass County, 2016).

The commercial application of larvicides and adulticides requires training and
most states require continuous education efforts in order retain an applicators license
(CDC, 2016k). North Carolina public operators are required to have a license that is
renewed annually for a fee of $75.00 (NC Department of Agriculture and Consumer
Services [NCDA&CS], 2016). Applicators are also required to pass a certification exam
appropriate to the area where the applicator plans to work (NCDA&CS, 2016).
Larvicides and adulticides are both regulated by the US EPA and their labels are
considered legal documents that explain usage protocols and restrictions (CDC, 2016k;
Eaton, 2016). Applicators must adhere to insecticide labeling and warnings. Using any
pesticide in a manner that is inconsistent with its label is considered violation of state
and federal pesticide laws and violators may endanger themselves, the environment,

and any living thing that may use the land (Eaton, 2016).

Synthetic Pyrethroids

Pyrethrins are a set of six naturally occurring insecticidal components found in
the dried extract of chrysanthemum plants (Robert et al., 2013; Extoxnet, 2016a). The
two most common pyrethrins used in mosquito control are pyrethrin-l1 and pyrethrin-II.

Pyrethrins are lipophilic esters that attack the insect nervous system through ingestion
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or absorption, which leads to paralysis and death in susceptible populations (Robert et
al., 2013; NPIC, 2016e). If pyrethrins do not lead to insect mortality, they may result in
temporary knockdown of the insect. Consequently, pyrethrins are often mixed with a
synergist, which slows down enzymatic degradation of pyrethrins in the insect, hence
improving effectiveness (Robert et al., 2013; Extoxnet, 2016a). Pyrethrin compounds
have been used to control a number of pests, including lice, cockroaches, beetles, and
mosquitoes (NPIC, 2016e). However, pyrethrins are not photo stable and degrade
when exposed to heat and moisture, rendering them impractical for large-scale
mosquito control operations (Robert et al., 2013). Also, pyrethrin-l has a half-life of 11.8
hours in water and 12.9 hours on soil, further emphasizing its impracticality for
extensive mosquito control (NPIC, 2016e). Hence, synthetic pyrethroids were

developed and modeled after naturally occurring pyrethrins (BeyondPesticides, 2016).

Synthetic pyrethroids (hereafter referred to as “pyrethroids”) are chemically
similar to natural pyrethrins, but are engineered to have increased environmental
stability (Robert et al., 2013). They are divided into two classes, Type-l and Type—lII.
The main difference between the two classes is the chemical structure. Type-I
pyrethroids lack a cyano group, while Type-Il pyrethroids contain a cyano group.
Bifenthrin (Type-l) and deltamethrin (Type-Il) are two pyrethroids commonly used in
mosquito control (Thatheyus et al., 2013). Pyrethroids are neurotoxic insecticides that
affect the peripheral and central nervous systems of insects (Davies et al., 2007). The
first pyrethroid, Allethrin, was developed in 1949 by three chemists in Beltsville,
Maryland (Sanders et al., 1954). Allethrin was the result of a very complex, 22-step

chemical reaction and was heralded as a major milestone in the field of chemical
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research (Ware et al., 2016; Davies et al., 2007). Since that point, more than 1,000
different synthetic pyrethroids have been developed (Agency for Toxic Substances and
Disease Registry [ATSDR], 2016). However, only 23 of these man-made pyrethroids
are registered for use in the US (EPA, 2016b). Most pyrethroids are effective at low
application rates, i.e. as low as 112 grams/hectare, with the newest (4th) generation of
pyrethroids showing potency at application rates as low as 11.2 grams/hectare (Ware et
al., 2016). Fourth generation pyrethroids are photostable and do not undergo photolysis
in sunlight, allowing for residual effectiveness up to 10 days (Ware et al., 2016).
However, pyrethroids have acute effects on some non-target organisms, specifically fish
and bees (Thatheyus et al., 2013). Piscivorous birds may also be adversely affected

when eating affected fish (Thatheyus et al., 2013).

Bifen Insecticide/Termiticide

Bifen Insecticide / Termiticide (Bifen I/T) contains bifenthrin as the active
ingredient (Bifen I/T MSDS, 2016). Bifenthrin is a Type-I pyrethroid that is an off-white
waxy solid with a faint sweet odor, first approved by the EPA in 1985 (Thatheyus et al.,
2013; PubChem, 2016; NPIC, 2016f). Itis used extensively to control red fire ants,
among other arthropods (including beetles, spiders, ticks, and mosquitoes) in various
environments, including homes. Bifenthrin is used heavily on crops in the US resulting
in approximately 70% of all raspberries and hops grown in the US being treated with the

insecticide (Williams et al., 2011).

It is recommended that bifenthrin be applied to types of vegetation that will hold

the insecticide, i.e. in locations likely to be shady and experience little rainfall (Allan et
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al., 2009). A study conducted by Doyle et al. (2009) demonstrated that different species
of foliage had varying abilities to produce a knockdown of Ae. albopictus. In the same
study, TalstarOne® (active ingredient: bifenthrin) was applied via a hand pump to five
species of plant commonly found in Gainesville, Florida. Aedes albopictus were
exposed to leaves from the plants once per week for five weeks. Mosquito knockdown
counts were obtained at one and 24 hours post exposure, every week. The highest
percentage of knockdown was observed on Rhododendron X ‘Fashion’ leaves, which
illustrated a 77.7% knockdown rate at five weeks post-treatment with a 24-hour
mosquito exposure time. The researchers attribute varying knockdown capabilities of
these plants to differences of cuticle in the leaves or their ability to adhere and retain
pesticide. Spartina bakeri (sand cordgrass) showed poor residual effects,
demonstrating only a 25.6% knockdown rate, three weeks post-treatment. It is likely
that this trend is a product of the comparative thinness, arrangement, and narrowness
of the blades (Doyle et al., 2009). It has also been shown that exposure to heavy
rainfall decreases the efficacy of bifenthrin, with Ae. aegypti reappearing in as little as

one week post rain event (Allan et al., 2009).

A 2015 study conducted in Greenville, NC evaluated many aspects of bifenthrin
barrier sprays, including its ability to deter host-seeking mosquitoes, residual on foliage,
pesticide resistance (VanDusen et al., 2015). Mosquito Authority professionals used
backpack mist sprayers to apply Bifen I/T (7.9% bifenthrin) every 21 days at five
treatment properties. Mosquito counts were compared between the five bifenthrin-
treated properties and five similar control (no present or history of insecticide use)

properties. The same study showed that 29.9% of mosquitoes were caught in treatment
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yards while 70.1% of mosquitoes were collected in control properties. Total mosquitoes
were reduced by an average of 54.0% on bifenthrin-treated properties compared to
control (no insecticide) properties (VanDusen et al., 2015). Key genera (Aedes spp.
[68.9%], Psorophora spp. [62.7%], and Culex spp. [31.6%]) demonstrated varying
degrees of mosquito reduction in treatment properties compared to control properties.
Aedes, Culex, Psorphora, and Coquillettidia spp. demonstrated significant (P < 0.05)
reduction at treatment sites, while Uranotaenia, Anopheles, and Culiseta spp. showed
no significant reduction (VanDusen et al., 2015). It was reported that these differences
may be due to variability in foliage resting and activity patterns, efficacy/attractiveness
of baited traps, as well as other variables that differ between mosquito species
(VanDusen et al., 2015). The residual pesticide on foliage did not demonstrate a
thorough model of the environmental persistence of bifenthrin. Leaf bifenthrin residue
was not correlated with total mosquito collections on treatment properties (VanDusen et
al., 2015). It was reported that no correlation was found due to a small sample size,
pesticide application procedure, various environmental exposures, and variability in the
types of foliage studied (VanDusen et al., 2015). CDC bottle bioassays were utilized to
test bifenthrin resistance (diagnostic dose: 8.5 — 12.6 ng uL™", diagnostic time: 30 — 60
min.) amongst field-collected and laboratory-colonized Ae. albopictus. The mortality
rate of both groups of Ae. albopictus consistently exceeded an average of 80% which

suggested no bifenthrin resistance by this species (VanDusen et al., 2015).

In 2007, Trout et al. tested the efficacy of bifenthrin as a barrier treatment against
mosquitoes in Lexington, Kentucky (Trout et al., 2007). In this study, a pest

management professional applied bifenthrin using a backpack mist blower (model SR-
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420, Stihl Corporation) to residential vegetation between ~0.3 and three meters in
height. The same study showed that other mosquito dwelling areas (e.g. under raised
porches) were treated as well and residential structures were not treated directly.
Bifenthrin was applied at its maximum label concentration (0.08%) and its efficacy was
tested at reducing adult mosquito populations (Trout et al., 2007). Applications were
made when the weather forecast was clear, dry, and there was little to no wind. The
results illustrated that bifenthrin significantly reduced Aedes (Ae. albopictus and Ae.
vexans) mosquitoes over the span of one month, but Culex (Cx. erraticus Dyer and
Knab, Cx. pipiens, and Cx. restuans Theobald) species were not significantly reduced
(Trout et al., 2007). No reduction in Culex spp. mosquitoes may be attributed to the
traps being placed lower to the ground when these species tend to be higher in the tree
canopy (Trout et al., 2007). The same study showed that bifenthrin began to lose its
efficacy at four to six weeks post treatment for Aedes spp. mosquitoes. Bifenthrin is
fairly photostable so it is likely that loss in efficacy is attributable to effects associated

with rainfall (Allan et al., 2009).

An experiment compared the efficacy of a bifenthrin administered via barrier
spray or ULV application at controlling floodwater mosquitoes (primarily Ae. atlanticus
Dyer and Knab, Ae. infirmatus Dyer and Knab, and Ps. columbiae) (Qualls et al., 2012).
The same study reported that the barrier spray treatment reduced mosquito populations
(primarily An.crucians Wiedemann and Ae. atlanticus) by 84%, and ground ULV
applications reduced populations by 52%. The barrier spray application was more
effective at suppressing mosquito populations and more cost-effective, saving

approximately $2,700, compared to the ULV application (Qualls et al., 2012).
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Suspend® Polyzone®

Suspend Polyzone features a proprietary polymer layer that protects the active
ingredient (deltamethrin) from weather, irrigation, and mechanical abrasion (Bayer,
2016a). Suspend Polyzone was approved by the EPA in 2011, nearly 35 years after its
active ingredient first entered the marketplace (National Pesticide Information Retrieval

System [NPIRS], 2016; NPIC, 2016g).

Deltamethrin is a Type-Il pyrethroid that is sold worldwide for agricultural, public
health, and livestock applications (Extoxnet, 2016b). Deltamethrin is a colorless or
slightly beige powder that has no odor (Becker et al., 2016). It is referred to as the most
powerful of the synthetic pyrethroids, in some cases being three orders of magnitude
stronger than other pyrethroids (Extoxnet, 2016b). It is also extremely stable to
conditions with ample air and sunlight, not degrading, even after two years at 40°C
(Becker et al., 2014). After 14 days at 54°C, approximately 15% of deltamethrin will be
lost. Above 80°C, nearly 100% of deltamethrin will be lost to apparent volatization
(Food and Agriculture Organization of the United Nations [FAQO], 2016). However, most

practical applications of deltamethrin are not made above 40°C.

Suspend Polyzone is advertised as being efficacious for up to 90 days due to its
polymer layer (Bayer, 2016a). A similar product called Deltamethrin 62.5 SC-PE
received recommendation by the World Health Organization Pesticide Evaluation
Scheme (WHOPES) in 2013 (Bayer, 2016b). It is still in operational evaluation in
Mozambique, with other countries beginning evaluation this year (Bayer, 2016b). This

insecticide also utilizes deltamethrin embedded in a polymer layer (WHO, 2013). In
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preliminary field trials, cone bioassays were conducted on a colony of An. dirus Peyton
and Harrison. These assays demonstrated that deltamethrin 62.5 SC-PE was present
up to three months in exposed mosquitoes, when applied to brick walls in Vietham

(WHO, 2013).

A similar trial in Mexico showed that Deltamethrin 62.5 SC-PE was effective up to
seven months post treatment against anopheline (An.albinanus Wiedemann and An.
Vestitipennis Dyer and Knab) mosquitoes when applied to wood, brick, and cement
walls (WHO, 2013). These extended residual times were due to the addition of the
specific polymer (Polyzone) layer (WHO, 2013). However, these trials were for indoor
residual application. Outdoor weather-exposed trials of the Polyzone technology
demonstrated that Deltamethrin SC-PE had a 100% mortality rate 84 days post
treatment and a 60% mortality rate after 99 days (which featured 177 liter/m2 of rain
from naturally occurring weather conditions) of Blattella germanica Linnaeus (Kijlstra et
al., 2014). This longer residual time for both interior and exterior applications decreases
the frequency of reapplication, thus lowering the chemical output to the environment

(Kijlstra et al., 2014).

Another study examined Ae. aegypti behavior when exposed to deltamethrin
(Kongmee et al., 2004). Nine colonies (six field, three lab-reared) of Ae. aegypti were
exposed to 0.02 g/m? deltamethrin-treated papers to assess their susceptibility to the
pyrethroid. Results demonstrated a clear avoidance behavioral response to
deltamethrin by all populations (Kongmee et al., 2004). Most tests showed that Ae.
aegypti departed the treated surfaces and enclosures before attaining a lethal dose of

deltamethrin. The lab-reared populations (some maintained 20 years) of Ae. aegypti
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demonstrated a lesser escape response than the field-collected colonies. The
researchers suggest that this response is likely due the laboratory strains losing their
natural behavioral avoidance response to deltamethrin (Kongmee et al., 2004).
Kongmee et al. propose that contact irritancy is a key behavioral response of Ae.
aegypti when exposed to deltamethrin. They suggest that rapid flight escape from
deltamethrin-treated areas, by space sprayers or residual pyrethroid, may impact the
effectiveness of mosquito control and in turn arbovirus transmission reduction efforts

(Kongmee et al., 2004).

Insecticide Resistance

Mosquitoes may develop physiological resistance to pyrethroids, including
bifenthrin and deltamethrin (Thanispong et al., 2015; Kumar et al., 2002). A laboratory
study showed that lab reared Ae. albopictus mosquitoes exhibited complete
susceptibility to bifenthrin (0.57%) and deltamethrin (0.026%). Exposure procedures
consisted of placing mosquitoes in one of four plastic treatment tubes. These tubes
were connected to a second, identical tube containing insecticide-treated papers. Field
collected Ae. albopictus from three provinces in Thailand were exposed to deltamethrin,
bifenthrin, cypermethrin, a-cypermethrin, and permethrin. Final mortality between 98%
and 100% was classified fully susceptible. Species were considered resistant if
mortality levels were below 90% of the total test population (minimum of 100
mosquitoes) (Thanispong et al., 2015). Mosquitoes were also considered resistant if at
least three consecutive tests (minimum of 100 mosquitoes) yielded mortality rates as
low as 90% (Thanispong et al., 2015). Aedes albopictus from the Pong Num Ron
province demonstrated resistance to all five pyrethroids used (Thanispong et al., 2015).
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Aedes albopictus from the Rayong province proved to be susceptible to bifenthrin,
cypermethrin, and a-cypermethrin (Thanispong et al., 2015). Mosquitoes from the Koh
Chang province were only susceptible to deltamethrin and permethrin (Thanispong et
al., 2015). Itis hypothesized that this difference in resistance between mosquito
populations is due to geographic variation. Mosquitoes from the Pong Num Ron
province likely had high pyrethroid resistance because they were collected from a fruit
orchard where agrochemicals are commonly used to control pests (Thanispong et al.,

2015).

The genomes have been mapped for Ae. aegypti, An. gambiae Giles, and Cx.
quinquefasciatus, increasing our understanding of the physiological changes associated
with pesticide resistance in mosquitoes (Li et al., 2016). In insecticide-resistant Cx.
pipiens/quinquefasciatus, esterase is an enzyme expressed in the midgut, dermis,
malpighian tubules, salivary glands and other tissues (Li et al., 2016). Thousands of

different mosquito genes may play a role in insecticide resistance (Li et al., 2016).

Pyrethroid resistance is rooted in the various pathways involved in the
insecticidal detoxification of Type-l and Type-Il pyrethroids. Type-I pyrethroids are
typically metabolized by esterases (Schleier Il et al., 2011). Elevated levels of
carboxyl/choline esterases and glutathione S-transferases have both been involved in
insecticidal resistance (Nkya et al., 2012). Type-Il pyrethroids are predominately
detoxififed by cytochrome P450s (Schleier Il et al., 2011). Increased levels of
cytochrome P450 monooxygenases have been associated with insecticidal resistance
to pyrethroids (Nkya et al., 2012). These different metabolic pathways may result in

Target-site mutations or enhanced insecticide detoxification. These are important
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distinctions to make because there is no all-encompassing “insecticidal resistance.
Different insecticides (in this case, Type-I or Type-ll pyrethroids) can elicit different
responses/resistance through cuticle thickening or various other methods (Nkya et al.,

2012).

Mosquito Control Programs

A study was conducted in 2014 to establish an understanding of NC Mosquito
Control Programs (DelRosario et al., 2014). Mosquito control programs (MCPs) are
often established at the federal, state, and local levels (DelRosario et al., 2014). The
most effective MCPs have a reliable source of funding that support long-term vector
surveillance and the man-hours associated with such an endeavor (DelRosario et al.,
2014). These programs are typically facilitated by various government agencies, which
can be supplemented by private mosquito control companies and individual efforts, e.g.
tip and toss. In the 1970s, the NC Department of Environment and Natural Resources
formed the Public Health Pest Management (PHPM) division, which was responsible for
training and support of local mosquito control programs across the state (DelRosario et
al., 2014). Unfortunately, in July 2011, the NC PHPM was disbanded due state budget
cuts. The disbanding of the NC PHPM saw the loss of medical entomologists who were
used to support local MCPs. The same study showed that a majority of the survey
respondents felt that the loss of the PHPM division would have negative consequences
on their MCP which would likely lead to an increase in mosquito-borne diseases. This
study revealed that there are 86 MCPs in NC that cover approximately 48% of the
states population (DelRosario et al., 2014). A majority (83%) of the MCPs are

established in the coastal plains, which is likely due to the need for management and
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control of salt-marsh mosquitoes in seasonal tourist areas (DelRosario et al., 2014).
Across the 86 MCPs in NC, the most commonly used adulticides were pyrethroid based
(86%) and the most common larvicidal control methods were IGRs (26%), MMFs (26%),
and Bti (35%) (DelRosario et al., 2014). A similar survey was conducted by the
Association of State and Territorial Health Officials (ASTHO) and they concluded that
74% of respondents report they do not have sufficient number of public health workers
to effectively staff their vector control units (ASTHO, 2016). More specifically, 66% or
respondents said they lack the capacity for field-based surveillance and control teams

(ASTHO, 2016).

A study conducted in Santiago, Cuba evaluated the incremental cost on top of
intensive conventional routine activities of the Aedes control program (ACP) (Baly et al.,
2016). Aedes control program workers sprayed K-Othrine 25 WG (active ingredient
[a.i.]: deltamethrin) at 25 mg a.i. per square meter. A total of 21 clusters were sprayed
with each cluster averaging four house blocks (5,180 total lots, 20,720 inhabitants).
Spraying occurred on five occasions at approximately four-month intervals from April
2011 to October 2012 (Baly et al., 2016). The same study showed that professionals
used X-Pert Hudson compression sprayers as recommended by the WHO with an 8002
nozzle. Spraying took place both inside and outside of the properties in locations where
Ae. aegypti may oviposit (Baly et al., 2016). The application of residual deltamethrin
was in addition to currently established measures by the ACP, including vector
surveillance, source reduction, larviciding, selective adulticiding, public health
education, and enforcing mosquito control legislation through fines (Baly et al., 2016).

Researchers in the same study reported annual costs of $19.66 for routine ACP

27



services and an additional $3.06 for three successive residual insecticide treatment
(RIT) applications. A majority of these expenses for RIT applications were insecticide
and labor costs. These per-household costs are high compared to other settings that
are as low as $0.60 in Cambodia (Baly et al., 2016). However, costs are very
dependent on salaries and supplies associated with chemical control (Baly et al., 2016).
The researchers reported that the cost of RIT for Aedes will remain high unless
pesticides become cheaper, or the number of applications was limited to peak seasons,

or dengue transmission “hot spots” are targeted (Baly et al., 2016).

Research conducted in Guantanamo, Cuba assessed the economic cost of
routine Ae. aegypti control in an at-risk environment (Baly et al., 2012). This study
showed a variability depending on dengue transmission was present during the study
month. The total economic cost per inhabitant per month was 2.76 U.S. Dollars (USD)
in months that lacked dengue transmission and spiked to an average of 6.05 USD in
months that had an outbreak (Baly et al., 2012). These spikes were in response to
healthcare system costs and the value of personal and volunteer time and productivity
loss (Baly et al., 2012). It has been suggested that counties in NC that have historical
data on mosquito control efforts and costs (such as the study in Guantanamo) can
justify their existence and need for funding when legislators look to further reduce

budgets (DelRosario et al., 2014).

Public funding is an option to facilitate needs of MCPs. In NC, the per-person
cost of MCPs ranges from $0.02 to as much as $68.07 per person per year (DelRosario
et al., 2014). A study in Wisconsin implied that residents were willing to pay upwards of
$100 per person per year to suppress nuisance mosquitos by at least 90% relative to
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current levels (Dickinson et al., 2012). Interestingly, homeowners surveyed were more
inclined to pay for mosquito control due to the “nuisance factor” than the “disease factor”
of mosquitoes (Dickinson et al., 2012). Researchers found that one of the biggest
antagonist to supporting mosquito control programs were the effects on local ecology
and food chains and how “environmentally safe” it is to use these pesticides (Dickinson

etal., 2012).

There are many private companies that fill the gap left by underfunded state
vector control programs. These private companies are certified with a public health
pesticide operator license and may be hired by homeowners for mosquito control
solutions (VanDusen et al., 2015). The Mosquito Authority is a pest control company
specializing in various mosquito control services including scheduled barrier sprays,
installation of misting systems, and special event spraying. They conduct four stages of
control: (1) mosquito identification, (2) habitat removal, (3) larval control, and (4) adult
control (Mosquito Authority). The Mosquito Authority (incorporated in 2011) is based
out of Hickory, NC and offers franchise opportunities for those who are interested
(Mosquito Authority, 2016). They have over 325 franchises across 33 states (Mosquito
Authority). Pricing on their services vary on independent homeowners locations and

needs.
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CHAPTER llI: Evaluation of Bifenthrin and Deltamethrin Barrier Sprays for Mosquito

Control in Eastern North Carolina

*Note: This chapter is formatted as a complete manuscript and will be submitted to the

peer-reviewed journal Pest Management Science.

Introduction

Nuisance mosquitoes and the increasing threat of arbovirus transmission in the
United States [US] (e.g. La Crosse virus, West Nile virus, dengue virus, chikungunya
virus, Zika virus) makes mosquito control an essential aspect of public health protection.
With the decline of county, municipal, and state-funded mosquito control programs (Del
Rosario et al., 2014), homeowners may hire private mosquito control companies who
apply barrier (or other) insecticide treatments to address mosquito-related issues
(VanDusen et al., 2015). Consequently, private mosquito control programs (e.g. The
Mosquito Authority, Mosquito Squad, etc.) are filling the gap left by underfunded
government programs. Limited field studies have shown differences in effectiveness of
barrier sprays against some mosquito species (e.g. Trout et al., 2007; Hurst et al., 2012;
VanDusen et al., 2015) and further studies are needed to evaluate the effectiveness of
barrier sprays.

Barrier sprays treat surfaces where mosquitoes are sugar feeding (e.g
vegetation) or known to rest (e.g. vegetation or manmade structures such as fences)
(Fulcher et al., 2015). Insecticides used in barrier sprays can be applied with either
backpack sprayer (Amoo et al., 2008; VanDusen et al., 2015) or truck-mounted mist
sprayer (Fulcher et al., 2015). Bifenthrin is an active ingredient commonly used for

outdoor barrier sprays of peridomestic vegetation and structures in the US (VanDusen



et al., 2015). Deltamethrin is another active ingredient used for barrier sprays in the US
and is also frequently used in African countries for indoor and outdoor residual sprays to
combat malaria vectors [e.g. deltamethrin (K-othrine®) has been shown to control
Anopheles culicifacies Giles for up to 12 weeks] (Ansari et al., 1997).
Suspend®Polyzone® (EPA registration 432-1514) containing the active ingredient
deltamethrin was first registered in 2011.

The objectives of this study carried out in two suburban neighborhoods in eastern
North Carolina (NC) were to: 1) compare the effectiveness of barrier sprays using
Suspend® Polyzone® (deltamethrin) and Bifen Insecticide/Termiticide (bifenthrin) for
controlling mosquitoes, and 2) assess the extent to which suppression of mosquito

abundance differs between study sites and mosquito species over time.

Materials and Methods

Recruitment of participants. Three neighborhoods in Pitt County, NC were
targeted for recruitment based on frequency of homeowner calls to Pitt County
Environmental Health — Vector Control Manager (J. Gardner, personal communication)
about mosquito-related issues. Participants were recruited by door-to-door inquiry. If
homeowners were home, investigators provided verbal and written information on the
study. If homeowners were not home at the time of the visit, a handout was left at the
front door, along with contact information for the investigator and The Mosquito
Authority. If homeowners agreed that their property could be used in the study, a
consent form was signed by the homeowner granting investigators permission to enter
the yard once a week to set and retrieve mosquito traps. Participants were provided the

barrier spray service free of charge for the duration of the study. Participants were
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blinded to which type of barrier spray treatment was applied on their property. Interest
was expressed from residents of two neighborhoods (Cedar Ridge: 12 residences;
Magnolia Ridge: 16 residences); however, due to low interest in the third neighborhood,
that area was not included in the current study (Figure 1).

Study area. The study was conducted in two suburban neighborhoods in Pitt
County in eastern NC. The Mosquito Authority of Eastern NC, a franchisee of the
national franchise The Mosquito Authority used Suspend Polyzone [deltamethrin] or
Bifen Insecticide/Termiticide [bifenthrin] to treat foliage on properties participating in the
study. The grounds of properties were treated every 21 days using a backpack mist
blower and participants were given the option to call The Mosquito Authority for
retreatment, if necessary. The respective labeled application rates for formulations
containing bifenthrin and deltamethrin were 3.8 L per 92 m? (0.304 kg active ingredient
per 92 m?) and 0.022 L per 92 m? (0.0011 kg active ingredient per 92 m?). The study
design included treating clusters of properties (goal was 4,000 - 8,000 m? clusters),
rather than individual lots, with insecticides; however, low participation in one of the
study neighborhoods (Cedar Ridge) resulted in single lots being sprayed in some cases
(Figure 1). Neither Pitt County nor the City of Winterville mosquito control operators
sprayed insecticides in the Cedar Ridge or Magnolia Ridge neighborhoods during the
study period (J. Gardner, personal communication).

Host-seeking mosquitoes. Host-seeking mosquitoes were sampled weekly
from May 18 - October 19, 2015 (23 weeks; 230 trap nights) from the Magnolia Ridge
neighborhood and June 1 — October 19, 2015 (21 weeks; 147 trap nights) for the Cedar

Ridge neighborhood. Centers for Disease Control and Prevention (CDC) light traps
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(BioQuip, Rancho Dominguez, California) hung 1.5 m above ground were used to
collect weekly samples of host-seeking mosquitoes. Traps (N = 17 total traps/week)
were baited with dry ice (1.4 kg) in a 1 L cooler as a CO; source. The Magnolia Ridge
neighborhood had eight traps on treatment and two traps on control properties. In the
Cedar Ridge neighborhood, five traps were set on treatment properties, while two
control traps were set on properties not receiving treatment. Traps were placed in the
field between 4:00 - 6:00 pm and retrieved the following morning between 8:00 — 9:00
am Mosquitoes were transported to the laboratory on ice, identified to species, and
counted using a dissecting microscope and dichotomous key (Slaff and Apperson
1989). Samples were tabulated by treatment, property, week, and species.
Oviposition intensity. Egg laying intensity of container ovipositing mosquitoes
Aedes albopictus Skuse and Ae. triseriatus Say was monitored weekly at the same 17
sites used for CDC traps by using a standard oviposition trap, i.e. black plastic cup
(500-mL) half-filled with water containing an oviposition substrate of seed germination
paper (2.5 x 7.0 cm) clipped inside and drainage holes drilled 4 cm from the lip. A
square (10 x 10 cm) of plastic mesh (1 cm mesh) was placed over the top of each
ovitrap to allow mosquitoes to enter, but prevent large animals from disturbing the cup.
The mesh covering the cup was anchored to the ground with wire stakes. At each trap
site, one ovitrap was placed continuously in a shaded area on the ground adjacent to or
underneath vegetation. The oviposition substrate was replaced weekly (when CDC
traps were set) for the duration of the study and, if needed, tap water was added to

ovicups. The oviposition substrates were transported back to the laboratory in separate
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Ziploc bags and eggs were identified to species, counted, and added to data sheets for
each treatment, property, week, and species.

Weather. Weekly averages for temperature and precipitation were retrieved and
tabulated from Weather Underground (Windsor station: KNCWINTE11
[WeatherUnderground, 2015]) (Figure 2). This weather station is approximately four

miles from the Cedar Ridge and seven miles from the Magnolia Ridge neighborhoods.

Data analyses. Statistical analyses were carried out using SAS (SAS Institute,
Cary, NC) and SPSS 22 (IBM SPSS Statistics, Chicago, IL), and significance was
evaluated at a level of P < 0.05. Kolmogorov - Smirnov tests were used to determine if
the numbers of mosquitoes collected in different neighborhoods, treatments, and weeks
were normally distributed (PROC UNIVARIATE). Analysis of variance (ANOVA) was
used for data generated from each neighborhood to determine the extent to which
abundance of eggs or adult mosquitoes differed between treatments and weeks.
Nonparametric correlations were used to determine if weather trends (temperature and
precipitation) influenced mosquito abundance. Interactions between weather variables
and their ability to predict mosquito abundance were calculated using multiple linear
regression analysis techniques. Weather trends were analyzed at zero, one, two, three,
and four-week lag periods in order to determine if prior weather events influenced

mosquito abundance.

Results
Participants. Across the two neighborhoods, 28 residences were recruited.
Houses were typical middle class family homes of eastern North Carolina, ranging in
apprasied value from approximately from $240,000 to $289,000. No participants
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requested any retreatments during the study period for either Bifen
Insecticide/Termiticide or Suspend®Polyzone®.

Host-seeking mosquitoes. A total of 2,070 adult mosquitoes from eight genera
and 24 species were collected in the current study in weekly CDC trap collections from
May 18 - October 19, 2015. For both Cedar and Magnolia Ridge neighborhoods, the
total number of mosquitoes collected was significantly highest in the traps collected on
June 15 (Figures 3-4). Mean numbers of mosquitoes (all species) per trap night for
Cedar Ridge and Magnolia Ridge are shown in Figures 5 and 6. Relative abundance of
key species is shown in Figure 7. The numbers of mosquitoes collected were not
normally distributed; hence, data were log transformed [log (x +1)] prior to analyses to
achieve approximate normality.

Cedar Ridge. Data generated from Cedar Ridge demonstrated that areas treated
with bifenthrin or deltamethrin had (mean + standard error) 2.5 £ 0.6 (range 0 - 19) and
5.5 £ 1.0 (0 - 50) mosquitoes/trap night, respectively, while control traps show 6.6 + 1.3
(0 - 32) mosquitoes/trap night (Figure 5). In the Cedar Ridge neighborhood, the total
numbers of mosquitoes (all species) per trap night was significantly higher in traps
located on control properties as compared to treatment (bifenthrin or deltamethrin)
properties (Figure 5).

Anopheles punctipennis Say was significantly more abundant during the weeks
of June 1, June 22, and June 29 in Cedar Ridge. Aedes vexans Meigen (highest in
week of October 12), Culex pipiens/quinquefasciatus Linnaeus/Say (highest in weeks of
June 15 and 29), and Ps. columbiae Dyar and Knab (highest in week of July 27) were

significantly more abundant in control versus treatment traps.
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Magnolia Ridge. The Magnolia Ridge neighborhood showed that properties
treated with bifenthrin or deltamethrin had (mean + standard error) 6.0 £ 0.8 (range O -
32) and 4.6 £ 0.6 (0 - 27) mosquitoes/trap night, respectively, while control traps
showed 8.0 £ 2.3 (0 - 98) mosquitoes/trap night (Figure 6). No significant differences
were observed in total numbers of mosquitoes between insecticide treatments in
Magnolia Ridge (Figure 6).

There was no significant difference between insecticide treatment groups in each
individual neighborhood or when looking at a combined aggregate of both
neighborhoods.

Anopheles punctipennis (most abundant during week of June 1) and Ps. ferox
Von Humboldt (most abundant during week of May 25) were significantly more
abundant on Magnolia Ridge properties treated with bifenthrin, compared to
deltamethrin or control properties. Culex pipiens/quinquefasciatus and Ps. columbiae
were significantly abundant during the week of October 21 but showed no significant
differences between treatments. Control properties showed significantly higher Ps.
columbiae counts than treatment properties. Aedes vexans was significantly more
abundant in control and bifenthrin properties (highest in weeks of October 12 and
October 19), compared to deltamethrin properties.

Aedes albopictus eggs. A total of 12,912 Ae. albopictus eggs were collected
during this study. Mean numbers of eggs collected, per week in Cedar Ridge, are
shown in Figure 8. Egg counts were significantly highest during week 12 in Cedar
Ridge. In the Cedar Ridge neighborhood, ovitraps in areas treated with bifenthrin or

deltamethrin had 32.5 + 6.1 and 37.2 £ 8.2 Ae. albopictus eggs/ovitrap, respectively,
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while control traps show 49.1 £ 11.8 eggs/ovitraps (Figure 9). No significant differences
in egg abundance were observed between insecticide treatments in the Cedar Ridge
neighborhood (Figure 9).

Mean number of eggs collected, per week in Magnolia Ridge, are shown in
Figure 10. Egg counts were significantly highest during week five in Magnolia Ridge. In
the Magnolia Ridge neighborhood, ovitraps in areas treated with bifenthrin or
deltamethrin had 20.5 + 3.1 and 34.9 + 4.6 eggs/ovitrap, respectively, while control
traps show 44.4 + 8.5 eggs/ovitraps (Figure 11). Ovitraps placed on control properties
showed significantly more eggs than ovitraps on treatment properties in Magnolia Ridge
(Figure 11). Since CDC carbon-dioxide baited light traps are not a good measure of Ae.
albopictus or Ae. triseriatus abundance, abundance of Ae. albopictus or Ae. triseriatus
adults in light traps was not compared to oviposition intensity.

Weather trends in relation to mosquito abundance. The correlation between
temperature and total mosquito abundance was significant (P < 0.05), across both
neighborhoods, at lag periods of three and four weeks. In both cases (three and four
week lags for temperature), cooler temperatures were an indicator of an increase in
total adult mosquito abundance at the time of collection. A three-week lag period on
temperature and total mosquito abundance resulted in a correlation coefficient of -
0.357. A four-week lag period on temperature and total mosquito abundance resulted in
a correlation coefficient of -0.466. These correlation coefficients indicate cooler
temperatures three and four weeks prior to the date of collection would lead to an

increase of mosquito abundance.
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Precipitation lagged two weeks was significantly (P < 0.05) related to total
mosquito abundance in both neighborhoods (r = 0.289). A two-week lag period for
precipitation was a significant indicator of an increase in total adult mosquito abundance
at the time of collection.

The interaction between precipitation and temperature did not correlate (P >
0.05) with total mosquito abundance. This was ubiquitous across all time lags for both
weather predictors (precipitation and temperature).

Discussion

Suspend® Polyzone® [deltamethrin] and Bifen Insecticide/Termiticide [bifenthrin]
treatments significantly reduced abundance of total adult mosquito populations, Ps.
columbiae adults, and Ae. albopictus eggs, compared to control lots where no
insecticides were applied. These effects varied between study neighborhoods and

weeks.

Aedes albopictus are known to lay one batch of eggs in more than one container
(Rozeboom et al., 1973; Chadee et al., 1990; Romero-Vivas and Falconar, 2005). It
was expected that oviposition intensity would be an indicator of adult female Ae.
albopictus abundance, with the understanding that CDC light traps are often poor
measures of their abundance. For both neighborhoods, significantly more Ae. albopictus
adults were collected during the week of June 15 (N = 20 adult Ae. albopictus)
compared to other weeks and the greatest numbers of eggs/ovitrap were observed on
ovistrips collected during the weeks of June 22 (N = 1,409 eggs) and June 29 (N =
1,134 eggs). Hence, the oviposition intensity was related to Ae. albopictus adult

abundance (time lagged one to two weeks) for this time period.
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For both Cedar Ridge and Magnolia Ridge, the total number of adult mosquitoes
(all species) collected (N = 354 total adults) was significantly highest in the traps
collected on June 15. There was a heavy rain event (3.3 cm) two weeks prior (week of
June 1-7) and average daily temperatures increased from 23°C (June 1) to 29°C (June
15). These environmental factors could have contributed to an increase in mosquito
abundance during the week of June 15 by increasing the availability of mosquito
oviposition sites in both neighborhoods and/or diluting the effects of barrier sprays that
were conducted on May 29 (Magnolia Ridge) and June 5 (Cedar Ridge). The week of
June 15 was also early in the study (week 5 of 23) when neighborhoods had only
experienced their first barrier treatment and it is possible the barrier sprays had not fully
impacted existing mosquito populations. There were also additional rainfall events that
may have impacted efficacy of barrier sprays, e.g. barrier spray treatment July 10
(Magnolia Ridge) and July 17 (Cedar Ridge) followed by 5.8 cm of rainfall the week of
July 20 — 26. Mosquito abundance increased significantly in traps located on bifenthrin-
treated, deltamethrin-treated, and control properties (a greater than two-fold increase in
deltamethrin and control traps) collected between July 20 and July 27. It is possible that
seasonality of different mosquito species, coupled with variation in rainfall,

temperatures, and dates of spray influenced mosquito abundance of collections.

Weather trends indicated significant correlations between
temperature/precipitation and adult mosquito abundance. Interestingly, cooler
temperatures were significantly correlated to higher total mosquito abundance three to

four weeks prior to mosquito collections. Less surprisingly, an increase in precipitation
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two weeks prior to mosquito collection was significantly correlated to greater total

mosquito abundance.

The polymer layer of Suspend® Polyzone® protects the active ingredient (in this
case, deltamethrin) from environmental exposure that is known to degrade the residual
effects of barrier sprays (Allan et al., 2009; Bayer 2015; VanDusen et al., 2015). The
Suspend® Polyzone® barrier spray product is indicated on the label to have up to 90 d
of residual effect; however, it is expected that environmental factors would shorten the
residual effect. Other studies have reported up to six weeks of effectiveness against Ae.
albopictus and Ae. aegypti when deltamethrin WG (water dispersible granule) was
applied to residences and foliage in Kuala Lumpur (Rozilawati et al., 2005).
Deltamethrin (K-othrine® WP 5%) resulted in > 70% mortality of Anopheles stephensi
Liston and exhibited varied residual effects on different surfaces, including plaster (four
months), mud (two months), cement (four and one half months), and wood (four
months); however, this was a laboratory study and no environmental challenges (e.g.
rainfall, temperature) were evaluated (Vatandoost et al., 2009). Suspend® suspension
concentrate (4.75% deltamethrin) applied to vegetation in a laboratory study showed
80% reduction in Ae. albopictus and Cx. quinquefasciatus for the first four weeks and
this was reduced to < 50% control after the four week period (Cilek and Hallmon, 2006).
The same study noted that, although leaf assays provided > 95% knockdown over the
course of the study, new plant growth (with no insecticide residue) likely contributed to
the decline in mosquito mortality over time. Some mosquitoes may have rested on new
leaves, hence not coming into contact with the active ingredient. Bifenthrin

(TalstarOne®) applied to vegetation and challenged by sunlight and simulated rainfall
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showed reduced mosquito control effectiveness (Ae. aegypti L. laboratory colony) for
one to four weeks after application. These effects varied by application type (backpack
mist blower or electrostatic sprayer) (Allen et al., 2009). Bifenthrin (TalstarOne®)
applied to azalea leaves (plants purchased and placed in controlled field conditions)
achieved > 77% mortality for an Ae. albopictus laboratory colony for up to 35 days

(Doyle et al., 2009).

This study tested Suspend® Polyzone® in comparison to Bifen
Insecticide/Termiticide applied every 21 d for 23 weeks. Treatments generally
suppressed adult mosquito populations significantly better than control lots where no
insecticides were applied. Bifenthrin and deltamethrin showed some differences from
each other in efficacy, depending on mosquito species and neighborhood, i.e. Ae.
vexans, An. punctipennis, and Ps. ferox abundance was higher in traps placed on

bifenthrin properties, compared to deltamethrin and control properties.

This study excelled in its efforts to explore a relatively understudied pesticide and
subject it to large-scale, residential testing. It can serve as a baseline for similar studies
in the future that evaluate these same or different insecticides. In future studies,
placement of the CDC light-trap should be taken into consideration. Locations in this
study may have impacted the number mosquitoes collected. It may be beneficial and
result in a truer representation of mosquito abundance in human dwelling areas, if traps

are set closer to houses, as opposed to near the border of the property.

Future studies may benefit by comparing efficacy between insecticides that have

been normalized to the amount of active ingredient utilized in treatment areas. By
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controlling the amount of active ingredient applied to treatment lots, researchers could
successfully quantify the amount of mosquitoes suppressed per kilogram of active
ingredient. This would allow for further studies that evaluate the environmental
sustainability and environmental impacts of these pyrethroids while still allowing for

successful mosquito abatement.

Future studies could test the efficacy of Bifen Insecticide/Termiticide and
Suspend® Polyzone® at different application frequencies and/or in conjunction with
real-time or post-hoc monitoring of weather and/or mosquito abundance. It would also
be useful to conduct a cost-effectiveness analysis of labor and product costs (related to
application frequency and mosquito control efficacy) for different products used in
barrier sprays. When coupled with regular mosquito surveillance and integrated pest
management principles, barrier sprays can be an effective tool for suppressing

mosquito populations.
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CHAPTER IV: CONCLUSION

The goal of this study was to compare the effectiveness of Suspend® Polyzone®
(bifenthrin) and Bifen Insecticide/Termiticide (deltamethrin) for controlling mosquitoes in
a suburban environment in eastern North Carolina. Specifically, the goal was to assess
the extent to which temporal abundance of mosquitoes differed between areas treated
with these different insecticides. These pyrethroid insecticides play an important role in
the control of vector borne diseases such as West Nile virus, chikungunya virus, dengue
fever, and Zika virus. Reduction in adult mosquito abundance varied across the two
study neighborhoods, yielding interesting results. Mosquito abundance in Cedar Ridge
was significantly higher (P < 0.05) in areas receiving no treatment (control) as compared
to areas treated with bifenthrin and deltamethrin (bifenthrin: 2.5 £ 0.6 mosquitoes/trap
night, deltamethrin: 5.5 + 1.0 mosquitoes/trap night, control: 6.6 + 1.3 mosquitoes/trap
night). This significant trend of reduction was not demonstrated in Magnolia Ridge or in
a combined aggregate included both neighborhoods; however, a noticeable trend of

mosquito abatement was observed in the treatment groups.

Ae. albopictus eggs were tabulated weekly in order to determine the efficacy of
the pyrethroids at controlling this species. Interestingly, a significant reduction of Ae.
albopictus eggs was observed in samples collected from Magnolia Ridge on properties
that receive insecticidal treatment (bifenthrin: 20.5 + 3.1 eggs/ovitrap, deltamethrin: 34.9
* 4.6 eggs/ovitrap, control: 44.4 £ 8.5 eggs/ovitraps). Again, this statistically significant
reduction was not demonstrated in Cedar Ridge or in a combined aggregate of both
neighborhoods. Further studies should investigate the efficacy of these insecticides in

varying conditions (e.g. higher/lower temperatures, higher/lower precipitation amounts,



different mosquito species, etc.).

Study results indicate that these two pyrethroids did not significantly reduce
mosquito populations in various suburban environments in eastern North Carolina. This
could be due to a number of factors including a relatively dry summer and/or perhaps
mosquito insecticidal resistance. Further studies should be conducted to establish how
different species of mosquitoes demonstrate resistance to various pesticides, including
bifenthrin and deltamethrin. Insecticide resistance will be an interesting challenge in

attempting to control vector borne diseases.

The research completed during this study sought to bridge the knowledge gap
regarding a few pyrethroids at controlling mosquito populations. Utilizing researched
methodologies, quantifiable results, and generating thought-provoking results, this study
serves to open more doors in the field of pesticide research and the ability to control
vector borne diseases. Undoubtedly, the most important step in controlling mosquitoes
and the various diseases they may vector is through community education. It is crucial
to teach the public effective measures, such as the tip-and-toss technique, they can use
to do their part in mosquito control. This is the single most effective method of
controlling mosquitoes in reducing egg-laying habitats, and insecticides may only
complement this practice. ldeally, mosquito management strategies will utilize the
results of this study, along with continued community education, to bolster mosquito

control efforts.
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APPENDIX A: FIGURES
Figure 1. Cedar Ridge (A) and Magnolia Ridge (B) parcel maps. Lots treated with
deltamethrin in light gray, bifenthrin in dark gray. CDC CO.-baited light traps placed at

approximate location of dots.
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Figure 2. Weather trends for Winterville, NC. Average temperature for a week with solid

line, total rainfall for a week in with dotted line. Windsor weather station used

(KNCWINTE11 — WeatherUnderground).
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Mean Number of Mosquitoes/Trap-Night
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Figure 3. Cedar Ridge neighborhood weekly mean number of mosquitoes collected per

trap night. Shown with standard error bars. Black arrows represent dates of barrier

spray applications.
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Mean Number of Mosquitoes/Trap-Night

Figure 4. Magnolia Ridge neighborhood weekly mean number of mosquitoes collected

per trap night. Shown with standard error bars. Black arrows represent dates of barrier

spray applications.
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Mean Number of Mosquitoes per

Trap-Night

10

Figure 5. Mean numbers of mosquitoes (all species) per trap night for the Cedar Ridge

neighborhood. Shown with standard error bars. Asterisk indicates significant difference

from both treatment groups. (P < 0.05).
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Mean Number of Mosquitoes per

Trap-Night

Figure 6. Mean numbers of mosquitoes (all species) per trap night for the Magnolia
Ridge neighborhood. Shown with standard error bars. No significant differences

between treatments.

10

Deltamethrin Bifenthrin Control
Treatment

62



Mean number of Mosquties/Trap-night
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Figure 7. Relative abundance of key species in both Cedar Ridge and Magnolia Ridge
neighborhoods. Asterisk indicates significant difference (P < 0.05) of control properties

from properties of both treatments for noted species.
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Mean Number of Eggs/Trap-Week

Figure 8. Mean number of Aedes albopictus eggs collected per trap week in the Cedar
Ridge neighborhood. Shown with error bars. Black arrows represent dates of barrier

spray applications.
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Mean Number of Eggs/Trap-Week
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Figure 9. Mean numbers of Ae. albopictus eggs per trap week for the Cedar Ridge
neighborhood. Shown with standard error bars. No significant differences between

treatments.
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Mean number of Eggs/Trap-Week

Figure 10. Mean number of Aedes albopictus eggs collected per trap week in the
Magnolia Ridge neighborhood. Shown with error bars. Black arrows represent date of

treatment application.
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Figure 11. Mean numbers of Ae. albopictus eggs per trap week for the Magnolia Ridge

neighborhood. Shown with standard error bars. Shown with standard error bars.

Asterisk indicates significant difference from both treatment groups. (P < 0.05).
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