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Mosquitoes are vectors of human disease such as malaria and it is important to
control mosquito populations at breeding sites such as standing water. Many
pesticides including novaluron, a benzoylphenyl urea, are effective at
controlling mosquitoes; however, reapplication may be required to provide
continued control. A slow-release, wax-based formulation of novaluron was
developed to regulate the release of novaluron in standing water to prolong
mosquito control. Under laboratory conditions, concentrations of novaluron
from this formulation along with another formulation were quantified in water
with different chemical and/or physical properties for 6 months. The study
determined that the formulations released novaluron consistently regardless of
water condition. Subsequently, the wax-based formulation was added to aquatic
mesocosms to measure efficacy over four months against target (mosquito
larvae) and non-target (zooplankton) species under natural conditions.
Emergence of adult Aedes aegypti was inhibited for 121 days; though
zooplankton populations were reduced.
.
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1.1

GENERAL OVERVIEW AND RESEARCH OBJECTIVES

Introduction
In 2007 Tumaini Inc. (Guelph, Ontario, Canada), a business that provides mosquito
control, was alerted to research asserting the efficacy of a registered insecticide
novaluron on mosquito larvae. The World Health Organization’s Pesticides Evaluation
Scheme (WHOPES) had recently recommended the use of novaluron as a mosquito
larvicide in temporary mosquito habitats, polluted waters and non-drinking water-storage
containers (WHO 2005) then subsequently for use in containers storing potable water
(WHO 2008) as part of dengue fever eradication efforts. Prior to this evaluation
novaluron was registered in Canada and the US for control of Colorado potato beetle,
European corn borer, codling moth and oriental fruit moth in fruit, vegetable and
ornamental flower crops. Despite a promising toxicological profile to non-target
organisms novaluron had limited use in North America. A formulation of novaluron,
which consisted of a 10% solution of novaluron suspended in mineral oil and hence
called EC10, was the predominant product applied for insect control. This formulation
was effective at maintaining novaluron in suspension but had some drawbacks when used
for application to water, including the propensity to remain on the surface of the water
where it was applied. Tumaini Inc. identified a possible niche that could be filled if a new
product could be developed that was at least as effective as the EC10 formulation in
controlling insects but behaved differently in water, by dispersing more evenly
throughout the water column, limiting the bioavailable concentration of novaluron over
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time to further improve its toxicological profile in an aqueous environment and extend
the duration of efficacy of a single application. To appeal to markets with endemic
mosquito vectored diseases but without abundant specialized application equipment, like
parts of Africa and South America this formulation also required great ease of
application. Tumaini approached Makhteshim Agan of North America (MANA),
novaluron’s manufacturer and commenced a partnership designed to be mutually
beneficial. MANA would contribute resources to Tumaini Inc. until a new novel
formulation was developed thereby increasing the application of novaluron as an insect
control in an aquatic environment (i.e. mosquito larvae). Tumaini Inc., developed a
number of prototype formulations but eventually had the best success in mosquito
bioassays when using a wax-based formulation (Dupree, 2012). Tumaini Inc. designed
their wax-based formulation in two different sizes, one for large bodies of water and one
for smaller bodies of water (Table 1). MANA also developed its own controlled release
formulation of novaluron (Table 1). Together both companies applied for registration of
the three formulations in Canada (Pest Management Regulatory Agency) and the US
(Environmental Protection Agency). Both agencies agreed that the three formulations had
promise but required additional data before registration could proceed. Tumaini Inc. and
MANA were required to provide evidence of efficacy and data on how various physical
and chemical parameters of water affected the release of novaluron from the
formulation(s).

MANA and Tumaini Inc. contacted Dr. J. Christopher Hall and together they supported
an NSERC collaborative research and development grant proposal to address the
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characterization of the release of novaluron from the three formulations when water was
adjusted with various parameters. The following thesis was a result of this collaboration.
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Table 1 - Summary of novaluron formulations used in the following studies

Common Name
Chemical Name

Novaluron
N-[[[3-chloro-4-[1,1,2-trifluoro-2(trifluoromethoxy)ethoxy]phenyl]amino]carbonyl]-2,6-difluorobenzamide

Chemical Structure

CAS#
Formulation Name
Formulation Type

116714-46-6
Pastille
Slow Release
Active ingredient
incorporated into a mixture
of hydrophobic and
hydrophilic waxes

Granule
Slow Release
Active ingredient
bound to the
surface of a solid
carrier molecule

SP-0605-1-09

35837

Tumaini Inc.

Tumaini Inc.

Makhteshim Agan
North America
(MANA)

December 31, 2010

December 31, 2010

December 30, 2010

20.00

0.25

0.0025/granule

Cylindrical

Hemispherical

Roughly spherical

70 mm long x 20 mm in
diameter

10mm in diameter

~1 mm in diameter

0.12

0.13

0.18

Yellow-brown
Yes, water causes the wax
to soften and disperse as a
fine powder

Yellow-brown
Yes, water causes the wax
to soften and disperse as a
fine powder

Dark Purple
No, formulation
remains visibly
unchanged in water

CRD
Slow Release
Active ingredient
Characteristics of
incorporated into a mixture
slow release method
of hydrophobic and
hydrophilic waxes
Lot# Used in the
C-0605-1-09
Study
Source of
Formulation
Expiration Date of
Novaluron Used in
the Formulations
Approximate Weight
(g)
Shape of
Formulation
Physical Dimensions
(mm)
% Active Ingredient
in Product by
Weight
Color
Formulation
Dispersal in Water?
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1.2

Research Objectives
Two major experiments took place to fulfill the objectives of the NSERC collaborative
research grant. Experiment 1 (covered in Chapter 3) conducted in a laboratory setting
between 2009 and 2010 characterized the release of novaluron from the formulations in
an aquatic matrix conditioned to have various physical and chemical parameters. The
parameters were chosen to best simulate the spectrum of environmental conditions that
these formulations might encounter when applied to water for mosquito control. Each
formulation was studied for 26 weeks during which time the concentration of novaluron
was quantified by high performance liquid chromatography using water samples obtained
on a bi-weekly schedule.

Experiment 2 (covered in Chapter 4 and 5) conducted 2011-2012 extended the
characterization of one of the wax-based formulations by monitoring the concentration of
novaluron released under semi-natural field conditions using mesocosms. The study then
evaluated the formulation’s effect on target (mosquitoes) and non-target (zooplankton)
organisms.

These two experiments were included as supplemental data in registration submission
packages to government organizations in Canada and the United States to help achieve a
registration decision and determine the use profiles for the studied formulations.
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2

LITERATURE REVIEW
Mosquitoes are vectors for a number of diseases worldwide; many of these diseases
affect humans. West Nile Virus, and malaria, dengue and yellow fevers all infect humans
when mosquitoes take a blood meal. Because of the ubiquity of mosquitoes as vectors,
they have been called “the world’s most dangerous species” (Sifferlin, 2012). In 2010
diseases vectored by mosquitoes infected and killed 730 million and 713,000 people
respectively (see Table 13 for calculation). Controlling disease vectors such as
mosquitoes is one of the fundamental tenants of preventative medicine and is a priority
for many public health organizations around the world (WHO 2012).

2.1

Mosquitos as Vectors for Disease
About 3,000 species of mosquito have been identified (the culicidae family) but only
several of these are of concern as disease vectors (Gillot et al., 2005). Due to the nature of
mosquitoes (they obtain blood meals from multiple hosts they are able to acquire
pathogens and parasites from one vertebrate host and pass them to another. An efficient
vector species requires that an appropriately long life stage takes place in proximity to
disease hosts and that their longevity is sufficient to enable the pathogens/parasites to
proliferate and/or develop to the infective stage within the vector before being
transmitted. Other factors are also important when investigating the competence of a
mosquito disease vector: 1) the time of day when a mosquito takes a blood meal 2) the
habitat where mosquitoes breed, develop and live (how close these habitats might be to
populations of concern i.e. humans) 3) the mobility of a species and willingness to
immigrate to new areas 4) the tenacity by which mosquitoes pursue a blood meal 5) the
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diet of the mosquito (some mosquitoes preferentially dislike feeding on humans) 6) the
immune system of the mosquito (whether a pathogen is still viable after transportation in
a blood meal) 7) the longevity of the mosquito species as a biting adult 8) the fecundity
of the mosquito species and the relative number of individuals in the environment
(Becker et al., 2010; Johnson et al., 2002; WHO 2013d; Jupp and Kemp, 2002).
2.2

Diseases Vectored by Mosquitoes
A number of microorganisms are vectored by mosquitoes worldwide, Table 2
summarizes the diseases that have the greatest effect on human health.
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Table 2 - Summary of diseases vectored by mosquitoes
Impact on Human
Etiology and
Geographic
Disease
Disease Pathogenesis and Symptoms
Health
Transmission
Distribution
- caused by a protist of
- initial symptoms are headache,
- P. falciparum
Malaria
- 219 million cases of
the genus Plasmodium fatigue, abdominal pain followed by
malaria in 2010 with
predominates in
660,000 deaths (WHO - caused by five species
fever
Africa, New Guinea
2013)
of Plasmodium: P.
- subsequent symptoms include
and Haiti
- estimated disability
knowlesi, P.
severe muscle pain (myalgia), fever - P. vivax is common in
adjusted life years
falciparum, P. vivax, P.
(40°C) and headaches; nausea,
Central America
(DALYs) (a measure of
ovale, and P. malariae
vomiting, dizziness (ortostatic
- prevalence of P.
morbidity and mortality (Kantele and Jokiranta, hypotension) and irregular heart beat
falciparum and P.
lost) in 2010 was
2011)
(tachycardia)
vivax is approximately
82,685,000 (Murray et.
- the majority of
- Infection from P. vivax and P. ovale
equal in South
al., 2012)
deaths are caused by
typically include cyclic bouts of high
America, India,
- elimination of malaria
P. falciparum and P.
fever, chills and muscle pain
Eastern Asia and the
is a UN millennium
vivax, while P knowlesi - mortality is typically less than 0.1%
Pacific Islands
development goal
is lethal but rare
in patients that can swallow
(Indonesia,
(WHO 2012b)
- P. ovale and P.
Philippines, New
medicines and food
malariae cause a
Guinea, etc.)
- if major organs are affected (at a
12
milder form of malaria
load of over 10 parasites in the
- P. ovale and P.
that is rarely fatal
body) coma, acidosis, anemia, renal
malariae are found in
- an extremely
failure, pulmonary edema,
most endemic areas
hypoglycemia, internal hemorrhage,
complicated lifecycle
but only constitute
convulsions and death can occur
makes vaccine
~1% of infections
development difficult (Cook et al., 2008; Cohen et al., 2010;
(Cook et al., 2008;
Kasper and Fauci, 2010)
(Cook et al., 2008;
Cohen et al., 2010;
Kasper and Fauci,
Cohen et al., 2010;
Kasper and Fauci,
2010)
2010)

Mosquito Vector
- transmitted by
mosquitoes of the
Anopheles genus
- Transmission from
mosquito to human only
occurs between the
temperatures of 16°C
and 33°C (Becker et al.,
2010)
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Disease
Dengue
Fever Virus

Impact on Human
Health
- 284-528 million
infections in 2010
- responsible for
approximately 16 000
deaths (WHO 2013)
- loss of 825,000 DALYs
globally in 2010 (Murray
et. al., 2012)

Etiology and
Transmission
- caused by four
related but distinct
virus serotypes of the
Flaviviridae virus
family
- Infection from one
serotype does not
confer long lasting
immunity (just 2-12
months) to the other
serotypes (Cook et al.,
2008; Cohen et al.,
2010; Kasper and
Fauci, 2010)

Disease Pathogenesis and Symptoms
- age dependent symptoms: children
infected for the first time develop
classic fever illness while adults
exhibit more severe symptoms
- Initially (5-8 days following
transmission), an adult will develop a
fever (39-40°C) accompanied by:
weakness, eye pain and severe
headache, back and joint pain
(myalgia) for 5-6 days
- following fever abatement
(defervescence) a rash can form
spreading from the core to the
extremities
- Occasionally victims of subsequent
dengue infections by any two
different serotypes can develop a
more serious condition called dengue
hemorrhagic fever (DHF) which has
all the typical symptoms but also
includes capillary leakage leading to
circulatory dysfunction, collapse and
occasionally death (Cook et al., 2008;
Cohen et al., 2010; Kasper and Fauci,
2010)

Geographic
Distribution
- Year-round
transmission of
dengue fever between
the latitudes of 25°N
and 25°S (Bhatt et. al.,
2013)
- endemic to Mexico,
northern South
America, Central
Africa, India and
Polynesia (Cook et al.,
2008; Cohen et al.,
2010; Kasper and
Fauci, 2010)

Mosquito Vector
- Aedes aegypti
mosquitos are the
principle (and most
efficient) vector
- Ae. albopictus, Ae.
polynesiensis and Ae.
scutellaris can also
vector the disease
though with less
efficiency (Becker et al.,
2010)
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Disease
Yellow
Fever

West Nile
virus

Impact on Human
Health
- about 200,000 people
become infected with
yellow fever worldwide
in 2010 resulting in
about 30 000 deaths
(WHO 2013)

Etiology and
Geographic
Disease Pathogenesis and Symptoms
Transmission
Distribution
- yellow fever virus is a - yellow fever virus replicates initially - primarily found near
member of the
in macrophages before travelling
jungle regions in
Flaviviridae family of through the lymph system to become tropical areas of Africa
viruses
a systemic infection
and South America
- several strains of
(Cook et al., 2008;
- yellow fever virus infects the liver,
yellow fever virus that lungs, kidneys, spleen, bone marrow,
Cohen et al., 2010;
can infect humans;
Kasper and Fauci,
heart and skeletal muscles causing
seven distinct
extensive cell damage and
2010)
genotypes of the virus
haemorrhaging; death in people is
have been identified,
usually a result of kidney and/or liver
comprising five from
failure as a result of this damage
Africa and two from
(Cook et al., 2008; Cohen et al., 2010;
South America (Cook
Kasper and Fauci, 2010)
et al., 2008; Cohen et
al., 2010; Kasper and
Fauci, 2010)
- In 2011 infected 220
- another member of
- has an incubation time of 3-14 days - first isolated in 1937
people in Canada, 5,387 the Flaviviridae family - symptoms typically last 3-6 days and in Uganda, it spread to
of viruses
people in the US and
in mild cases are reported to feel like
Egypt by the early
- transmitted among
1,200 people in Europe
an infection by the influenza virus
1950s and was
(killing 0, 2,243 and 104
wild birds which can
- severe illness develops in about 1% endemic in Africa, the
people respectively)
become ill and die
of all cases whereupon symptoms can Middle East, Europe
(PHAC 2013; CDC 2013; from infection (Cook et include encephalitis (swelling of the
and Asia by the 1960s
al., 2008; Cohen et al., brain) or aseptic meningitis that can
ECDC 2013)
-in 1999 West Nile
2010; Kasper and
cause neurological symptoms like
virus was introduced
Fauci, 2010)
seizures and death
to the USA through
- the elderly are particularly prone to
New York City
severe symptoms (Cook et al., 2008;
whereupon it spread
Cohen et al., 2010; Kasper and Fauci,
to the rest of North
2010)
America (Cook et al.,
2008; Cohen et al.,
2010; Kasper and
Fauci, 2010)

Mosquito Vector
- many types of
mosquito can transmit
yellow fever virus
- yellow fever is typically
maintained in forested
areas in primate hosts
through transmission
from Haemagogus and
Sabethes mosquitoes
- Aedes mosquitoes are
the most common
vector for human
disease (Becker et al.,
2010)

- transmitted by Culex
mosquitoes especially
Culex pipiens and Culex
restuans (Becker et al.,
2010)
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2.3

The Lifecycle of a Mosquito
All mosquitoes have a similar lifecycle, mosquitoes emerge from eggs to develop through
four stages of larval growth, formation of a pupae then emergence as an adult. Each
species requires an aquatic habitat for their development. Female mosquitoes do not
require blood for survival but it is required in the egg production process. A gravid
female mosquito with fertilized eggs can lay between 50 and 500 eggs 2–4 days (or
longer in cool temperate climates) after a blood-meal. These eggs are typically laid in
water because they are vulnerable to desiccation immediately after oviposition and will
require an aqueous environment after development and emergence as larvae. Some
species of mosquito lay eggs that begin embryonic development almost immediately after
the eggs have been laid, while other species require a diapause period and specific
physical and chemical signals before development can begin. Embryonic development
for all species depends on the environmental temperature. After development is complete
within the egg, larvae emerge into their aquatic environment. Mosquito larvae eat
microorganisms, algae, protozoa, invertebrates and detritus. Different species have
different feeding behaviors and have been classified as filter or suspension feeders,
browsers or predators depending on their actions. Most mosquito larvae inhale at the air–
water interface through a specialized opening called a spiracle that is coated with a
hydrophobic film that prevents an influx of water into the respiratory system. Larvae
moult four times during development before reaching the pupal stage. At each moult, the
head capsule is increased to the full size characteristic of the next instar, though the body
grows continuously. Thus the size of the head capsule is a fairly good morphological
indicator of the larval instar. Each moult is coordinated by the relative concentrations of
11

juvenile hormone. As with embryonic development in the eggs, development rate of
larvae is temperature dependent, with progression through larval and pupal life stages
typically taking 6-42 days with optimal temperature being species dependent (ca. 2530°C). The pupal stage of growth also takes place in an aquatic environment though it is
more short lived (about 2 days), metamorphosis occurs during this time. Unlike larvae,
mosquito pupae do not feed despite being quite active. After the final stage of
metamorphosis is complete, gas is forced between the pupal and the adult cuticle, and
into its midgut. The pupa straightens its abdomen and swallows additional air allowing it
to further increase the internal pressure (and buoyancy). Eventually the pupal casing
splits and the adult slowly emerges. \After emergence female mosquitoes typically
require about 1 day to reach sexual maturity (Becker et. al, 2010).
2.4
2.4.1

Mosquito Control
Introduction
There are a number of ways that disease transmission by mosquitoes to humans can be
ameliorated. Bite avoidance through the use of personal bug nets, screens on windows
and mosquito repellant (with an active ingredient such as DEET) have all proven to be
effective at reducing bite incidence and thus disease transmission rates (Okech et al.,
2008; Faulde and Nehring, 2012; WHO 2012).

The predominant strategy for disease reduction in impoverished, endemic areas remains
two-fold, insecticide impregnated mosquito nets and indoor insecticide spraying (WHO
2013d). In areas of the world where diseases vectored by mosquitoes only occur in
epidemics or at low endemic rates (hypoendemic), residential treatments with insecticides
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are typically not performed (Gething et al., 2010; WHO 2013d). Instead mosquito
breeding grounds and areas with large populations of adult mosquitoes are treated to
reduce mosquito populations in the region. In this case, physical, biological and chemical
control can all be implemented to ultimately reduce adult mosquito populations (Becker
et al., 2010).

2.4.2

Mosquito Control Strategies

2.4.2.1 Physical Control
A reduction in mosquito breeding sources, the modification of habitats to discourage
breeding and a reduction in human-mosquito contact are all part of physical control
strategies for reducing mosquito vectored disease. Common examples of strategies for
accomplishing these objectives are: 1) draining and reducing the quantity of standing
water in mosquito breeding areas 2) the installation of screens on all windows and doors
3) containers holding standing water (like rain barrels) are either lidded or covered in a
mesh 4) ornamental ponds are stocked with fish that feed on mosquito larvae 5) roads are
engineered to allow drainage and prohibit the formation of puddles (Becker et al., 2010).

2.4.2.2 Biological Control
2.4.2.2.1 Bacillus thuringiensis (Bti)
Bacillus thuringiensis (ssp.israelensis) (Bti) was discovered in 1976 in Israel, and was
found to produce a very potent protienaceous protoxin complex capable of insecticide
activity. The protoxin complex consists of four components of different molecular
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weights, which bind to specific glycoprotein receptors on the insect’s midgut. These four
distinct proteins form a cylindrical complex, a fifth protein protoxin interacts with one or
more of the other four and causes a rupture to form in the midgut lining leading to
internal disruption of homeostasis and contamination with gut bacterial flora (Boisvert
and Boisvert, 2000; Becker at al., 2010).

The selectivity of Bti relies on ingestion of the protoxin by an insect thus its feeding
habits determine exposure, proteases in the alkaline midgut of the insect must then
convert the protoxin into a biologically active toxin, only then can the toxin bind to the
glycoprotein receptor of the midgut (Boisvert and Boisvert, 2000; Becker at al., 2010).
The protoxin produced by different sub-species of Bacillus thuringiensis may be subtly
different; this difference can change the binding site targeted by the protein complex and
thus change the selectivity pesticide. Israelensis is the subspecies that best targets
organisms of the order diptera and hence mosquitoes (Baumann et al. 1991; Stephenson
and Solomon, 2007). Bti is used as a larvicide in mosquito control programs and is
frequently used in IPM programs throughout North America. In Canada more than 150
000 kg of Bacillus thuringiensis (all serovars) were sold in 2009. i.e., more than 100 000
kg of serovar kurstaki , which is not effective against mosquitoes, and more than 50 000
kg of serovar israelensis which is effective against mosquitoes (PMRA 2013).

2.4.2.2.2 Bacillus sphaericus Bs
Bacillus sphaericus (ssp.sphaericus) (Bs) is related to Bti but uses a different protein
complex to achieve toxic effects. The Bs protoxin complex is binary and requires both
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proteins in the complex to exhibit mosquitocidal activity, unlike Bti’s quaternary protoxin
which can exhibit toxicity with any one of its four proteins. Though the mechanism of
toxicity of Bs’ and Bti’s protoxins generally seem to be similar (protoxins are
metabolized in the high pH conditions of the gut to create a toxin that binds to nutrient
receptors in the midgut disrupting the diffusion gradient in the cells creating
perforations), the proteins in each organism’s protoxin complex share few structural
similarities. Additionally, the composition of the Bs proteins are more highly conserved
between subspecies compared to the proteins of Bti, making Bti’s use less flexible.
(Baumann et al., 1991; Becker et al., 2010). New research is immerging on using Bs as
part of an effective IPM program for control of mosquito larvae (Becker et al., 2010). Bs
use in Canada; however, remains limited. Bs use was below specific reporting limits but
231,537 kg of microbial insecticides (of which Bs and Bt are a part) were sold in Canada
in 2009 (PMRA 2013).

2.4.2.3 Chemical Control
Though chemical control of insects, including mosquitoes, is less popular in Canada than
in other areas of the world it is still implemented regularly where no suitable alternative
can be found. In 2009, 1,304,952 kg of active ingredient was sold for use in insect control
strategies for non-domestic and non-agricultural purposes (disease vector control,
commercial ornamental crops, etc.) nation-wide (PMRA 2013).
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2.4.2.3.1 Insect Growth Regulators
Insect growth regulators (IGRs) are a class of insecticides that disrupts the normal growth
and development of insects through various means. Juvenile hormone (JH) analogues are
the most popular of this class of insecticide when the target organism is suitable (has a
life stage to be controlled that occurs after the juvenile stage). Insect metamorphosis is
under hormonal control, and many of the changes that occur within the insect are dictated
by the brain through hormone secretions. These secretions universally (in insects) seem
to be excreted into the hemolymph by two glands at the base of the brain called the
corpora allata (Akamatsu et al., 1975). Juvenile hormone suppresses metamorphic
changes in insects like mosquitoes; levels of JH are high in early larval stages, lower in
later larval stages and absent in pupae (Akamatsu et al., 1975; Klowden and Chambers,
1989). Disruption of juvenile hormone concentrations in the organism can disrupt normal
development (Klowden and Chambers, 1989). JH analogues were first synthesized in
1969 (Bowers, 1969) as a substitute for the naturally occurring compounds. Since that
time hundreds of JH analogues have been synthesized with methoprene (Appendix Figure
52) being widely used in larvae control programs today. IGRs are becoming very popular
in modern IPM plans for control of mosquito larvae though less than 50,000 kg of
hormone analogues (including methoprene) were sold in 2009 (PMRA 2013).

2.4.2.3.2 Acetylcholinesterase Inhibitors
Organophosphorus insecticides
In the 1960s as the popularity of chemicals such as dichlorodiphenyltrichloethane (DDT)
began to decline due to its associated environmental concerns and persistence, a search
for new chemicals to control mosquitoes intensified. Organophosphate (OP) chemicals
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(chemicals derived from phosphoric acid) tend to be less stable than chlorinated
hydrocarbons such as DDT, so they presented an appealing option in controlling
mosquitoes because they are less persistent.

OPs target acetylcholinesterase of insects. Acetylcholinesterase deactivates acetylcholine
by cleaving a portion of the molecule into choline and acetic acid, in the process
acetylcholinesterase is temporarily acetylated. This conformation of the enzyme is
unstable, resulting in the hydrolysis of the temporary acetyl group. The acetyl group is
then removed from the enzyme, which prepares acetylcholinesterase for the binding of
another molecule of acetylcholine. In this way one molecule of acetylcholinesterase has
been estimated to deactivate about 300,000 molecules of acetylcholine every minute
(Hassell, 1982). Organophosphorus compounds used as insecticides have some structural
similarity to acetylcholine and can fit into the active site of acetylcholinesterase; these
molecules can also be cleaved to leave behind a far more stable phosphorylate group.
This group is so stable that it takes an enzyme 1,000,000 – 100,000,000 times longer
(depending on the form of the organophosphate group, dimethyl versus diethyl
respectively) to recover its active site when compared with an enzyme cleaving
acetylcholine

(Hassell,

1982).

Without

available

active

acetylcholinesterase,

acetylcholine accumulates in synapses thus prolonging and exaggerating its original
effects; this causes hyperexcitation of the neuron leading to paralysis and death
(Eldefrawi, 1985; Becker et al., 2010). Chlorpyrifos, fenthion, temephos, pirimphosmethyl and malathion (Figure 53-Figure 57) have all been used as larvicides in mosquito
control programs. However, OPs are seldom implemented in modern mosquito control
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programs as larvicides. Use of OPs continue as adulticides in mosquito control programs
but are being phased out in favor of biorational pesticides like BTi, IGRs and BUs (see
Table 5). Malathion, however, is still used as an adulticide in Winnipeg, Manitoba in
conjunction with other mosquito control chemicals (City of Winnipeg, 2011). In 2009,
236,680 kg of organophosphates were sold in Canada for insect control (all uses), with
greater than 100,000 kg of this total being chlorpyrifos (PMRA 2013).

Carbamates
Carbamates (chemical derivatives of carbamic acid) have the same mechanism of action
that OPs do; however, due to structural differences in the carbamates, the carbamylated
acetylcholinesterase enzyme is not as stable as when it is phosphorylated and is able to
spontaneously recover faster (t1/2 of minutes vs. days). This means that carbamates act
similar to competitive binding substrates since their activity is far more concentration
dependent than that of OPs (Eldefrawi, 1985; Becker et al., 2010). Propoxur (Figure 58)
and bendiocarb (Figure 59) are examples of popularly employed carbamates and are used
for adult mosquito control. In 2009 493,346 kg of carbamates were sold in Canada,
propoxur and bendiocarb both sold less than 50,000 kg each (PMRA 2013).

2.4.2.3.3 Pyrethroids
Pyrethroids are synthetic analogues of insecticidal esters originally derived from the
chrysanthemum flower. The exact mode of toxic action depends on the specific
pyrethroid that is used but generally pyrethroids act at the nerve membrane to modify the
sodium channels by obstructing protein arrangement at the lipid protein interface. The
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resulting changes depend on the nerve affected and chemical applied but typically include
repetitive nerve firing or blocking of nerve conduction leading to the chemical’s well
known “knockdown” effect where affected insects are unable to fly (Becker et al., 2010).
Pyrethroids are now solely applied against adult mosquitos, despite high toxicity to
larvae, due to their non-target toxicity to fish species, i.e., permethrin (Figure 60; Mulla
et al., 1978). Pyrethroid application continues as adulticides in mosquito control
programs but is being phased out in favor of biorational pesticides like BTi, IGRs and
BUs (see Table 5). In 2009 37,785 kg of pyrethroids were sold in Canada (PMRA 2013).

2.4.2.3.4 Spinosyns
Saccharopolyspora spinosa was collected from the soil in a rum distillery in the Virgin
Islands in 1982. This actinomycete produces a molecule with two different functional
groups (A = ~85% and D = ~15%) containing a tetracyclic series of rings to which two
different sugars are attached. The details behind why the bacteria was collected then
isolated in the first place or a reason chemicals produced by the bacteria were
characterized is unknown; however, these chemicals (Figure 61) were found to have
insecticidal activity in bioassays and are effective mosquito control chemicals alone or in
conjunction with other insecticides (Darriet and Corbel, 2006). The mode of action of this
class of insecticides is not yet fully understood. While qualitative evidence suggests that
spinosyns like spinosad act on an insect’s nervous system (Sparks et al., 2001), the
method by which it does this is unique compared with other insecticides (Orr et al.,
2009). An early study has described electrophysiological evidence suggesting that this
class of pesticide interacts with acetylcholine and gamma-aninobutyric acid (GABA)
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receptors but does not antagonize them directly (Sparks et al., 2001). This evidence has
been corroborated since using tissue culture assays in which radiolabeled ligand binding
at known sites of insecticide activity (including acetylcholine and GABA receptors) were
unimpeded by spinosad (Orr et al., 2009).

Spinosad and spinosad analogues are well regarded in the regulatory community for
mosquito larvae control because of their toxicological profile to animals and unique
mechanism of action; they have been recommended for use in integrated pest
management programs by the World Health Organization (WHO 2013d). Interestingly
Antonio et al. showed in 2009 that female Aedes aegypti mosquito larvae temporarily
exposed (1 hour) to the LC50 concentrations of spinosad grow to be larger in size and lay
more eggs than the controls. This effect may be attributed to hormesis or to the
elimination of the smaller and more susceptible fraction of mosquito larvae from the
experimental population following spinosad treatment.

Upon the discovery of the efficacy of spinosad against a series of insect pests, including
mosquitoes, a search commenced to discover spinosyn analogues that maintained the
same valuable toxicological profile while increasing efficacy or changing their physical
properties. Spinetoram was discovered by modeling the structure-activity relationship of
spinosad to predict new research directions for spinosyns synthesis. Consequently a
mixture of naturally occurring spinosyn analogues was chemically modified to produce a
semisynthetic insecticide with a similar non-target toxicological profile but enhanced
target efficacy (Figure 62 and Figure 63) (Sparks et al., 2008). Butenyl-spinosyns, also
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called pogonins (Figure 64) were discovered in 1990 by screening indigenous soil
bacteria for biological activity. After isolation it was discovered that these molecules
along with similar observed effect as spinosad also seemed to display impressive surface
activity (Huang et al., 2008). To date over 25 naturally occurring spinosyns have been
isolated and over 200 artificial spinosyns have been synthesized, this number is likely to
increase as this technology is further refined (Huang et al., 2008). Spinosyns are
recognized as a source of great potential in mosquito larvae IPM programs though new
formulations are still very new to market, less than 50,000 kg of spinosyns were sold in
Canada in 2009 (PMRA 2013).
2.5

Resistance to Chemical Control Measures
Resistance has been defined as “the developed ability in a strain of insects to tolerate
doses of toxicants that would prove lethal to the majority of individuals in a normal
population of the same species” (Becker et al., 2010). The development of resistance in
mosquitoes to applied insecticides is a major impediment to an effective mosquito (and
disease) control program.

Since the first widespread use of chemicals in mosquito control programs in the 1950s,
selection pressure has been exerted by control chemicals on mosquito populations.
Mutations conferring pesticide resistance exist in the genome of individuals in a
population but these individuals tend to be rare in a normal population. Widespread use
of an insecticide can reduce the normal susceptible population, thereby providing the
resistant individuals with a competitive advantage. A concern is that the resistant
individuals multiply in the absence of specific competition and, over a number of
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generations, quickly become the dominant proportion of the population, rendering the
previously applied insecticide useless for future control programs. Developed resistance
of this type can be seen worldwide with regard to both larvicides (Kamgang et al., 2011;
Jirakanjanakit et al., 2007a; Jirakanjanakit et al., 2007b; Ranson et al., 2010) and
adulticides (Zhou et al., 2009; Kamgang et al., 2011; Palike et al., 2013; Marcombe et al.,
2009; Ponlawat et al., 2005; Yaicharoen et al., 2005). New insecticides such as Bacillus
thuringiensis, Bacillus sphaericus and spinosyns, all with novel mechanisms of action,
are being incorporated into control programs. Thus far there is little reported resistance to
this new generation of insecticides but resistance has been reported in laboratory strains
(Wirth, 2010; Paris et al., 2012) and there is concern that wild populations may become
resistant (Luca et al., 2006).

2.6

Integrated Mosquito Management
Sustainable insect disease vector control strategies involve delaying the evolution of
resistance to insecticides in natural populations; integrated pest management (IPM)
strategies are employed in responsible mosquito control programs to slow the
development of resistance in an environmentally and economically sound manner. IPM
strategies (see Table 14) are comprehensive mosquito prevention/control regimes that
utilize available mosquito control methods singly or in combination to exploit the known
vulnerabilities of mosquitoes in order to reduce their numbers to tolerable levels while
maintaining a quality environment (EPA 2011). Fundamentally, a single method of
control such as applying a chemical to an environment may fulfill its role in a certain
situation. However, the utilization of a range of control and management methods within
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an IPM approach may be more cost effective, cause less environmental damage, be
effective for a longer period of time, and be better attuned to the requirements of a
specific geographic area (Becker et al., 2010). Bite reduction (2.4.1), physical control
methods (2.4.2.1) and the promotion of natural mosquito predators should be considered
in every mosquito management and disease prevention program. Chemical controls
should be utilized as a last resort when other methods are inadequate or fail (WHO
2013d).

When applying insecticides it is important to consider where the most effective control of
the mosquitoes will occur. There are advantages and disadvantages to chemical control
applications in different environments. An adulticide may be applied as a wall and ceiling
coating in a home so mosquitoes that have a high likelihood of biting humans are the
likeliest to be exposed; however, many people might object to chemical coatings in their
homes. Adulticides may also be applied as a mist over an area with abundant mosquitoes.
This method may prove effective for a short period of time but immigration from new,
untreated areas can make treatments a short-term solution. A larvicide can be applied to
breeding sites when they are accessible and defined but caution should be exercised to
avoid toxic effects to important non-target organisms (Becker et al., 2010; WHO, 2012).

2.7

Identification of Mosquito Control Strategies with Alternative Modes and
Mechanisms of Action
Given the current reliance on insecticide-based strategies for vector control and the
potential for insecticide resistance arising if selection pressure is maintained, sustained
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investment

is

required

to

develop

new

active

ingredients

with

different

modes/mechanisms of action (WHO, 2012). Despite the efforts of academia, the pesticide
industry and national and international agencies, the discovery and introduction of new
insecticides remains an extremely expensive, difficult and slow process. Although several
novel classes of insecticide have been recently developed for agricultural use, no new
classes of insecticides have been developed for mosquito control in the last two decades
(Becker et al., 2010). While the search must continue for insecticides with new
modes/mechanisms of action, the discovery of underutilized chemicals or new
formulations of existing chemical controls can extend the repertoire of tools to be utilized
by public health officials (WHO, 2012).

2.7.1

Novaluron and Diflubenzuron

2.7.1.1 Discovery and Original Use
The insecticidal activity of the benzoylphenyl urea (BU) analogs (Table 15) was
discovered in 1970 by the U.S. Philips company (US patent number 4013717 A).
Diflubenzuron was the first benzoylphenyl urea shown to exhibit insecticidal activity
against mosquitoes (Rodrigues, 1976). Diflubenzuron was an effective chemical control
against mosquitoes at high concentrations (Rodrigues, 1976; Busvine et al., 1976) but the
search for more potent BU insecticides with different physical properties continued
(Cutler and Scott-Dupree, 2007). Novaluron (Table 16) was registered in Canada and the
US for control of Colorado potato beetle, European corn borer, codling moth and oriental
fruit moth in fruit, vegetable and ornamental flower crops (FAO 2004).
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In 2003 novaluron was found to be an effective mosquito control chemical in a laboratory
setting as well as in the field (Table 3) making it an appealing new prospect for larval
control due to its low toxicity to non-target organisms (Table 4) and alternative
mechanism of action from other popular chemical larvae controls (Mulla et al., 2003).
Novaluron is preferred for use as an insecticide over diflubenzuron because it is slightly
more rainfast (water solubility = 3 and 80 µg/L) and more persistent than diflubenzuron
(Kow = 4.3 and 3.89; t1/2 hydrolysis = 101 and 32.5 days; t

½ photolysis

= 139 and 80 days).

Coupled with these properties and novaluron’s low toxicity to non-target organisms such
as Bombus terrestris (though diflubenzuron is less than one order of magnitude more
toxic) and Daphnia magna (novaluron is less than one order of magnitude less toxic),
make novaluron an appealing chemical to deploy for situations where a BU analogue is
desired and long lasting control is required (Mommaerts et al., 2006; FAO 2004; WHO
2006). Less than 50,000 kg of diflubenzuron and novaluron were sold in Canada in 2009;
no other benzoylphenyl urea insecticide was sold sufficient quantities to be reported
(PMRA 2013).

2.7.1.2 Mode of Action
Novaluron and other BU insecticides are chitin synthesis inhibitors. These chemicals
disrupt the normal development of chitin (Figure 65), which is especially evident during
the transition between life stages, i.e. from larvae to pupae and pupae to adult, when
chitin is most actively being synthesized (Reynolds, 1987). When mosquitoes are
exposed to a lethal concentration of novaluron they still develop and continue to live,
when a moulting event occurs; however, the larvae or pupae are unable to shed the old
25

cuticle and drown (Mulla et al., 2003; Dupree, 2012; Farnesi et al., 2012). Novaluron
cannot only kill target organisms in life stage transition but at sub-lethal concentrations
may delay this transition in a dose-dependent manner (Culter and Scott-Dupree, 2007;
Dupree, 2012; Farnesi et al., 2012). In one study, a dose of novaluron that killed 50% of
the organisms (IE50 =0.14 µg/L active ingredient) changed the remaining sex ratio
(novaluron differentially killed females in a 3:1 ratio), caused delayed larval development
and induced a reduced, discontinuous and altered cuticle of the surviving mosquitoes
(Farnesi et al., 2012).

The precise mechanism of action of BU insecticides has been disputed (Reynolds, 1987;
Grosscurt and Jongsma, 1987). The most common assertion of scientists is that the
terminal step of chitin synthesis, where the enzyme chitin synthetase responsible for the
polymerization of the N-acetylglucosamine units into chitin is obstructed (Reynolds,
1987; Post et al., 1974; Becker et al., 2010) though the method by which this happens is
unclear. In in vitro assay BUs prevent the conversion of available N-acetylglucosamine to
chitin (Figure 65) (Post et al., 1974; Reynolds, 1987; Farnesi et al., 2012; Arakane et al.,
2004) but BUs do not seem to act directly on the chitin synthetase enzyme (Cohen et al.,
1986; Cohen, 1985; Culter and Scott-Dupree, 2007) nor is chitin formation inhibited in
assays using fungi (Grosscurt and Jongsma, 1987). When used in cell-free in vitro assays
novaluron was unable to inhibit chitin synthesis (Cohen and Casida, 1982). A likely
hypothesis is that these BUs interrupt in vivo synthesis and/or the transport of specific
proteins that are required for chitin formation within the cell membrane (Oberlander and
Silhacek, 1998; Culter et al., 2007; Grosscurt and Jongsma, 1987). As the use of chemical
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mosquito controls such as BUs increase along with the resistance to traditional
insecticides, research into the exact mechanism of action will likely continue.

Due to the lipophilicity of the BUs, there are several routes by which insects may be
exposed to toxic quantities of these compounds. For mosquito larvae, intoxication by
BUs can occur through ingestion. This is the mosquito larvae’s predominant method of
exposure to BUs. In addition to ingesting BUs, however, due to moderate log Kow values
BUs may also translocate across the chitinous cuticle, allowing toxicity to occur through
contact exposure. Ovicidal activity by contact (in Gracillariidae - moths) and through
topical treatment of adult females (in Curcilionidae – weevils) (Grosscurt and Jongsma,
1987) has been reported.

Not only does dose and manner of exposure dictate the toxic effects of BUs but duration
of exposure is obviously important as well. When diflubenzuron was administered to
larvae for a limited period, chitin synthesis was able to resume (Grosscurt and Jongsma,
1987). This might help to explain why lower than expected mortality was observed in the
pest Simulium spp. when the larvae were exposed to diflubenzuron in a flowing water
system (McKague et al., 1978).

2.7.1.3 Method of Application
Novaluron has traditionally been applied as an EC10 formulation, an emulsion of 10%
active ingredient in a liquid solvent/surfactant such as mineral oil. This thesis describes
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the development of new solid formulations, which can be applied without specialized
equipment.

2.7.1.4 Preliminary Efficacy on Mosquito Genera
Table 3 summarizes the available toxicity data for mosquitoes as a target organism for
novaluron. Mosquito species of interest (those that vector diseases of concern) are
generally highly susceptible to this compound.
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Table 3 - Efficacy of novaluron against mosquito genera
Species of Mosquito
Settings of Treatment
Duration of treatment
Culex quinquefasciatus
2 weeks (or until
(southern house
Lab study
emergence/death)
mosquito)
Aedes aegypti
2 weeks (or until
Lab study
(yellow fever mosquito)
emergence/death)
Anopheles gambiae
2 weeks (or until
(African malaria
Lab study
emergence/death)
mosquito)

Concentration Applied

Outcome

Reference

Logarithmic range of
concentrations

IE50 = 0.118-0.159 µg/L

Su et al. 2004

Logarithmic range of
concentrations

IE50 = 0.026-0.045 µg/L

Mulla et al. 2003

Logarithmic range of
concentrations

100% mortality at 10
mg/L

Ijumba 2010

Anopheles punctipennis

Lab study

2 weeks (or until
emergence/death)

Logarithmic range of
concentrations

LC99 = 166 µg/L

Arredondo-Jiménez
and Valdez-Delgado
2006

Culex quinquefasciatus
(southern house
mosquito)

Lab study

2 weeks (or until
emergence/death)

Logarithmic range of
concentrations

97.5% mortality at 10
mg/L

Ijumba 2010

Aedes aegypti
(yellow fever mosquito)

Study in clay jars and
plastic pails outdoors
(Thailand)

190 days

IE50 = 60 days (1 µg/L)
IE50 = 190 days (1000
µg/L)

Mulla et al. 2003

Anopheles albimanus,
Anopheles punctipennis
Aedes aegypti
(yellow fever mosquito)
Aedes albopictus
(the tiger mosquito)
Culex quinquefasciatus
(southern house
mosquito)

Study in outdoor
artificial plots (Mexico)

24 weeks

Anopheles albimanus,
Culex coronator

Small natural outdoor
field sites (Mexico)

Culex quinquefasciatus
(southern house
mosquito)
Culex quinquefasciatus
(southern house
mosquito)

1-1,000 µg/L of EC10

Arredondo-Jiménez
and Valdez-Delgado
2006

166-550 µg/L of EC10

IE90 = 14-16 weeks

10 week study

0.6 L/ha EC10

IE90 = 8 weeks

Arredondo-Jiménez
and Valdez-Delgado
2006

Highly polluted outdoor
sites (Thailand)

10 week study

10 mg a.i./m EC10

IE90 = 3-7 weeks
IE50 = 10 weeks

Tawatsin et al. 2007

Cesspits, drains,
abandoned wells
(India)

10 week study

10 mg a.i./m EC10

IE90 = 2 weeks in
cesspits and drains, 510 weeks in abandoned

Jambulingam et al.
2009

2

2
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wells
Culex species (mixed)
Culex species (mixed)
Culex species (mixed)

Outdoor microcosms
(USA)
Outdoor mesocosms
(USA)
Outdoor catch basins
(Canada)

14 days

1.25-5.0 µg/L EC10

IE90 = 14 days

Su et al. 2003

14 days

1-10 mg a.i./m EC10

IE90 = 7 days

Su et al. 2003

60 days

10-60 ug/L EC10

IE90 = 42 days

Hunter 2004

2
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2.7.1.5 Non-target Effects
See Table 4 for a summary of available qualitative and quantitative novaluron toxicity
data. Non-target organisms here are considered to be beneficial or not ecologically or
environmentally harmful. For the purposes of brevity in vitro insect, in vivo mammalian
and plant data are not included though the toxicity profile for mammals and plants do not
suggest adverse effects (WHO 2012; FAO 2004).
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Table 4 - Toxicological effects of novaluron against non-target organisms
Duration of
Non-target Organism
Settings of Treatment
Treatment Applied
treatment
2

Arthropods (various)

Mesocosms (USA)

14 days

1-10 mg/m a.i.
applied as EC10
formulation

Gambusia affinis
(mosquitofish)

Highly polluted outdoor
sites (Thailand)

70 week study

10 mg a.i./m EC10

Stratiolaelaps scimitus
(Hypoaspis miles)
(predatory mite)

Lab study

96 hour

62 mL/L

35 days

Range of
concentrations based
off of highest
detected field levels
(0.015 mg/kg a.i.)

Bombus terrestris
(buff-tailed
bumblebee)

Lab study (microcolony)

Bombus terrestris
(buff-tailed
bumblebee)

Lab study (microcolony)

77 days

Bombus impatiens
(common eastern
bumble bee)

Laboratory
(microcolony)

14 days

2

Maximum field
recommended
concentrations (40
mg a.i./L water)
Physical application
of a concentrated
EC10 formulation (no
concentration given)

Outcome
Qualitatively determined good
margin of safety for arthropod
organisms present in the same
environment as mosquito larvae
No effect on mosquito fish in the
area was noted during the
experiment or up to three months
after
Novaluron was completely
ineffective at controlling the mites,
72 hours after exposure.
Protonymphal mites were delayed
in development, however, they
continued to mature
Bombus terrestris (Bumblebees)
had a reduced lifespan when
exposed to novaluron
concentrations 9x (0.135 mg/kg a.i.)
the highest recorded field
concentration, however, no
adverse effects were noted for field
concentrations or concentrations
6x the field concentrations

Reference

Su et al. 2003

Tawatsin et al. 2007

Cabrera et al. 2004

Malone et al. 2007

No effect on adult organisms.
Brood production was severely
reduced.

Mommaerts et al.
2006

No mortality through direct contact

King 2005
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Non-target Organism
Growth, Chitin and
Respiratory
Metabolism of
Tetrahymena
pyriformis
(protozoa)
Bombus impatiens
(common eastern
bumble bee)
Megachile rotundata
(alfalfa leafcutting
bee), and Osmia
lignaria (orchard
mason bee).

Podisus maculiventris
(spined soldier bug)

Collembola sp.,
Coleoptera sp.,
Diptera sp.,
Hymenoptera sp. and
Araneae sp.
(insects)
Aquatic insects and
Copepods [Gerridae,
Histeridae and

Settings of Treatment

In vitro lab study

In vivo (live adult) lab
study

Duration of
treatment

Treatment Applied

Outcome

Reference

24 and 48 hour
tests

1, 10 and 20 µg/ml

Novaluron at high concentrations
(20µg/mL) has a negative effect on
T. pyriformis by increasing the
generation time, decreasing the
rate of growth, altering respiratory
metabolism and disturbing chitin
synthesis

Rachid et al 2008

48 hour test

1.0% weight/volume
solution of technical
grade novaluron in
oil emulsion sprayed
directly on the
insects

Bombus impatiens and Megachile
rotundata were not affected by
novaluron (no observed effects)

Scott-Dupree et al.
2009

In vivo lab study

8 days

1-1000 mg/L
analytical novaluron
residues applied to
larvae and left on
sources of food

Field study (qualitative
observation)

60 days

Arial application at
recommended field
rates

Aquatic artificial
outdoor field plots

7 days

0.166 mg a.i./L,
0.332 mg a.i. /L, and
0.498 mg a.i./L

Podisus maculiventris was
negatively affected at all stages of
life:
After 6 days direct contact of
nd
novaluron on 2 instars resulted in
an LC50 of 18.7 mg/L and an LC95
of 65.0 mg/L
nd
100% reduction of 2 instars were
observed when novaluron was
applied to food sources at 251
nd
mg/L, 75% of the 2 instars were
reduced when exposed to 71 mg/L
Aerial application of novaluron in a
forest ecosystem showed no
negative affect on non-target
organisms, including Collembola
sp., Coleoptera sp., Diptera sp.,
Hymenoptera sp. and Araneae sp.
Novaluron applied at 0.166 mg/L
did not significantly reduce
Notonectics, Velidae

Cutler et al. 2006

Głowacka 2005

Arredondo-Jiménez
and Valdez-Delgado
2006
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Non-target Organism
Notonectidae
(Heteroptera:
Insecta),
Dytiscidae and
Histeridae (Coleptera:
Insecta), Libellulidae
(Odonata: Insecta)
and Copepoda]
Phytoseiid mites
Spiders (various
species), Coccinellidae
(ladybird beetles)

Settings of Treatment

Duration of
treatment

Outcome

Reference

and Odonata, compared with
controls but did at 0.332 and 0.498
mg/L. All other non-target
organisms were unaffected by the
application of novaluron.

Field study (cotton)
Field study (cole crops)

Terrestrial arthropods
(predators and
parasites)

Field (citrus)

Apis mellifera
(western honey bee)

Field (citrus)

6 weeks
3 growing
seasons
(approximately
15 months)
1 growing
season
(approximately
4 months)
1 growing
season
(approximately
4 months)

Atheta coriaria
(predatory mite)

Laboratory

96 hours

Encarsia Formosa
(parasitic wasp)

Greenhouse tomato
trials

30 days

Laboratory study

8 days for
nymph direct
contact
exposure, 5
days for food
chain exposure
and 21 days for

Podisus maculiventris
(spined soldier bug)

Treatment Applied

0.17 mg a.i./L

No effects 6 weeks post-treatment

Ishaaya et al. 2001

12 fluid ounces/acre
EC10

No reduction in populations

Maxwell and
Fadamiro 2006

44 g a.i./ha

Reduced parasitoid emergence for
2 days post-application; reduced
predatory mite nymph populations
for 2 months post-application

PMRA 2006

44 g a.i./ha

Reduced brood development and
colony strength

PMRA 2006

Log scale dose
(0.0001% to 0.1%
w/v technical
novaluron in water
source)
Linear scale dose (0.1
– 1.0 mg a.i./liter)

Adults unaffected; larvae
susceptible by direct contact

Jandricic et al. 2006

No effect on populations and
parasitism

Ishaaya et al. 2002

1 – 1000 mg/L a.i.
applications to
insects and food
sources

Nymph mortality via direct contact,
treated foliage, and treated prey;
reduced egg viability from exposed
adults

Cutler et al. 2006
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Non-target Organism

Settings of Treatment

Duration of
treatment
egg viability and
adult exposure

Treatment Applied

Stratiolaelaps scimitus
(predatory mite)

Laboratory study

14 days

35 mg a.i. /L

Trichogramma
pretiosum
(predatory wasp)

Laboratory study

7 days

40 mg a.i. /L

Outcome

No mortality of protonymphs when
feeding on food sources containing
applied novaluron; no
developmental effects
Parasitism, pupal development and
emergence from parasitised host
success varied with specific host
and route of exposure from not
affected to greatly affected

Reference

Cabrera et al. 2005

Bastos et al. 2006
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2.7.1.6 State of Registration Globally
Novaluron in its EC10 formulation is registered in the US (EPA registration number
124002), Canada (PMRA application number 2002-1797), throughout Africa, South
America and in parts of Europe and the Middle East (Homologa 2013) for use as insect
control in ornamental flower and fruit crops. The formulation discussed in this thesis was
registered with the US Environmental Protection Agency in May of 2012 (EPA
registration number 66222-232 and 66222-231).

2.7.1.7 Relative Merits of Four Classes of Insecticide Used in IPM
Table 5 - The relative merits of four classes of insecticide used in IPM
Broad spectrum
Biologicals (i.e.
contact
Bacillus
Juvenile hormone
Properties and
insecticides (i.e.
thuringiensis and
analog (i.e.
use
carbamates, OPs
Bacillus
Methoprene)
and pyrethroids)
sphaericus)
Slower effects
Effect is slower
than broad
than broad
spectrum
spectrum
insecticides but
Immediate effect,
insecticides and
highly
faster than BUs
requires target
reproducible and
and hormone
organisms to be at
effective where
mimics, some
a late juvenile or
resistance has not
problems
Activity on pests
early adult life
achieving
developed
stage to be
reproducible toxic
(Becker et al.,
effective and
2010; Grosscurt
effects over time
reproducible
and location
and Jongsma,
(Grosscurt and
1987)
(Baumann et al.,
Jongsma, 1987;
1991 ; Boisvert
Becker et al.,
and Boisvert,
2010)
2000)
Post spray
None if using a
controlled release
Since effects are
weather is of
immediate the
paramount
solid formulation.
Effect of
environment has importance, many Spray applications
environment on
minor influence
formulations have of liquid hormone
efficacy
(Becker et al.,
poor rain fastness
analog
2010)
and are
formulations
adhere strongly to
vulnerable to

Benzoylphenyl
ureas (i.e.
diflubenzuron and
novaluron)

Effect is slower
than broad
spectrum
insecticides and
requires target
organisms to be at
a life stage
requiring a molting
event to be
effective and
reproducible
(Grosscurt and
Jongsma, 1987)
None if using a
controlled release
solid formulation.
Liquid
benzoylphenyl
urea formulations
adhere strongly to
leaf or needle
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Properties and
use

Effect on
parasites,
predators and
pollinators

Effect on
vertebrates

Effect on
invertebrates

Broad spectrum
contact
insecticides (i.e.
carbamates, OPs
and pyrethroids)

Poor margin of
safety so does not
discriminate
between pest and
non-pest species,
often adverse
effects when
applied in areas
with non-target
organisms
(Grosscurt and
Jongsma, 1987)
A margin of safety
exists but since
most of these
chemicals are
neurotoxic,
affecting
cholinesterase
activity, high
exposure can be
harmful (Becker
et al., 2010;
Grosscurt and
Jongsma, 1987)
Varying degrees
of effects
depending on the
selection pressure
applied on target

Biologicals (i.e.
Bacillus
thuringiensis and
Bacillus
sphaericus)
radiation and
partitioning into
sediments. These
pesticides are also
temperature
dependent, toxins
are much more
effective at
warmer
temperatures
(Baumann et al.,
1991; Boisvert
and Boisvert,
2000)

Safe to most
beneficial
organisms at
label-rate
applications
(Baumann et al.,
1991; Boisvert
and Boisvert,
2000)

Juvenile hormone
analog (i.e.
Methoprene)
leaf or needle
waxes because of
high Kow, are not
easily removed,
and are prone to
partition into
sediments.
Hormone analogs
are quickly
degraded by UV
and bacteria
(several days)
(Grosscurt and
Jongsma, 1987;
Becker et al.,
2010)
Safe to most
beneficial
organisms at
vulnerable life
stages when
exposed to labelrate applications,
very safe when at
other life stages
(Grosscurt and
Jongsma, 1987;
Becker et al.,
2010)

Benzoylphenyl
ureas (i.e.
diflubenzuron and
novaluron)
waxes because of
moderate Kow and
are not easily
washed off, BUs
are resistant to
ultraviolet
radiation but
eventually
degrade.
Moderate log Kow
makes BUs
susceptible to
partitioning to
sediments
(Grosscurt and
Jongsma, 1987)

Moderate margin
of safety nonlethal to most
beneficial nontarget organisms
at label-rate
applications
(Grosscurt and
Jongsma, 1987)

No effect though
allergic reactions
in some mammals
have been
documented likely
due to
proteinaceous
nature (Baumann
et al., 1991)

Non-toxic (LD50
greater than 5000
mg/kg in animal
toxicity trials)
(Grosscurt and
Jongsma, 1987;
Becker et al.,
2010)

Non-toxic (LD50
greater than 5000
mg/kg in animal
toxicity trials)
(Grosscurt and
Jongsma, 1987)

Varying degrees
of effect,
depending on the
receptor binding
site of the toxin

Mostly good
margin of safety
but adverse effects
on non-target
organisms that

Though in most
cases there is a
good margin of
safety,
applications of BUs
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Properties and
use

Persistence

Broad spectrum
contact
insecticides (i.e.
carbamates, OPs
and pyrethroids)
organisms prior to
pesticide
application
(Grosscurt and
Jongsma, 1987)

Depends on how
stable the
molecules are,
many are highly
halogenated and
can remain
effective in the
environment for
weeks or years
(Becker et al.,
2010)

Biologicals (i.e.
Bacillus
thuringiensis and
Bacillus
sphaericus)
produced by the
subspecies of
Bacillus (Baumann
et al., 1991)

Typically less than
a week though
some controlled
release
formulations may
extend this time
(Baumann et al.,
1991 ; Boisvert
and Boisvert,
2000)

Cost of
production

Inexpensive
because of large
scale of synthesis
involving few
steps (Becker et
al., 2010)

Expensive
because of labor
intensive methods
or fermentation
process. QC is also
difficult because
of the need to
standardize
expression of
protein from
bioreactors
(Baumann et al.,
1991)

Best use

Where immediate
and total control
is essential for
saving a resource
or preventing the
spread of a
pathogen (Becker

Where total
environmental
protection is
absolutely
essential and a
certain amount of
monetary

Juvenile hormone
analog (i.e.
Methoprene)
receive a
dose of hormone
analog during their
late larval instars
may
be expected
(Grosscurt and
Jongsma, 1987;
Becker et al.,
2010)
Formulation
dependent, liquid
formulations are
effective for up to
~10 days,
controlled release
formulations are
effective for up to
~120 days if the
system has no
flow-through
(Grosscurt and
Jongsma, 1987;
Becker et al.,
2010)
Relatively
inexpensive,
synthesis involves
just a few steps
though production
of small quantities
(compared to
many broad
spectrum
insecticides)
increase the cost
(Grosscurt and
Jongsma, 1987;
Becker et al.,
2010)
Excellent in nonenvironmentally
sensitive areas,
appropriate for
most aquatic use
(Grosscurt and
Jongsma, 1987;

Benzoylphenyl
ureas (i.e.
diflubenzuron and
novaluron)
can temporarily
affect juvenile
crustaceans
(Grosscurt and
Jongsma, 1987)

Formulation
dependent, liquid
formulations are
effective for up to
~21 days,
controlled release
formulations are
effective for up to
~161 days if the
system has no
flow-through
(Grosscurt and
Jongsma, 1987)

Moderately
expensive because
of small
production scale
and complicated
synthesis
(Grosscurt and
Jongsma, 1987)

Excellent in nonenvironmentally
sensitive areas,
appropriate for
most aquatic use
(Grosscurt and
Jongsma, 1987;
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Properties and
use

Approved for use
in potable water
by the World
Health
Organization
Ease of use in
IPM programs

Broad spectrum
contact
insecticides (i.e.
carbamates, OPs
and pyrethroids)
et al., 2010)

Biologicals (i.e.
Bacillus
thuringiensis and
Bacillus
sphaericus)
expenditure can
be tolerated
(Baumann et al.,
1991; Boisvert
and Boisvert,
2000)

No (Becker et al.,
2010)

Limited

Juvenile hormone
analog (i.e.
Methoprene)

Benzoylphenyl
ureas (i.e.
diflubenzuron and
novaluron)

Becker et al.,
2010)

Becker et al.,
2010)

Yes (Becker et al.,
2010)

Yes (Becker et al.,
2010)

Yes (Becker et al.,
2010)

Excellent

Excellent

Excellent
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3
3.1

EFFECT OF WATER PROPERTIES ON THE RELEASE OF NOVALURON FROM
THREE FORMULATIONS
Introduction
Novaluron is a chitin synthesis inhibiting insecticide. It was first registered for use in
Canada in 2002 (PMRA, 2012) but was used world-wide in agriculture applications prior
to that time for control of a wide variety of pests in cotton, soya, maize, pome fruit,
citrus, potato and vegetable crops. Historically novaluron has been applied as an oilemulsion commercially known as “Rimon EC10” (an emulsified concentration solution
with 10% active ingredient). Novaluron is also effective as a mosquito larvicide in
laboratory testing at levels that confer an appreciable margin of safety to other aquatic
invertebrates (Su et al., 2003 and Mulla et al., 2003). Field experiments evaluating the
Rimon EC10 formulation in natural and artificial mosquito breeding sites such as flooded
residential areas, mesocosms and cisterns were conducted (Mulla et al., 2003; Tawatsin et
al., 2007). The EC10 formulation proved to be an effective mosquito control agent (85%
inhibition of emergence or better) in standing water trials for 8-14 weeks, after this time
mosquito control tapered (Arredondo-Jiménez and Valdez-Delgado, 2006). This period
of control is characteristic of emulsified concentrate formulations with similar
physical/chemical properties to novaluron. A portion of the novaluron EC10 slowly
partitioned into standing water below but much of the formulation floated on the surface
of the water exposing the formulation to increased weathering by wind and photolysis by
sun. In order to achieve long-lasting insect control in water, large concentrations of the
EC10 formulation were applied. These large concentrations (greater than 20 mg
novaluron/L water) of novaluron could pose a problem to non-target species of
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invertebrates (FAO, 2003). This makes the EC10 formulation less appealing for use in
biologically sensitive areas or bodies of water that flow into these areas.

To address the limitations of the Rimon EC10 formulation, Tumaini Inc. and Makhteshim
Agan North America (MANA), endeavoured to create unique formulations that gradually
released novaluron into the water in moderate quantities for a prolonged period of time
(longer than 8 weeks). Controlled release formulations can increase the duration of
efficacy of an application of pesticide while limiting the concentration in the environment
(Bahadir et al., 1990). Three slow-release formulations were developed for application to
control insect larvae under standing water field conditions. The formulations were
effective at releasing novaluron into water during short-term (4 week) trials but remained
untested for longer durations, since it was unclear how the water matrix affected the
release of novaluron. In order to register the formulations with the Environmental
Protection Agency (EPA) in the United States and the Pest Management Regulatory
Agency (PMRA) in Canada, release of novaluron from these three formulations needed
to be characterized in water with different chemical and physical properties typical of the
environments where these novaluron formulations might be applied. pH, salinity,
temperature, organic matter content and hardness of water were the chemical and
physical properties to be examined for their effect on the stability of novaluron.

To address these research goals two specific studies were conducted: study 1 took place
over 182 days and investigated two fundamental areas of interest concerning the nature of
the newly developed formulations of novaluron. The quantification and detectability of
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the three new formulations over a prolonged period of time were measured by HPLC-UV
to evaluate the approximate duration of the formulation’s efficacy. Next the
concentrations of novaluron in water with different physical and chemical properties
were compared to determine how these properties affect the release of novaluron from
the formulation. These parameters (hardness, salinity organic matter, temperature and
pH) were evaluated one by one.

Study 2 was smaller in scale and duration (just evaluating the pastille formulation for 42
days) and was conducted for the purposes of supplementing the 182-day data. The
methods used for study 2 were identical to study 1 with the exception that instead of
evaluating chemical and physical properties one by one, temperature and another
parameter (e.g., hardness, salinity, organic matter or pH) were evaluated in combination.
Considering how temperature in Canada remains low for 3 to 5 months of a year, it was
important to know how temperature when coupled with other parameters (hardness,
salinity organic matter and pH) would affect the release of novaluron from the
formulation.

Designers of controlled release formulations of pesticides typically strive for constant
(zero-order) release rates of pesticide from a formulation. Ideally this enables the
formulation to theoretically apply the minimum quantity of pesticide possible for the
intended results while achieving steady concentrations (Lewis and Cowsar, 1977).
Achieving constant rates of pesticide dispersal from controlled-release formulations can
prove to be difficult because release rates may be affected by two distinct factors: 1) the
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pesticide itself (the included active ingredient, formulation properties, size of the device
or environmental concentration gradients) can have an effect on release rates or 2) the
environmental conditions surrounding the formulation (sunlight, water chemistry, pH,
biological activity or temperature) can also have an appreciable effect on the release of
the active ingredient from a formulation (Cryer, 2011). The effect that many of these
parameters have on the release of active ingredient from a formulation has been
characterized in many studies with other chemicals but not with a controlled release
formulation of novaluron. The surface area (area of interface with the environment) of the
formulation has been positively correlated with the rate of release from the formulation,
as the surface area of the formulation increases so does the rate of release of the active
ingredient (Atterholt et al., 1999). The effect of temperature on a controlled release
formulation has been well characterized, an increase in temperature can not only increase
the diffusion of the insecticide in water but also soften the structure of a formulation
which further increases the dispersal rate of the active ingredient (Roy et al., 2009;
Atterholt et al., 1999). The pH of an environment has altered the solidity of a wax-based
formulation in one study by Peerapattana et al., 2004, but the authors are quick to note
that the effects of pH on the structural integrity of the formulation are entirely dependent
on the chemical composition on the formulant. In many other studies pH was not
adjusted, i.e., release rates from controlled-release formulations were characterized at one
pH (usually a constant value between 6.2 and 7) while the other parameters were adjusted
(Bahadir et al., 1990). The literature is sparse on the effects that hardness and salinity
have on the release of a pesticide from a formulation in an aqueous environment. It is
well known however, that the salt content (CaCl2 and NaCl) of water affects buoyancy,
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for example, an increase in buoyancy may improve the dispersal effects of a pesticide
(Bahadir et al., 1990). This effect of buoyancy on the release rates of the active ingredient
from the formulation is especially likely for the formulations fabricated by Tumaini Inc.
since the formulations are wax-based and disintegrate quickly after immersion in water.
In aquatic mesocosm field studies on controlled release formulations of mosquito
insecticides (chlorpyrifos, malathion and temephos), the addition of organic matter not
only reduced the detected concentration of pesticides in the test system when compared
with mesocosms where no organic matter was added but also reduced the duration of
efficacy when verified by mosquito bioassay (Bahadir et al., 1990). The authors argued
that the added organic matter adsorbed the pesticides making them unavailable.

Like previous research into the effects of water chemistry on the release of an active
ingredient from a formulation, it was anticipated that the release of novaluron in studies 1
and 2 would vary depending on the water parameter being tested. An increase in
temperature and an increase in ion concentration (hardness and salinity parameters)
would raise concentration of novaluron while added organic matter would decrease
concentrations of novaluron in the water.
3.2
3.2.1

Material and Methods
Formulation Characteristics and Application
Containers were filled with water and adjusted to the chemical and physical conditions
required for each parameter (see section 3.2.2), prior to the addition of the respective
formulation (see Figure 49 to Figure 51).
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Table 6 – Description of water containers and formulation characteristics

Size of Test Container (L)
Type of Test Container
Volume of Water in Each Test
System (L)
Formulation to be Added to
Test Container
Formulation Type

Nature of Slow Release
Method

Shape of Formulation
Physical Dimensions
Colour
Effect of Water on the
Formulation
Weight of Formulation Added
to the Test System (g)
Percent Composition of
Novaluron in Formulation (%)
Nominal Amount of Active
Ingredient (mg)
Amount of Novaluron Added
to Test System per Volume
(mg novaluron/L)

3.2.2

200
stainless steel
drum

3.79

1.89

glass jar

glass jar

200±2

2±0.1

1±0.05

CRD (Figure
49)
Slow Release
Active
ingredient
incorporated
into a mixture
of hydrophilic
and
hydrophilic
waxes

Pastille
(Figure 50)
Slow Release
Active
ingredient
incorporated
into a mixture
of hydrophilic
and
hydrophilic
waxes

Granule
(Figure 51)
Slow Release

Cylindrical

Hemispherical

Roughly
Spherical

Active
ingredient
bound to the
surface of a
solid carrier
molecule

70mm long x
20mm in
diameter
Yellow-brown
Wax softens
and disperses
as a fine
powder

10mm in
diameter

~1mm in
diameter

Yellow-brown
Wax softens
and disperses
as a fine
powder

Dark Purple
Formulation
remains visibly
unchanged in
water

20.97

0.26

0.10

0.18

0.13

0.12

37.75

0.34

0.12

0.19

0.17

0.12

Setup and Parameter Conditioning
Since the three formulations were designed to treat water bodies of different sizes, three
differently-sized containers were used (Table 6). The sizes of the test containers were
chosen so that a rough equal amount of novaluron was added for each formulation.
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Though the objectives of the study did not include comparisons between formulations,
test containers for the study were selected so that the water matrix would contain an
approximately equal (and applicably relevant) concentration of novaluron (Table 6).
Using the three formulations and the appropriate containers to accompany them,
experiments were designed to evaluate the efficacy of novaluron released from the
formulations into the parameter-adjusted water contained in the test vessels. Experiments
evaluating granules, pastilles and CRDs were evaluated in 1.89-L glass jars, 3.79-L glass
jars and 200-L stainless steel drums (see Table 7), respectively. One CRD and one
pastille were added to the 200-L and 3.79-L containers respectively, and 0.1 g ± 0.01 g of
granules were added to the 1.89-L containers.

The test water to be used was deionized water from the University of Guelph which was
then adjusted to various physical and chemical parameters using ACS grade chemicals
(see Table 7).
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Table 7 – Description of test parameters and justification for use in the study

Parameter
Water
Control

Deionized water from the University of
Guelph without any formulation

Formulation
Blank
Control

Deionized water + blanks (inert
ingredients only)

pH

- 6.5 ± 0.2 adjusted bi-monthly to a
concentration of 0.006mol/L with
NaOAc (sodium acetate) buffer in
solution
- 5 ± 0.2 and 7 ± 0.2 adjusted bimonthly to a concentration of
0.006mol/L with NaOAc buffer in
solution
- 9 ± 0.2 adjusted bi-monthly to a
concentration of 0.006mol/L with
Na2CO3 buffer in solution

Water
Hardness

250 ± 25 mg/L adjusted bi-monthly with
CaCl2 after each sampling event

Organic
Matter

Initial conditions established at 1g/L of
alfalfa based rabbit food and no
additional adjustment necessary

Salinity

35 ± 3.5 g NaCl/L adjusted bi-monthly
after each sampling event

Temperature

10 ± 2oC and 30 ± 2oC

Justification for Inclusion in the Study
Control to ensure that the water included
in testing, the sample extraction
procedures and the analytical techniques
did not produce interference in the
quantification of novaluron from a sample.
Control to ensure that the combination of
waxes used in creating the formulation did
not interfere with the quantification of
novaluron from a sample.

Required by the PMRA and EPA to evaluate
pH levels commonly observed in water in
the environment.

Required by the PMRA and EPA to evaluate
hardness, a moderate hardness was
chosen typically observed in water in the
environment.
Required by the PMRA and EPA, due to the
properties of novaluron organic matter
was thought to potentially affect available
novaluron in water. Alfalfa based rabbit
food was chosen because it was easily
available and contained organic matter
from a variety of sources (shredded alfalfa,
brewer’s yeast and shredded hay).
Required by the PMRA and EPA, 35 g/L
represents ocean concentrations of NaCl
and the maximum concentration in any
formulation use scenario.
Required by the PMRA and EPA to evaluate
a range of temperatures common in which
mosquito development can occur.

Each parameter except for the controls were tested in triplicate (controls were tested in
duplicate) each parameter was sampled every 14 days for the duration of the experiment.
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Chemical and physical parameters were tested one parameter at a time but combinations
of parameters were also evaluated. In these combination experiments only the pastille
formulation was used. Salinity, pH, organic matter and water hardness were evaluated in
combination at two temperatures. The duration of the study was 26 weeks for single
parameter treatments and 6 weeks for combination parameter treatments (see Table 8).

All temperatures in the study were measured with a fisher GLP certified digital max-min
logging thermometer. Temperature readings were collected the study site and from
representative test containers weekly. Quantities of buffer (for pH), NaCl and CaCl2
required to maintain constant levels of water parameter were calculated at the onset of the
study, when water was withdrawn from a test container the water and parameter tested
were replaced with a calculated replacement amount. Organic matter was added to the
test containers at the onset of the study only, no additional organic matter was added to
the test containers for the duration of the study. Concentrations of parameter in the water
was tested monthly in a representative sample of containers, pH was verified by Orion
320 PerpHect LogR pH meter, concentration of the calcium ion were verified with hach
kit 1457-01, and salinity was confirmed with a SaltTestr11 salinity pocket tester.
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Table 8 – Description of chemical and physical parameters, formulations used, duration of
experiments, and replicates per experiment.

Parameter*

Formulation(s) Tested

Duration of
Test (Weeks)

Salinity
Organic Matter
Hardness
Temperature (10⁰C)
Temperature (30⁰C)
Water Control (Control)
Formulation Blank Control
(Negative Control)
pH 6.5 ± 0.2
pH 5 ± 0.2 at 30⁰C
pH 7 ± 0.2 at 30⁰C
pH 9 ± 0.2 at 30⁰C
pH 5 ± 0.2 at 10⁰C
pH 7 ± 0.2 at 10⁰C
pH 9 ± 0.2 at 10⁰C
Salinity at 30⁰C
Salinity at 10⁰C
Organic Matter at 30⁰C
Organic Matter at 10⁰C
Hardness at 30⁰C
Hardness at 10⁰C

CRD, pastille & granule
CRD, pastille & granule
CRD, pastille & granule
CRD, pastille & granule
CRD, pastille & granule
CRD, pastille & granule

26
26
26
26
26
26

Number of
Replicates per
Formulation
Tested
3
3
3
3
3
2

CRD, pastille & granule

26

2

CRD, pastille & granule
pastille
pastille
pastille
pastille
pastille
pastille
pastille
pastille
pastille
pastille
pastille
pastille

26
6
6
6
6
6
6
6
6
6
6
6
6

3
3
3
3
3
3
3
3
3
3
3
3
3

*All parameters were maintained at 25 ± 2oC except for the temperature parameter
Before the start of the experiments, 1.89-, 3.79- and 200-L containers were arranged and
labeled. Fill lines were added to each test container to indicate the volume of water to
add (see Table 7). Lids were affixed to each test container which remained in place for
the duration of the study except during sampling.
3.2.3

Sampling

3.2.3.1 Acid Washing
Prior to sampling or coming into contact with any water or solvent containing novaluron,
all glassware and test tubes used for the study were rinsed with 10% HCl then twice with
49

acetone and allowed to dry. No previously used glassware or test tubes were used in the
study.
3.2.3.2 Methodology
Sampling of the drums was performed in a different manner than sampling of the 1.89and 3.79-L jars. Drum sampling occurred via the spout at the base of the drum, water was
collected in a graduated cylinder. A suction pump was used to sample the jars, water
from each jar was drawn into sample containers (Figure 67). The silicon tubing extending
from the pump was placed in the water and the sample was taken. The hose was replaced
prior to taking the next sample. Each tube segment was reused after rinsing, and only
used for the same water parameter (i.e. tubing used to sample one parameter was never
used to sample any other parameter).
3.2.3.3 Readjustment of Sample Containers after a Sampling Event
One 100-mL and one 150-mL sample (one sample for analysis and one for backup) were
withdrawn from each test container biweekly. For the 1.89- and 3.79-L jars the volume of
water withdrawn for sampling was replaced from a 55-L carboy containing the
parameter-adjusted water. The 200-L drums were drained to 5% total volume (about 10
L), then refilled with dionized water and readjusted in situ to maintain the test parameter.
3.2.3.4 Storage
Water samples were stored in a walk-in refrigerator (4 ± 2°C) in the absence of light at
the University of Guelph, Bovey Building, Room 2206, where they remained until
analysis (within 2 weeks of sampling).
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3.2.3.5 Preparation of Standards
A reference standard of technical grade novaluron (98% purity: Lot number: 20861510
Expiration date: May 12, 2010) was supplied by the manufacturer (MANA) to Tumaini
and was received at the JC Hall Laboratory and stored in a desiccator at room
temperature (22 ± 2°C) in the absence of light.

A stock solution of novaluron was prepared by dissolving 1.0 mg novaluron/mL
methanol (nominal concentration of 1,000 mg/L). Each stock solution was stored in an
acid-washed borosilicate glass test tube, sealed with a high density polyethylene cap and
stored in the absence of light at room temperature. Before use the test tube containing the
standard was vortexed for at least 10 seconds, sonicated for at least 5 minutes, then
vortexed for at least another 10 seconds. A working standard containing 0.01 mg
novaluron/ mL methanol (nominal concentration of 10 mg/L) was then prepared by
diluting the 1.0 mg/mL stock solution 100-fold in ACS grade methanol. This solution
was vortexed for at least 10 seconds, sonicated for at least 5 minutes, then vortexed for at
least another 10 seconds. New stock solutions of 1.0 and 0.01 mg/mL were prepared
approximately every 2 months or sooner, as required.

3.2.4

Analysis
Concentrations of novaluron released from the controlled release formulations and
present in the obtained water samples were determined using high performance liquid
chromatography with ultra violet detection (HPLC-UV) and solid phase extraction (SPE).
The effect of parameters (salinity, hardness, temperature, organic matter and pH) for each
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controlled release device were tested in triplicate. Two samples were collected from each
container at each sampling period, one for analysis and one for archive/backup. All of the
samples were stored until they could be extracted and quantified by HPLC. After
quantification by HPLC the raw concentration data was adjusted and statistical
comparisons between parameters were conducted. Figure 1 is an overview of the
sampling and sample analysis process described in this chapter, the first three steps were
discussed in the previous section.
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3.2.3.x

3.2.4.x

Figure 1 - Overview of the sample analysis process
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3.2.4.1 Solid Phase Extraction
A new solid phase extraction method was developed for the study. A 75-mL reservoir
was placed on the top of each 2,000 mg Reverse Phase (C18) disposable extraction
column connected to a stopcock. The unit was placed onto the SPE manifold. The
manifold was connected to a vacuum and a sample identification label was placed on
each reservoir. For samples that contained visible particulate matter (typically particles
of wax from the wax-based formulations or pieces of organic matter), the water was
filtered through a glass fiber membrane (GF/F or 934-AH with a porosity of 0.7 and 1.5
µm respectively) under vacuum prior to loading the SPE column.

With the stopcocks closed vacuum was applied and 8 mL methanol was added to each
reservoir. Stopcocks were opened to allow methanol to slowly drip through the column,
while adjusting the flow rate using the pressure ring and/or stopcocks to achieve a drip
rate of 2 ± 0.5 mL/min. The column remained saturated with methanol; to achieve this,
the stopcock was closed when a small volume of methanol remained on the surface of the
column. Two aliquots (8 mL) of double distilled water was added to each column and the
stopcock opened to allow the water to drip through (2 ± 0.5 mL/min), while maintaining
saturation of the column. If saturation of the column was not maintained at any point
during conditioning, the process was repeated starting with the addition of 8 mL of
methanol to the SPE column

Following conditioning of the columns, extraction efficiency controls were prepared for
extraction and analysis with the other samples. These controls consisted of deionized
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water (DI) added to an acid-washed sample container, which was then spiked with
novaluron at a known concentration. These samples were extracted immediately and used
to determine the efficiency of the solid phase extraction as described in 3.2.4.3.

With stopcocks closed, each sample or quality assurance standard (3.2.4.3) was added to
a reservoir. Stopcocks were opened to a drip rate of 4 ± 1 mL/min by adjusting the
pressure ring and/or stopcocks if necessary. When the sample finished dripping through
the column the stopcock was closed. The columns were allowed to dry under vacuum for
at least 30 minutes, after which the manifold lid with columns attached was removed, and
a labeled, acid-washed borosilicate disposable test tube was placed under each column.
The lid of the manifold was replaced and vacuum was applied. 8 mL of acetone was
added to each reservoir, the stopcocks opened, and acetone allowed to drip at a rate of 2 ±
0.5 mL/min. The tubes containing the eluate were removed from the manifold, capped
and stored (4°C).

The test tubes containing the eluate were placed in an Organomation Inc N-Evap
analytical evaporator (50°C). Air was blown over the sample until all acetone was
removed.

The test tubes were removed from the evaporator and their contents

reconstituted in 1 mL methanol. The tubes were capped and sonicated for at least 5
minutes and vortexed for at least 1 minute before being transferred to acid-washed HPLC
vials that were subsequently capped with Teflon lids. The samples were analyzed
immediately or stored at 4°C for later analysis.
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3.2.4.2 High Performance Liquid Chromatography
3.2.4.2.1 Preparation of Standard for Generation of Standard Curve by HPLC
Standards to generate a standard curve for the quantification of novaluron in samples
were prepared from a stock solution with a nominal concentration of 10 µg/mL. From
this stock, a 0.1 µg/mL solution was prepared and subsequently diluted to create a
standard curve (i.e., absorbance versus concentration). Standards were prepared in acid
washed 2-mL clear borosilicate glass HPLC vials sealed with PTFE-coated caps (see
appendix Table 17). The standards were prepared and corrected for purity in later
calculations (i.e., a 4 mg/L standard was equivalent to 3.92 mg/L, where 0.98 is the purity
of the novaluron technical). The calibration curves of each HPLC run generated, used the
corrected concentration (i.e., the calibration curve used a concentration of 98 ng/mL
instead of 100 ng/mL to generate the regression line).

All HPLC standard curve solutions were sealed and stored in a refrigerator (4 ± 2°C) in
the absence of light (University of Guelph, Bovey Building, Room 2206). The HPLC
standards were prepared at least once a month.

3.2.4.2.2 HPLC – UV Equipment, Solvents and Gradients
Two separate protocols for novaluron determination were developed for the study.
Method A was employed for all samples containing NaCl or organic matter. Method B
was used for all other samples.

Method A
Instrument Conditions:
Agilent High Performance Liquid Chromatograph
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Degasser, Agilent G1322A
Quaternary Pump, Agilent G1311A
Autoinjector, Agilent G1313A
Diode array detector, Agilent G131513
HPLC column: reversed phase, Hypersil BDS C18 (100 x 4.6 mm, 3 µm, Life Science)
Guard column: (10 x 4 mm Drop-In Guard Cartridge, Life Science)
Solvent A: 95% Nanopure water : 5% acetonitrile
Solvent B: 100% acetonitrile
Injection volume: 25 µL
UV detection: 254 nm
Initial flow rate: 1.4 mL/min
Retention time of novaluron: 10.80 minutes
HPLC computer program: Time 0 min 45% B, 15 min 65% B, 17 min 95% B, 20 min
45% B (all solvent gradient changes were linear)
Method B
Instrument Conditions:
Agilent High Performance Liquid Chromatograph
Degasser, Agilent G1322A
Quaternary Pump, Agilent G1311A
Autoinjector, Agilent G1313A
Diode array detector, Agilent G131513
HPLC column: reversed phase, Hypersil BDS C18 (100 x 4.6 mm, 3 µm, Life Science)
Guard column: (10 x 4 mm Drop-In Guard Cartridge, Life Science)
Solvent A: 95% Nanopure water:5% acetonitrile
Solvent B: 100% acetonitrile
Injection volume: 25 µL
UV detection: 254 nm
Initial flow rate: 1.6 mL/min
Retention time of novaluron: 5.08 minutes
HPLC computer program: Time 0 min 55% B, 1 min 55% B, 3 min 65% B, 6 min 65%
B, 6.1 min 80% B, 7 min 55% B, 9 min 55% B (all solvent gradient changes were linear)
3.2.4.2.3 Detection Limit and Limit of Quantification for the HPLC Method
Samples used to determine the method detection limit (MDL) and limit of quantitation
(LOQ) were prepared in the same way as storage stability samples. 8 samples were
spiked to a final nominal concentration of 2 ng/mL then analyzed and quantified by
HPLC.

The LOQ and MDL were determined with the following equation:
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MDL = t * STD

Where t = t value of (n-1) degrees of freedom and STD = standard deviation of the mean
generated from n replicates; therefore in this example:

t0.99 value = 2.998
n=8 replicate samples
MDL = 2.998 * STD
LOQ = 2 x MDL

The MDL of HPLC method A was 0.162 ng analyte/mL and the LOQ was 0.326 ng
analyte/mL in the final extract.

The MDL of HPLC method B was 0.180 ng analyte/mL and the LOQ was 0.360 ng
analyte/mL in the final extract.

3.2.4.3 Quality Assurance
To confirm that the method of extraction and HPLC analysis were consistent, quality
control (internal standard) samples were prepared to determine that the percent recovery
was consistent from day to day.
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% Recovery = [detected concentration of novaluron spiked into control water (ng/mL)] ÷
(fortification level (ng/mL)) * 100

Example Calculation to Determine % Recovery:
If a quality control sample (QC) was prepared by spiking water to a concentration of
3.00 ng novaluron/mL water and then extracted and analyzed, and found to have 2.00 ng
novaluron/mL water, the percent recovery would be 66.67%, determined as follows:
(2.00 / 3.00) * 100 = 66.67% Recovery
These samples were not used for any data adjustment but were used to verify that the
percent recovery of extracted samples was consistent over time.

3.2.4.4 Raw Data Adjustments
After calculating the raw data concentration of the novaluron in a water sample the value
was adjusted to account for sample extraction efficiency, formulation interference and
sample stability. These adjustments were performed in two steps. The first adjustment
(3.2.4.4.1) accounted for the interference of the non-active ingredients in the novaluron
formulation in the quantification of novaluron by HPLC-UV. The second (3.2.4.4.2)
accounted for the extraction efficiency of a water sample and the degradation (or loss) of
that sample while it was being stored prior to extraction.

3.2.4.4.1 Formulation Adjustment Blank
Deionized water blanks and formulation blanks were observed to occasionally have a
small peak coinciding with novaluron when analyzed by HPLC. The cause of the HPLC
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peak is unknown. A possible explanation may be that the peak is an artifact of the
extraction method, or contamination from the inactive ingredients in the formulation. For
each formulation, the means of the deionized water control and formulation blank were
calculated (n=28), to produce a mean value for each control. It was determined that the
mean values for the formulation blank control for each treatment were slightly greater
than the mean values of the deionized water controls. Thus, the mean formulation blank
values for each treatment were used to adjust each sample after analysis.

The mean formulation blank adjustment value (ng/mL) for the granules, CRD and pastille
were 0.139, 0.169 and 0.138 ng/mL respectively.

3.2.4.4.2 Determination of Novaluron Stability in Water
Storage stability samples were prepared to determine novaluron recovery in water as a
result of extraction efficiency and duration of sample storage. To prepare storage stability
samples, 84 acid-washed sample jars were filled with 100 mL of deionized water, spiked
with novaluron stock solution (0.01 mg/mL) to a final concentration of 0.005 µg/mL (5
ng/mL), and sealed with a PTFE-coated lid. Storage stability samples were stored in a
refrigerator (4 ± 2°C) in the absence of light at the University of Guelph, Bovey Building,
room 2206 until analyzed. Triplicate samples were extracted and analyzed after a period
of storage ranging from 2 hours to 168 days. The extraction and analysis of these samples
followed the same methods as other water samples in this study as described in section
3.2.4.1.
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In addition, methanol-spiked storage stability samples were prepared in acid-washed
borosilicate HPLC vials. In this case, 1 ml of 0.5 µg/ml (500 ng/mL) solution was stored
as described above (i.e., from 2 hours to 1 year). These methanol spiked samples were
stored in the same location as the storage stability samples in water and were analyzed
individually to verify novaluron stability in methanol and standard consistency over time.

Data for days 0-168 of the storage stability samples were combined with the quality
control samples, plotted, analyzed, and fitted to a 3rd order polynomial regression to
produce a sample correction curve used to correct the sample data both for degradation
while in storage and for sample extraction efficiency (Figure 2).

Figure 2 - Percentage of unadjusted spiked storage stability samples remaining after different
storage times in transparent flint glass

where y = Adjustment factor (% of total novaluron recovered) and x= the number of days
a sample is stored.
This equation was used to adjust all raw HPLC data.
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3.2.4.4.3 Identification and Quantification of Novaluron
Novaluron was identified by comparison with an authentic standard of novaluron. The
peak area of novaluron was used to determine its concentration from a standard curve
(peak area vs. novaluron concentration) by interpolation. Two standard curves were used
(i.e. 0.25 ng/mL -100 ng/mL and 100 ng/mL -1,000 ng/mL respectively) depending on
the peak area generated for each novaluron sample. Each curve contained at least five
data points and was rejected if the curve had an r2 value of less that 0.95. A typical
injection sequence consisted of a methanol blank followed by the sixteen novaluron
standards of different concentrations (from low to high concentration), followed by a
methanol blank and an acetonitrile blank. The extracted samples were injected thereafter.
A run control was randomly inserted into the run and analyzed after approximately every
100 samples. The run control consisted of a known concentration of novaluron taken
from a previously-run standard curve analysis. Quality assurance samples (internal
controls), storage stability samples and extracted samples from different treatments were
all part of the samples that were extracted, analyzed and quantified.

A linear least-squares regression line was calculated using known concentration of
novaluron (3.2.4.2.1) ranging from a nominal concentration as low as 0.25 ng/mL to as
high as 4 µg/mL. Microsoft Excel® was used to calculate the linear regression. The
concentration of standards adjusted for purity (i.e. novaluron technical was 98% pure so
100 ng/mL was written as 98 ng/mL for the purposes of making a standard curve) was
plotted against the value of its respective chromatograph peak area (dependent variable)
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to generate the appropriate linear regression equation to determine the intercept, slope
and correlation coefficient (r2) resulting in a linear regression of the form:

Peak Area (y) = Slope (m) * Analyte Concentration (x) + Intercept (b)

The slope and intercept obtained from these curves were used for the calculation of the
novaluron final sample concentrations (ng/mL).

3.2.4.4.4 Calculation of Novaluron Concentration in Water Samples
The determination of the concentration of novaluron in a water sample requires several
steps. The following is a description of the process by which the concentration is
calculated. Several adjustment factors are implemented in this calculation which is listed
in the “Raw Data Adjustments” section 3.2.4.4.
The unadjusted concentration (ng/mL) of novaluron in 1ml of methanol is determined by
HPLC.
Unadjusted novaluron concentration of sample in 1 mL methanol (ng/mL) = (sample
peak area – standard curve intercept) / standard curve slope
The concentration of the sample is then multiplied by a dilution factor (DF; 100 mL) to
account for the change in volume of water sample to concentrated extract.
Unadjusted novaluron concentration in water sample (ng/mL) = [unadjusted novaluron
concentration in 1 mL methanol (ng/mL) * DF]
Where DF =EV /SV
Where DF = Dilution factor
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EV = Volume of methanol (1 mL)
SV = Volume of water sample (100 mL)
Next, if the calculated concentration fell within the linear range of the standard curve the
sample was corrected to account for the method detection limit (MDL) and the limit of
detection (LOD).
The LOQ of Method A was 0.326 ng/mL and the LOQ of method B was 0.360 ng/mL, the
MDLs of the methods were 0.162 ng/mL and 0.180 ng/mL, respectively (calculated as ½
LOQ). Values between the LOQ and the MDL were rounded down to the MDL. Values
below the MDL were assigned a value of 0.
Next an adjustment factor was implemented. A third order polynomial regression curve
was used to account for storage loss over time and the efficiency of the solid phase
extraction procedure.
Adjustment factor (% of total novaluron recovered) = -0.00001x3 + 0.0056x2 – 0.7965x +
60.992
Where “x” is equal to the number of days a sample is stored prior to extraction.
An example calculation is provided in Appendix Table 18.

3.2.4.5 Statistical Analysis of Results
A repeated measures analysis of variance (RM ANOVA) was conducted using SigmaStat
and SAS to determine statistical differences between the treatments and the day sampled.
Since an RM ANOVA is a parametric statistical test (requires data normally distributed
with an equal variance), a Shapiro-Wilk test for normality of the data then a Levene
Median was used to ascertain equal variance. In the event that the data was not normally
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distributed it was normalized using a Box-Cox power transformation in SigmaXL
Microsoft Excel macro suite. To evaluate the effects of the test parameters and day
sampled after the RM ANOVA, a Holm-Sidak multiple comparison test was conducted
on each data set to compare water treatments against the pH 6.5 parameter. Since the
methods of sampling and the hydrodynamics were likely different between each
formulation, no analysis was attempted to make comparisons among the three
formulations. Combination treatments, where only pastilles were used were also analyzed
and reported separately.

3.2.4.5.1 The Use of the pH 6.5 Parameter as a Statistical Comparison
The pH of unbuffered, deionized water exposed to open air will slowly drift due to
carbon dioxide in the air dissolving into water forming carbonic acid. The pH 6.5
parameter treated with a sodium acetate buffer to maintain a constant pH was the ideal
parameter to compare to use as a baseline to evaluate the effects other physical and
chemical parameters had on the release of novaluron from the formulation. The pH 6.5
parameter was used as a benchmark when evaluating the release of novaluron in other
parameters.
3.3

Results and Discussion
Research on other formulations of pesticides have shown that the physical and chemical
parameters of the medium (organic matter, ion concentration, temperature and pH) may
affect the performance and release of the active ingredient. Controlled release
formulations of novaluron were applied to in an aqueous system have different chemical
and physical properties (parameters) to determine their performance. Based on evidence
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in the literature it was thought that these parameters would have a significant effect on
the quantity and duration of release of novaluron into the water from the three
formulations (Bahadir et al., 1990; Cryer, 2011; Roy et al., 2009; Atterholt et al., 1999).
A formal evaluation of the release rates of novaluron from these formulations inot water
with different chemical and physical properties had not been conducted prior to this
study. This information was important to understand so that when novaluron formulations
are brought to market, specific application instructions could be provided to the user.

Concentrations of novaluron in all water samples were calculated using HPLC analysis
(see section 3.2.4.2). All data were adjusted for sample stability, formulation blank and
extraction efficiency. The adjusted data for a specific formulation and parameter were
compared statistically with the ideal situation for that formation (i.e., positive control, the
formulation containing novaluron at pH 6.5 in water at 25°C) via a repeated measures
analysis of variance (RM ANOVA) followed by a Holm-Sidak multiple comparison test.

The objectives of the analysis were to determine; i) over what period of time novaluron
could be detected and quantified as it was released from each formulation (granules,
CRD, and pastilles) in an aquatic system and ii) how parameters such as pH, organic
matter, temperature, etc. affected the release of novaluron from each of the three
formulations during this period of time.

Although three controlled release formulations were tested, no comparisons were made
among formulations, but only within a formulation. It was expected that there would be
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no significant difference between each of the treatment parameters and the positive
control (i.e., novaluron released from a formulation at pH 6.5 in distilled water);
however, since both the formulation and water controls (negative controls) contained no
novaluron, these two treatments were expected to be significantly different from all
treatments containing novaluron.
3.3.1

General Statistical Analysis
In conducting a parametric statistical comparison like an ANOVA, there are three
fundamental assumptions that typically need to be considered to ensure that the
comparisons are accurate. Data collected from samples must be collected randomly and
samples collected must be normally distributed with equal variance between groups. In
general, statistical tests are put in place to determine normal distribution and equal
variance, and data transformations are often used to normalize the data. For example, a
Shapiro-Wilk test for normality can determine whether the data has a normal distribution
(i.e. if p is greater than 0.001), while a Levene Median test can identify unequal variance
between data (i.e. if p >0.001). These tests were conducted for each RM ANOVA
comparison within a formulation. The Levene Median indicated an equal variance for
each comparison between treatments within each formulation, however the Shapiro-Wilk
test for normality failed for many of the comparisons. When the Shapiro-Wilk test for
normality of the data failed, numerous transformations were used to try to normalize the
data. Log, power, root, reciprocal, arcsine-root, aligned rank and box-cox transformations
were all used without success (p <0.001). Aligned rank (Wobbrock et al. 2011) and boxcox (Box and Cox 1964) transformations in particular are used extensively on nonparametric data for the purposes of statistical analysis via an ANOVA. Despite the lack
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of normalization the data was transformed using the box-cox method and a RM ANOVA
analysis of the data was conducted. Residual histograms after transformation (see Figure
68, Figure 69 and Figure 70) were approximately bell-shaped, suggesting that the data is
normally distributed. A reasonable body of research (Glass et al. 1972, Harwell et al.
1992, Lix et al. 1996) have shown that while the other two assumptions are absolutely
vital, conducting a statistical analysis designed for parametric data using a nonnormalized dependent variable may not greatly affect the outcome of the analysis. Thus
the analyses using RM ANOVA were conducted.

There are a few likely explanations for why the concentration data (except for the
combination parameter experiment) in this chapter were not normally distributed. We
propose that the main reason the data in this chapter were non-parametric was because
many of the samples had concentrations of novaluron below both the limit of detection
and the method detection limit. With so many “zero” values and other sampled values
being so close to non-detected values, the distribution of the data was greatly skewed,
resulting in a non-normal distribution. Furthermore the combination parameter
experiment is probably normally distributed because the data contained far fewer “0”
values due to the reduced duration of the study. In future studies of this type, the lack of
normality of the data could be addressed by lowering the method detection limit to reduce
the skewedness of the data. One method for lowering this value would be to analyze the
samples via HPLC – mass spectroscopy (MS), which typically has a lower detection limit
compared to HPLC-UV analysis.
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With the previous discussion in mind, a repeated measures analysis of variance model
(RM ANOVA) was used to compare the positive control with each treatment within a
formulation to determine the effect the parameter, time, and replication had on
novaluron’s release. The RM ANOVA used the model yijk = µ ijk + ηijk = αi + βj + γk + δij
+ εjk + ζik + ηijk, where:
µ ijk = the overall mean
ηijk = total error
αi = the effect of replicate
βj = the effect of a parameter (e.g. a specific parameter vs. positive control)
γk = the effect of time (days sampled)
δij = the interaction between replicate and parameter
εjk = the interaction between parameter and day
ζik = the interaction between replicate and day
See Table 25 in the appendix for an example of the statistical output following RM
ANOVA.

3.3.2

Effect of Parameters (Salinity, Organic Matter, Hardness and Temperature) on the
Release of Novaluron from Granules
Each negative control was significantly different from the positive control, indicating that
novaluron could be detected at statistically significant levels (Figure 3 and Figure 4).

When the positive control (water at pH 6.5 and 25°C) was compared with each parameter
(Figure 3 to Figure 9) using the RM ANOVA model, interactions between day-replicate

69

and parameter-replicate were not significant (p >0.05) indicating that replication did not
account for the variation of the data. However, the interaction between parameter by day
was significant when each parameter was compared to the positive control, with the
exception of the 10°C parameter. Thus for all parameters, except 10°C, the rate of
dissipation changed over the course of the experiment in comparison to the positive
control. With regard to the 10°C parameter, there was a significant main effect of
parameter, thus the rate of dissipation was the same as that for the positive control but in
general more novaluron was present at all times at 10°C (Figure 9).

Where the interactions were significant, the Holm-Sidak multiple comparisons test was
used to determine when (i.e., on what day) the parameter affected novaluron
concentrations (indicated in Figure 3 to Figure 9 with a “*”). For the salinity parameter,
there was more novaluron when salt was present between day-69 and 140 when
compared to the positive control. When more calcium was present (i.e. water hardness
parameter) concentration of novaluron were greater from day-56 to 182. Furthermore, the
same trend occurred when temperature was adjusted to 30 C. However, when organic
matter was added, the positive control was greater from day-1 to 42, but thereafter more
novaluron was found in the presence of organic matter from day-98 to 168.
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Figure 3 - Comparison between mean (n=3) concentrations (± SE) of novaluron in the water
control (negative control) versus the positive control (pH 6.5 parameter)

Figure 4 - Comparison of mean (n=3) concentrations (± SE) of novaluron in the granule
formulation blank (negative control) versus the positive control (pH 6.5 parameter)

71

Figure 5 - Comparison between mean (n=3)
concentrations (± SE) of novaluron released from
granules in salt water versus water at pH 6.5
(positive control)

Figure 6 - Comparison between mean (n=3)
concentrations (± SE) of novaluron released from
granules in organic matter rich water versus water at
pH 6.5 (positive control)

Figure 7 - Comparison between mean (n=3)
concentrations (± SE) of novaluron released from
granules in hard water versus water at pH 6.5
(positive control)

Figure 8 - Comparison between mean (n=3)
concentrations (± SE) of novaluron released from
granules in 30°C water versus water at pH 6.5
(positive control)

Figure 9 - Comparison between mean (n=3) concentrations (± SE)
of novaluron released from granules in 10°C water
versus water at pH 6.5 (positive control)
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3.3.3

Effect of Parameters (Salinity, Organic Matter, Hardness and Temperature) on the
Release of Novaluron from CRDs
Each negative control was significantly different from the positive control, indicating that
novaluron could be detected at statistically significant concentrations (Figure 10 and
Figure 11).

When the positive control (water at pH 6.5 and 25°C) was compared with each parameter
(Figure 10 to Figure 16) using the RM ANOVA model, interactions between dayreplicate and parameter-replicate were not significant (p >0.05) indicating that replication
did not account for the variation of the data. However, the interaction between parameter
by day was significant when each parameter was compared to the positive control. Thus
for all parameters, the rate of dissipation was different over the course of the experiment
compared to the positive control.

The Holm-Sidak multiple comparisons test was used to determine when during the
experiment the parameter significantly affected novaluron concentrations (indicated in
Figure 12 to Figure 13 with a “*”). For the salinity parameter, there was more novaluron
when salt was present between day-42 and 70 though due to large standard error only day
70 was significantly different when compared to the positive control. When more calcium
was present (i.e. water hardness parameter) the concentrations of novaluron were greater
from day-84 to 168. When temperature was adjusted to 30°C, detected novaluron was
significantly different only at day-1 and -84. However, when organic matter was added,
the positive control was greater from day-1 to 56, but towards the end of the experiment
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more novaluron was found in the presence of organic matter (day-154 was significant).
There was no difference in the quantity of novaluron released into water at 10°C versus
water at pH 6.5 and 25°C (i.e., the positive control) until day-140 when more novaluron
was detected in the 10°C parameter than the positive control.

Table 23 (located in the appendix) summarizes each of the comparisons between the pH
6.5 parameter and the other tested parameters within the CRD formulation.

74

Figure 10 - Comparison between mean (n=3) concentrations (± SE) of novaluron in the water
control (negative control) versus the positive control (pH 6.5 parameter)

Figure 11 - Comparison of mean (n=3) concentrations (± SE) of novaluron in the CRD formulation
blank (negative control) versus the positive control (pH 6.5 parameter)
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Figure 12 - Comparison between mean (n=3)
concentrations (± SE) of novaluron released from
CRDs in salt water versus water at pH 6.5 (positive
control)

Figure 13 - Comparison between mean (n=3)
concentrations (± SE) of novaluron released from
CRDs in organic matter rich water versus water at
pH 6.5 (positive control)

Figure 14 - Comparison between mean (n=3)
concentrations (± SE) of novaluron released from
CRDs in hard water versus water at pH 6.5 (positive
control)

Figure 15 - Comparison between mean (n=3)
concentrations (± SE) of novaluron released from
CRDs in 30°C water versus water at pH 6.5 (positive
control)

Figure 16 - Comparison between mean (n=3) concentrations (± SE)
of novaluron released from CRDs in 10°C water
versus water at pH 6.5 (positive control)

76

The concentrations of novaluron released from the CRDs at each sample period were
similar for all parameters. Little or no novaluron was detected on day-1, by day-14
novaluron was detected, and by day-28, novaluron concentrations were very high.
Following day-28 concentrations of novaluron decreased for the remainder of the study.

Regardless of the parameter studied in the CRD experiments, there was large variability
among replicates. Periodically aberrantly high levels of novaluron were observed in
extracted samples: it is conceivable that these high levels are due to solid (undissolved)
wax formulation present in the extracted water sample. Some of the fine wax particulate
may have settled near the sampling spout from the previous mixing (refilling) event and
collected in the sampled water at the next sampling event. This waxy particulate is likely
to have much higher concentrations of novaluron than the surrounding water. In addition,
parameters that increased the buoyancy of the wax particulate, once the CRDs had
disintegrated, tended to result in higher levels of novaluron being measured in the
extracted water samples. This observation was seen in the salinity and water hardness
parameters for both the wax-based formulations. A similar observation was also noted in
the 30oC parameter. In this situation the higher levels of novaluron measured in the
extracted water samples could be attributed to the higher energy state of the test system
which could have increased mixing.

3.3.4

Effect of Parameters (Salinity, Organic Matter, Hardness and Temperature) on the
Release of Novaluron from Pastilles
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Table 23 (located in the appendix) summarizes the comparisons between the pH 6.5
parameter and the other tested parameter within the pastille formulation.

Each negative control was significantly different from the positive control, indicating that
novaluron could be detected at statistically significant levels (Figure 17 and Figure 18).

When the positive control (water at pH 6.5 and 25°C) was compared with each parameter
(Figure 17 to Figure 23) using the RM ANOVA model, interactions between dayreplicate and parameter-replicate were not significant (p >0.05) indicating that replication
did not account for the variation of the data. However, the interaction between parameter
by day was significant when each parameter was compared to the positive control. Thus
for all parameters, the rate of dissipation was different over the course of the experiment
when the positive control was compared with each parameter.

The Holm-Sidak multiple comparisons test was used to determine when during the
experiment the parameter significantly affected novaluron concentrations (indicated in
Figure 19 to Figure 23 with a “*”). For the salinity parameter, the release pattern of
novaluron was similar to that of the positive control but was incrementally greater from
day-56 to 98. As with salinity, when more calcium was present (i.e. water hardness
parameter) concentration of novaluron were very similar when compared with the
positive control, a significant difference occurred at just one sampling day (day-168).
When temperature was adjusted to 30°C, novaluron concentration was significantly
greater than the positive control at day-56, 84, 98 and 168. The amount of novaluron
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released at 10°C was approximately the same as the positive control throughout the
study, though the 10°C parameter exhibited days where the concentration of novaluron
was both higher and lower than the positive control. When organic matter was added, the
positive control was greater from day-1 to 84, but towards the end of the experiment
more novaluron was found in the presence of organic matter (day-168 was significant).
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Figure 17 - Comparison between mean (n=3) concentrations (± SE) of novaluron in the water
control (negative control) versus the positive control (pH 6.5 parameter)

Figure 18 - Comparison of mean (n=3) concentrations (± SE) of novaluron in the pastille
formulation blank (negative control) versus the positive control (pH 6.5 parameter)
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Figure 19 - Comparison between mean (n=3)
concentrations (± SE) of novaluron released from
pastilles in salt water versus water at pH 6.5 (positive
control)

Figure 20 - Comparison between mean (n=3)
concentrations (± SE) of novaluron released from
pastilles in organic matter rich water versus water
at pH 6.5 (positive control)

Figure 21 - Comparison between mean (n=3)
concentrations (± SE) of novaluron released from
pastilles in hard water versus water at pH 6.5
(positive control)

Figure 22 - Comparison between mean (n=3)
concentrations (± SE) of novaluron released from
CRDs in pastilles water versus water at pH 6.5
(positive control)

Figure 23 - Comparison between mean (n=3) concentrations (± SE)
of novaluron released from pastilles in 10°C water
versus water at pH 6.5 (positive control)
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The release pattern of each formulation in water was presumed to be significantly
affected by the makeup of the formulation itself since the pastilles and CRD disintegrated
in water, whereas the granules where not visibly changed. Thus, it was expected that their
release profiles would be different and when comparing the wax-based formulations to
the granules this was evident. However, some of the difference in release profiles could
likely also be attributed to the test method. Pastilles and CRDs were composed of the
same materials and hence behaved similarly in water. Thus novaluron release from these
two formulations could be expected to follow the same pattern. This was not the case
however; CRDs and pastilles had very different release profiles, specifically at the onset
of the study. There was a drawn down and refill event incorporated into each water
sampling period for the CRD formulation that distinguishes this test method from the
others. Removing and adding so much water to each barrel likely created turbulence
increasing mixing and altering the concentration of novaluron in the water. This is best
observed in day-28, the first time the barrels are sampled after a mixing event, after this
time the detected concentrations in the two formulations converge.

Organic matter was the only parameter that was not significantly different from the pH
6.5 parameter in the granule treatments. The organic matter parameter exhibited
confounding release patterns for all treatments for the duration of the experiment. Levels
of novaluron in organic matter treatments, consistent with release patterns from other
treatments, were not observed and novaluron was difficult to detect in many cases. This is
not surprising since novaluron has a log kow of 4.3 and likely readily binds to organic
sediment. In some cases pesticides have been known to adsorb/absorb to organic matter
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in water, limiting detected concentrations (Cataldo et. Al., 1999; Bahadir et al., 1990). To
confound interpretation of the collected data further, the organic matter itself was in a
continued state of flux. The organic matter used in this experiment contained active top
and bottom fermenting yeast as well as leaf material. The organic matter was visibly in a
state of degradation for the duration of the experiment, this could have had a dramatic but
changing effect on the binding affinity of novaluron to the organic matter and thus the
detectable levels of novaluron in each sample.

Organic matter had a unique release pattern for all formulations of novaluron. Though the
effect of organic matter on the release of novaluron from the formulations were not
significant when compared by RM ANOVA, the concentrations did differ significantly
however for all the formulations at individual day comparisons. The effect of organic
matter on the quantity of active ingredient in solution has been observed in research with
other chemicals (Bahadir et al., 1990), this effect was a major research objective of the
subsequent study presented in Chapters 5 and 6.

The 10°C parameters also had atypical release patterns for all formulations this effect was
addressed in the next section to supplement this presented data.

3.3.5

Effect of Parameters on the Release of Novaluron from Pastille Treatments
Maintained at 10°C and 30°C
Pastille experiments combining temperature variations (10°C and 30°C) and other
parameters were conducted. These experiments, which lasted 42 days, employed the
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same methodology of the 182-day pastille experiments, and were designed to describe the
effect temperature had on the release of novaluron in water treated with other parameters.
Though the methods used to generate the data in this section were all the same and
comparisons could take place between any of the parameters tested, only the comparisons
between the 10°C and the 30°C jars containing the same water treatments are presented
(i.e. water hardness parameter at 10°C vs water hardness parameter at 30°C). These
comparisons were all that was necessary to address the effect that water temperature has
on the release of novaluron from the pastille formulation (the other comparisons are
summarized in Table 24 of the appendix).

When a parameter at 30°C was compared with the same parameter at 10°C using the RM
ANOVA model, interactions between day-replicate and parameter-replicate were not
significant (p >0.05) indicating that replication did not account for the variation of the
data. However, the interaction between parameter by day was significant when each
parameter was compared to the positive control, with the exception of the pH 9
parameter. Thus for all parameters, except pH 9, the rate of dissipation was different over
the course of the experiment when the positive control was compared with each
parameter. With regard to the pH 9 parameter, there was a significant main effect of
parameter, thus the rate of dissipation was the same at 10°C as for 30°C but in general
more novaluron was present at all times at 30°C (Figure 27).

Where the interactions were significant, the Holm-Sidak multiple comparisons test was
used to determine when the parameter affected novaluron concentrations (indicated in
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Figure 24 to Figure 29 with a “*”). Most comparisons between temperatures trended the
same way, over the four sample periods that the study took place the parameters at 30C
were the most different, and the greatest, at day one and least different on the final
sampling day (day-42). Salinity, hardness, and pH 5, 7 and 9 comparisons were all
significantly different at day-1. Hardness, and pH 5, 7 and 9 comparisons were
significantly different at day-14, while only pH 7 and 9 comparisons were significant at
day-28. No comparisons were significantly different at day-42. This suggests that
parameters at 30°C mix faster than the same parameter at 10°C, and that this effect only
lasts for a relatively short period of time. Over the course of the study samples at 30°C
disintegrated more rapidly, supporting this assertion.
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Figure 24 - Comparison between mean
concentrations (± standard error) of novaluron in
hardness parameters at 10°C and 30°C treated
with pastilles

Figure 25 - Comparison between mean
concentrations (± standard error) of novaluron in
pH 5 parameters at 10°C and 30°C treated with
pastilles

Figure 26 - Comparison between mean
concentrations (± standard error) of novaluron in
pH 7 parameters at 10°C and 30°C treated with
pastilles

Figure 27 - Comparison between mean
concentrations (± standard error) of novaluron in
pH 9 parameters at 10°C and 30°C treated with
pastilles

Figure 28 - Comparison between mean
concentrations (± standard error) of novaluron in
organic matter parameters at 10°C and 30°C
treated with pastilles

Figure 29 - Comparison between mean
concentrations (± standard error) of novaluron in
hardness parameters at 10°C and 30°C treated
with pastilles
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The effect of temperature in tandem with another parameter on the release of novaluron
during a 6-week trial was dramatic. Regardless of the non-temperature parameter, the
release patterns from the pastilles were similar: detected levels of novaluron are higher at
day-1 and 14 for the 30°C parameter but then converge after 28 and 42 days. Over a long
trial (over 14 days) there is no effect of temperature on the amount of novaluron in water,
at least in this temperature range. The effect of temperature corroborates the findings
from research on other controlled release pesticide formulations (Roy et al., 2009;
Atterholt et al., 1999), i.e., an increase in temperature increases the rate of formulation
dispersion. Therefore, there are greater concentrations of novaluron in the 30°C
parameters at the onset of the study but then water concentrations similar to the 10°C
parameters are maintained thereafter.

The data presented in this chapter presents a significant contribution to the body of
scientific literature on these formulations and this active ingredient. Prior to this work, no
release study has been published on any of the three formulations evaluated in this study.
Novaluron is a relatively new chemical for mosquito control that is being actively
promoted by the World Health Organization for malaria and dengue vector control efforts
(WHO 2008). Characterizing novaluron release from these formulations and the
subsequent multinational registration which may follow will open new markets and
create new opportunities to use the active ingredient for insect control.
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4
4.1

QUANTITATION AND TARGET EFFICACY OF NOVALURON IN WATER
FROM A SLOW-RELEASE FORMULATION IN A MESOCOSM
Introduction
Results from the previous chapter indicate that various water parameters had little effect
on the continued release over six months of novaluron from the wax-based formulations
(CRD and pastilles), though the organic matter parameter for each formulation presented
some anomalous results. Levels of novaluron were very low at the onset of the
experiments and generally increased thereafter. This was contrary to the release
characteristics of novaluron as influenced by the other parameters. It was speculated that
the addition of organic matter to water created a number of lipophilic adsorption sites that
initially sequestered available novaluron until the organic matter degenerated via
biological degradation thus releasing the novaluron back into the aqueous phase; similar
effects of organic matter have been reported with other pesticides (Cataldo et. Al., 1999;
Bahadir et al., 1990). The effect of organic matter on novaluron, though not well
characterized, has been documented in the past (FAO, 2003; Tawatsin et al., 2007). It is
well known that release patterns of controlled-release formulations may differ under lab
conditions versus field conditions (Cryer, 2011). It was this gap in the published
knowledge on this formulation of novaluron that made it clear that a study was
characterize the release and efficacy of novaluron in a large (simulated) natural
environment (i.e. mesocosms).

The intended use of the wax-based formulations of novaluron discussed in the previous
chapter was for application to drainage ditches, cisterns and reservoirs that are not
typically connected to other water sources and thus have a basic and transient ecosystem
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of their own. It is the environmental impact on these areas by novaluron that must first be
assessed because this is where the novaluron formulation is likely to be applied. A
mesocosm is an ideal test system to simulate such sites and so was used for this study.
Although there is some discussion about what exactly defines a mesocosm, there is some
general agreement: a mesocosm is an aquatic, static (no continuing flow) barrier (a selfcontained container or a segregated from a larger system) 1 to 104 m3 in volume that
includes several trophic levels of organisms to simulate a simple ecosystem in a natural
environment (OECD 2006). The species to be added into the ecosystem can be used to
address a specific scientific inquiry and can have any number of tropic levels. Many
water bodies in nature are very complex biologically; a mesocosm study can provide a
simpler system to infer the overall impact a chemical may have on a more complex
environment. A mesocosm study was chosen for the research described in this chapter to
verify efficacy data obtained from lab studies and to describe the release characteristics
of novaluron from the formulation when applied to bodies of water significantly larger
than lab-scale. In this study several fundamental objectives were addressed:

1) the effect a synthetic soil substrate containing organic matter has on the longevity of
novaluron in the mesocosms
2) the effect dose has on efficacy and analytical detectability of novaluron in the water
3) the effect the complexity of an aquatic environmental matrix has on the efficacy and
detectability of novaluron when formulated as pastilles
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The pastille formulation from Chapter 3 was used in all mesocosm experiments discussed
here. The study described in Chapter 3 resulted in questions about the efficacy of the
formulation of novaluron in a water system exposed to nature. The first objective of the
mesocosm study was to address and expand some of these remaining questions from the
previous study about the effect of organic matter on the release of novaluron from this
formulation. This objective was achieved by adding additional pond sediment containing
organic matter to some of the mesocosms to determine if any appreciable effect from this
addition could be observed. Organic matter had a dramatic effect on the detectability of
novaluron from water in the lab trials so it was hypothesized that the addition of extra
organic matter in the mesocosm would have a dramatic effect on the detectability and
efficacy of the novaluron formulation. Since the pastille is a newly developed
formulation, limited field trials have been done with it, thus the study described in this
chapter represents the largest scale study yet done on this formulation of novaluron, i.e.,
application of this formulation to a body of water over a 1,000 L.

To address the second research objective and determine the effect of application dose on
efficacy under field conditions quantities of novaluron added to the mesocosms were
changed while the total weight of the formulation was held constant. Pastilles were
formulated with a proposed label-rate quantity of novaluron (0.48% active ingredient by
weight of formulation and applied at 0.12 mg novaluron/L water) and one-quarter label
rate (0.12% a.i. and applied at 0.03 mg novaluron/L water). Thus same mass of pastilles
was applied to all the mesocosms, thereby creating two doses while accounting for
formulant effects. The mesocosm experiment discussed in this chapter was the largest
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study performed on this formulation of novaluron to date; the manufacturers of the
formulation had positive preliminary success with the proposed label-rate quantity of
novaluron in small-scale (200-L containers) lab studies but were eager to determine if a
lower dose could provide adequate control, thereby potentially diminishing any possible
environmental impact. Therefore data generated on the efficacy of this formulation is
very important in designing appropriate use conditions for this product should it come to
market for large-scale use.

The HPLC detection method of novaluron presented in chapter 3 was novel and
originally created for application in that study. It was unknown how effectively such a
technique could quantify novaluron in a complex environmental matrix. Detectability is
vital if this formulation is marketed, since environmental monitoring programs will be
required for compliance to local environmental regulations. Predictably estimating the
biological activity of the concentrations of novaluron detected in a water sample is very
important both for conservation efforts and mosquito control programs. Thus the goal of
the third research objective in this chapter was to determine if quantification was possible
using a reversed phase HPLC and if so describe how predictably it calculates the
concentrations of novaluron when compared with an Aedes aegypti bioassay results from
the same water samples.
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4.2
4.2.1

Material and Methods
Mesocosm Description
The mesocosms selected for use in this study were located at the Guelph Turfgrass
Institute in Guelph Ontario (+43° 55’ 00.57”, -80° 21’ 20.68” by GPS). Sixteen
mesocosms were selected for use (15 for the study and 1 as a backup in case of
malfunction). Each mesocosm was of the same dimension (circular, 4 m in diameter and
1 m in depth), containing about 12,000 L of water. Each mesocosm was placed in the
ground and lined with a black food-grade vinyl pool liner (Figure 71-Figure 76). The
mesocosms were connected to a reservoir pond (ca. 2,000,000 L). Water was cycled
through the mesocosms and the reservoir to equilibrate water quality and aquatic life
prior to the study. The connection was severed and each mesocosm isolated once the
study commenced.

4.2.2

Mesocosm Preparation and Conditioning

4.2.2.1 Washing, Patching and Sealing
Mesocosms (Figure 72) were drained, scrubbed vigorously with a course brush and
washed using a pressure washer. Each mesocosm liner was inspected thoroughly for
perforations and areas of wear. Upon discovery of such areas, a patch was manufactured
from extra vinyl liner and glued in place using silicon outdoor waterproof caulking.
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4.2.2.2 Artificial Sediment Substrate
Artificial soil substrate was created to simulate aquatic pond sediment. Composition of
the artificial sediment (Table 9) was adapted from two OECD guidelines for testing
chemicals in soil (OECD 2006; Egeler et al., 2009).

Table 9 – Components of the artificial pond sediment

Constituent
Peat
Quartz
sand
Kaolinite
clay

Characteristics*
Sphagnum peat without additives, no visible plant remains, air
dried and finely ground (particle size ≥ 5 mm) obtained from JVK
(St. Catherines, ON)
Obtained from Gro Bark (Milton, Ontario) was low pH sand with a
grain size where over 50% of the particles were in the size range of
50-200 µm
100% Kaolinite clay obtained from S&S Pottery Supplies
(Kitchener, Ontario)

% of soil
dry weight
5

75
20

*The original composition of the artificial soil substrate prescribed by the OECD contained 1% CaCO3,
this was not used in the artificial pond sediment since the reservoir water used for the mesocosm
experiments was already very hard (about 500 mg/L).

Ingredients were assembled and combined in a soil mixer (Figure 73). The artificial pond
sediment was analysed for composition to ensure adequate nutrient content (see appendix
– Table 26).

For mesocosms that required the addition of artificial sediment 40 potting trays (52 x 25
x 7 cm) were filled to a depth of 5 cm and placed at the bottom of these mesocosms. The
potting trays covered approximately 41% of the floor of the mesocosm (Figure 74).

4.2.2.3 Mesocosm Macrophyte Addition
Elodea canadensis and Myriophyllum spicatum, two species of aquatic macrophytes
common to southern Ontario, were collected from a local water reservoir at the Guelph
Correctional Centre (785 York Road, Guelph) and added to the mesocosms (Figure 75).
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Four plants of each species were added to each mesocosm. Each macrophyte was a
standard size (15 cm long) and weight (2.5 g wet weight) and visibly healthy. The
macrophytes were anchored in the same artificial soil substrate that was used as synthetic
pond sediment.
4.2.2.4 Cycling
Standpipes (Figure 76) were attached at the drainage outflow using threaded connectors
and Teflon tape. The standpipes are a redundant measure in case the drainage valve in
each mesocosm fails. The standpipes are approximately 94-cm tall; the top of an installed
standpipe was 6 cm from the top edge of the mesocosm. After the standpipes were
installed, each mesocosm was filled with water to the top of the standpipe. The valve
used for draining each mesocosm to the reservoir pond was opened and the water was
allowed to remain for one day to ensure that no water leakage occurred from each
mesocosm. Upon verification of a water-tight standpipe seal, the valve was allowed to
remain open and water was pumped into each mesocosm from the reservoir pond. Water
was pumped into and drained out of each mesocosm at a rate of 8.3 L/min (or 12,000
L/day). The water was cycled at this rate for 2 weeks to allow nutrients and naturally
occurring bacteria, zooplankton, phytoplankton and benthic organisms to establish the
same concentration and number in all organisms. After two weeks, the drainage outflow
valve was shut and water being pumped from the reservoir was stopped.

4.2.3

Addition of Formulation
The pastille formulation of novaluron (Figure 50) was chosen for use in the mesocosm
experiment. The surface area of each mesocosm was separated into four quadrants, a
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quarter of the total weight of pastilles to be added to each mesocosm was distributed
evenly to each quadrant.
Table 10 – Mesocosm treatment assignment

Mesocosm
Number
10
14
17
18
19
20
21
22
23
24
25
27
28
29
30

Sediment
Added?
Y
Y
N
Y
N
Y
Y
N
Y
N
N
N
Y
Y
Y

Novaluron Treatment (mg
novaluron/L water)
0.03
0.12
0.12
Formulation Blank
0.03
0.03
0.12
0.12
0.03
0.03
0.12
0.03
Formulation Blank
Formulation Blank
0.12

Weight of Formulation
Added (g)
299.97
299.96
300.06
300.00
299.99
299.99
300.03
300.03
300.00
299.99
299.94
299.98
300.05
299.99
300.01

*The concentration of novaluron in the formulation applied at 0.03 mg/L and 0.12 mg/L was 0.12% and
0.48% novaluron/weight of formulant respectively

4.2.4

Sample Collection

4.2.4.1 Water Samples Used for HPLC and Bioassay Analysis
Water samples were obtained from two different depths from each mesocosm for use in
HPLC quantification and mosquito bioassays. Two depths were chosen in case of
stratification of the formulation or the active ingredient within the mesocosm. Each
mesocosm was assigned a 1-L jar and a plastic lid with a hole in it (Figure 77). The
sampling apparatus consisted of a clamp attached to a long metal pole; the hole in the jar
was covered with a rubber stopper attached to a string. The jar was lowered to sampling
depth then the stopper was removed to obtain a depth-specific sample. Samples for HPLC
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analysis and a mosquito bioassay were obtained at 10-cm below the surface of the water
and 10-cm above the bottom of each mesocosm.
4.2.5

Collection Schedule
Formulations of novaluron were added to the mesocosms July 26 2011, but monitoring
commenced prior to that date. Different parameters were sampled on different days but
all parameters were monitored for the duration of the study (though intervals of
monitoring were not the same between some of the parameters).
Table 11 – The collection schedule used for HPLC analysis for water samples

Sample Day
-5
0
2
7
9
14
21
28
42
56
69
91
112
130
4.2.6

Sample Date
July 21 2011
July 26 2011
July 28 2011
August 2 2011
August 4 2011
August 9 2011
August 16 2011
August 23 2011
September 6 2011
September 20 2011
October 3 2011
October 25 2011
November 15 2011
December 3 2011

Sample Analysis

4.2.6.1 Aedes aegypti Bioassay
Sterile (non-pathogen carrying) Aedes aegypti were obtained from the Malaria Research
and Reference Reagent Resource Center (MRA number 726; MR4 / ATCC 10801
University Boulevard Manassas, VA 20110-2209 USA) that were cultured from a
collection originating from Puntarenas, Costa Rica. These mosquitos were used in
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bioassays following the Guidelines for Laboratory and Field Testing of Mosquito
Larvicides published by the WHO (WHO 2005). Aedes aegypti are not a native species to
Canada (Becker et al., 2010); however, this species was selected because it is easy to rear
and it is a species that is a vector for human disease. A culture was maintained by Jamie
Heal (University of Guelph, Bovey building, room 2232) that provided a continuous and
reliable source of eggs for use in bioassays.

The procedure for the bioassay was adapted from those used by Su et al. (2003) and
Mulla et al. (2003). Mosquito eggs were allowed to hatch in about 5 cm of dechlorinated
tap water in a shallow metal container (about 20 cm by 40 cm). Liver powder (200 mg)
was added to the container along with mosquito eggs that were then submersed under the
water. After about a day mosquito larvae emerged from the submerged eggs and began to
feed and grow. To conduct the bioassay, twenty 4th instar larvae and 30 mg of liver
powder were transferred, using a wide-bore transfer pipette to each mesocosm water
sample contained in its own jar (Figure 78 and Figure 79). The bioassays were conducted
in a room at the University of Guelph Biocontrol Facility with a photoperiod of 16L:8D
and a temperature of 25 ± 2 ºC. Water lost to evaporation was replenished with
dechlorinated tap water every other day to maintain a consistent concentration of
novaluron. Mortality at larval, pupae and adult stages was recorded every other day until
all individuals died or the adults had emerged from pupal casings. All bioassays were less
than 3 weeks in duration.
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Bioassay data was analyzed according to the procedure outlined by the WHO guidelines
(WHO 2005). The data from all replicates of each treatment were combined (n=3). The
mortality for each treatment was corrected using the Abbott’s formula (Abbott, 1925)
when the mean control mortality was greater than 5%.
The percent inhibition of emergence (% IE) was calculated based on the following
formula (Abbott’s formula) (Abbott, 1925):
%IE=[100-(T/C)]*[100]
where T is the number of emerged mosquitoes in the treatment and C is the number of
emerged mosquitoes in the control. The mean % IE for each treatment and sampled depth
was plotted over time.

4.2.6.2 HPLC Analysis of Collected Water Samples
HPLC analysis of collected water samples was as described in Chapter 3 (3.2.4). Analysis
of novaluron-spiked water from the mesocosms was conducted and HPLC-UV resolution
was deemed sufficient to obtain relevant results for the experiment so the same protocol
and materials for solid phase extraction as outlined in Chapter 3 were used. All HPLC
analysis was conducted using “Method B” which was sufficient to achieve separation of
novaluron from contaminants in the water matrix (see section 3.2.4.2.2). The only
difference that occurred between sample analysis in this study and the previous study
(3.2.4) was that a different HPLC reversed phase (C18) separation column was used
(Phenomenex Luna 5um XB-C18 100A). Novaluron had a retention time on this column
of 7.46 minutes.
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4.2.6.3 Statistical Analysis of Samples
Statistical analysis on mesocosm HPLC and bioassay data was conducted as described in
Chapter 3, see 3.2.4.5..

4.3

Results and Discussion
The proposed label application rate for the pastilles was designed to provide a maximum
dose of 0.12 mg (active ingredient)/L of water to be treated with a formulation containing
0.48% a.i. by weight. The original goal of label-rate application was to provide over 85%
inhibition of emergence for 4 months. A second dose of one quarter the label rate was
also tested to determine how long it would provide effective mosquito control.

Comparisons were made in analysing the data to address several research objectives: i)
the effect an addition of synthetic sediment has on the efficacy and detectability of
novaluron in a water test system ii) the effect of novaluron dose on efficacy and
detectability. Prior to investigating these two objectives, the effect of the complex aquatic
environmental matrix and the waxes comprising the non-active ingredients had on the
bioassay and HPLC analyses were determined.

To address the first research question, the effect of synthetic sediment was determined at
each novaluron dose. Specifically, mesocosms were treated with formulation (300 g)
containing 0.03 or 0.12 mg novaluron/L water with and without added soil substrate.
Mesocosms treated with the same quantity of novaluron were compared to determine the
effect of added soil substrate on the concentration and efficacy of the formulation. To
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address the second question, mesocosms treated with 0.03 mg novaluron /L water without
added soil substrate were compared with those treated with 0.12 mg novaluron/L water
without added soil substrate, thus determining the effect of treatment on efficacy and
dissipation of novaluron. To address the effects of the aquatic matrix and testing methods
on the data, the control mesocosms were evaluated alone to determine the baseline data.
See the appendix, Table 29 for a summary of the statistical comparisons of the mesocosm
bioassay data.

Bioassays and quantitation by HPLC were conducted on water samples collected from
each mesocosm at two different depths. Formulation efficacy and concentration did not
differ between top samples (10 cm from the water’s surface) and bottom samples (10 cm
from the floor of the mesocosm) as compared in a representative paired t-test so the
samples were averaged. These averages of the top and bottom samples of each mesocosm
are the data that was used for statistical analysis. For simplicity, the graphs portrayed in
this section are averages of the treatments (averages of averages).

4.3.1

Mesocosm Liner Partitioning Experiment
Due to novaluron having a log Kow of 4.3, there was some concern prior to conducting
the study that novaluron might partition into the vinyl mesocosm liner. There was also
concern that novaluron might also partition out of the liner. While partitioning into the
liner could certainly have some confounding effects on the results of experimentation, the
major concern was that upon partitioning into the liner novaluron might slowly leach out
of the liner. This fouling effect on the mesocosm liner would cause disruptive effects for
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future researchers using the mesocosms at the Guelph Turfgrass Institute and would
require that all the liners in the study be replaced, an action that would be prohibitively
costly. Prior to conducting the mesocosm study, the ability of novaluron to partition into
and out of the vinyl liner was characterized.

Sample food-grade vinyl liner was suspended in the middle of an acid-washed flint glass
container filled with 100 mL of water. Treatments (n=3 per treatment) were: water spiked
to a concentration of 3 µg/L novaluron with no liner, water spiked to 3 µg/L novaluron
with liner suspended in the water, and water spiked to 3 µg/L novaluron with liner
suspended in the water then after 3 days the liner was removed and moved to another test
container with non-spiked water in which the liner was suspended.

By estimation the vinyl liner was in contact with the water over 251,327cm2 (see
appendix Table 27 for calculation). Since there was about 12,000 L of water in each
mesocosm that left a ratio of 20.9 cm2 liner/L mesocosm water or 2.01 cm2 liner/ 100 mL
mesocosm water. To be conservative in the liner partitioning experiment, samples of liner
3.16 x 3.16 cm were cut and suspended in 100 mL of water, leaving an exposed surface
area of about 20 cm2 or ten times the area of the liner that was to be exposed to one litre
of water in the mesocosm experiment. The experiment ran for one week whereupon the
water was extracted and analyzed using the methods described in Chapter 3. The
resulting analysis suggested that novaluron does not partition into, and hence, out of the
vinyl mesocosm liner (Table 12).
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Table 12 - Results of mesocosm liner partitioning experiment
Parameter Tested
Percent Recovery of Novaluron
Water spiked to 3 µg/L novaluron with no liner
78±3%*
Water spiked to 3 µg/L novaluron with liner suspended in
77±2%*
the water
Water spiked to 3 µg/L novaluron with liner suspended in
the water then after 3 days the liner was removed and
Not Detected
moved to a new test container with non-spiked water
Water that was not spiked with liner suspended in the water
Not Detected
*=not significantly different when analysed using a two-tailed paired student’s t-test (p>0.05)

4.3.2

General Statistical Analysis
As with the previous chapter, a repeated measures analysis of variance model (RM
ANOVA) followed by a Holm-Sidak multiple comparison test was used to compare two
treatments to determine the effects parameter, time, and replication had on the release of
novaluron. Similar to the previous chapter the HPLC data were not normally distributed
and, hence, were transformed using a Box-Cox transformation to normalize the data.
Since the same HPLC methods were used in the analysis of novaluron in this experiment
as were discussed in the previous chapter, this lack of normalization is most likely caused
by the same high detection limits. Likewise with the bioassay data reoccurring 0 and
100% mortality was likely responsible for the bioassay data not being distributed
normally. Unlike the previous chapter, statistical comparisons taking place were not
against a positive control (an ideal circumstance) but instead against other parameters to
address specific research objectives.

4.3.3

Dose-Response Curve
The Aedes aegypti bioassay, dose-response curve was generated (Figure 30) using
novaluron from the same solutions used to generate the HPLC dose curve. The bioassay
curve was used to directly compare the predictive ability of the HPLC results on the
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efficacy of novaluron in a water sample. As can be seen from this curve, acceptable
(higher than 80%) control of mosquitos occurs at concentrations of novaluron in water
greater than 0.35 µg/L, which is the limit of quantitation for novaluron in water samples
as determined by HPLC. The lowest observed adverse effect concentration for novaluron
on A. aegypti is about 0.1 µg/L and complete control of this mosquito species occurs at
and above 0.5 µg/L. Thus when compared to the bioassay method, the HPLC-UV method
is sufficient to determine whether a water sample will contain enough novaluron to
provide complete control A. aegypti mosquitos but is not sensitive enough to determine
novaluron activity at concentrations below 80% control. This makes the HPLC-UV
method a poor choice for monitoring novaluron dissipation in the range between 0 to
80% mosquito control but a good choice for evaluating novaluron concentrations that
would cause 80 to 100% inhibition of emergence of mosquitos (i.e. from a recent direct
application of insecticide to a water system).
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Figure 30 - Dose-response curve of the inhibition of emergence in 4th instar Aedes aegypti larvae
exposed to different quantities of novaluron in dechlorinated tap water

4.3.4

Matrix and Formulant Effects on Bioassay and HPLC Results
Analysis on collected samples from the mesocosms without added active ingredient (i.e.,
formulation blank only) revealed that no co-eluting peaks were visible when analyzed by
chromatography. Furthermore, the aquatic matrix of the mesocosms did not interfere with
analysis in any way (data not shown).

The aquatic matrix may have adsorbed novaluron in situ but no peaks were detected in
the HPLC that would have interfered with the analysis of novaluron from the water
samples obtained in this experiment. Additionally, inhibition of emergence (IE) for the
control samples was within the range of expected normal mortality values (<10% total
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IE) so the IE values from the control mesocosms were used to adjust IE in the other
samples using Abbott’s formula (see section 4.2.6.1).

4.3.5

The Effect of Sediment on Efficacy and Detectable Concentration
In this section, concentrations of the active ingredient in the formulations added to the
mesocosms were held constant and water from mesocosms with and without added
artificial soil sediment were compared (Figure 31 and Figure 32).
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Figure 31 - Comparisons between mean (n=6) inhibition Figure 32 - Comparisons between mean (n=6) inhibition
of emergence from a bioassay (± SE) of novaluron in
of emergence from a bioassay (± SE) of novaluron in
mesocosms
treated with 0.48% active ingredient (0.12 mg
mesocosms treated with 0.12% active ingredient (0.03
novaluron/L
water) pastilles with and without added
mg novaluron/L water) pastilles with and without added
sediment
sediment

Figure 33 - Comparisons between mean (n=6)
Figure 34 - Comparisons between mean (n=6)
concentrations detected by HPLC (± SE) of novaluron in concentrations detected by HPLC (± SE) of novaluron in
mesocosms treated with 0.12% active ingredient (0.03 mesocosms treated with 0.48% active ingredient (0.12 mg
mg novaluron/L water) pastilles with and without added
novaluron/L water) pastilles with and without added
sediment
sediment
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Analysis of the bioassay data (Figure 31 and Figure 32) using the RM ANOVA model
indicated that there was no significant interaction of sediment by day (p >0.05) within a
dose (0.03 and 0.12 mg/L). This indicates that, at each dose, regardless of whether
sediment was present, the pattern of mosquito control was the same. The only significant
main effect at each dose was “day sampled”. Furthermore, since there was no significant
main effect due to sediment it is not surprising that when the Holm-Sidak multiple
comparisons test was used to determine differences between sediment and no sediment at
each time, there were no differences found. In conclusion, the addition of artificial
sediment did not change the pattern of mosquito control; at the low dose there was a clear
loss of mosquito control over time, while at the high dose there was little or no loss over
136 days.

In analyzing the HPLC data (Figure 33 and Figure 34) using the RM ANOVA model,
there was also no significant interaction of sediment by day (p >0.05) within a dose (0.03
and 0.12 mg/L). As was the case for mosquito control, the only significant main effect at
the low dose (0.03 mg/L) was “sampling day” indicating that the addition of sediment
had no effect on the dissipation of novaluron. However, both “day sampled” and the
“addition of sediment” had a significant effect at the high dose of novaluron. Thus at both
doses there was significant (p >0.05) dissipation of the insecticide over time, but only in
the case of the high dose did the presence of sediment reduce the concentration of
available novaluron in water samples. The Holm-Sidak multiple comparisons test was
then used to determine on what days the differences between sediment and no sediment
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occurred when the high dose of novaluron was used. These differences occurred from day
9-42.

In conclusion, at the 0.03 mg/L dose, sediment had no significant effect on the
concentrations of novaluron that were detected; however, it did have a significant effect
when the high dose was used. Furthermore, since the day sampled had a greater effect on
the detectable concentrations of novaluron than did the adsorption/absorption to sediment
this indicates that chemical and biological based losses were the more important factors
affecting the dissipation of novaluron.

4.3.6

The Effect of Treatment Concentration of Novaluron on Mosquito Control and
Detectability by HPLC
To determine the effect of treatment concentration of novaluron on the detected levels of
novaluron in water and efficacy tested by bioassay, the addition of artificial soil
sediments were held constant and the concentrations of the active ingredient (novaluron)
in the added formulations were compared. Since there was no effect of sediment based on
the Aedes aegypti bioassay mortality data, data for mesocosms treated with the same
concentration of novaluron with and without added sediment were pooled. For
concentrations determined by HPLC the effect of added sediment was significant (p
<0.05) when analysed in a RM ANOVA model for the high concentration of novaluron
(0.12 mg/L) but not for the low treatment concentration of novaluron (0.03 mg/L).
Consequently the low dose data were pooled and compared against the 0.12 mg/L dose
without added sediment, which had higher (p >0.05) novaluron concentrations compared
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with the sediment treatment. Due to the known adsorption/absorption of novaluron to
organic sediments the 0.12 mg/L treatment without added sediment was chosen as a
comparison because it represented a worst case exposure scenario and would reflect the
maximum concentration that could occur in an aquatic system such as the mesocosms.
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Figure 35 - Comparisons between mean (n=12) inhibition of emergence (± SE) of novaluron in
mesocosms treated with 0.12% and 0.48% active ingredient (0.03 and 0.12 mg novaluron/L water
respectively) pastilles. Treatments with and without added sediment were pooled

Figure 36 – Pooled comparisons between mean (n=12) concentrations (± SE) of novaluron in
mesocosms treated with 0.12% and 0.48% active ingredient (0.03 and 0.12 mg novaluron/L water
respectively) pastilles; 0.12% a.i. pooled treatments of novaluron were compared with the 0.48%
treatment without added sediment.
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In analysing the pooled bioassay data using the RM ANOVA model, none of the
interactions (Figure 35) were significant (p >0.05). Both day sampled and the
concentration of the active ingredient in the formulation had a significant effect (p<0.05)
on inhibition of emergence in the mosquito bioassay. Using the Holm-Sidak multiple
comparisons test, significant differences (indicated in Figure 35 with a “*”; p<0.05)
occurred at day-42 for the remainder of the study. These results highlight the prolonged
efficacy of the 0.12 mg/L formulation when compared to 0.03 mg/L. Regardless of the
addition of sediment, the 0.12 mg/L formulation provided 85% inhibition of emergence
of Aedes aegypti for at least 130 days, while the 0.03 mg/L formulation provided over
85% inhibition of emergence for 28 days (Figure 35).

In analysing the HPLC data using the RM ANOVA model, the interaction between day
sampled and treatment was significant (p <0.05) indicating that the dissipation profile of
the 0.12 mg/L dose was different than that of the 0.3 mg/L dose (Figure 36). Unlike the
bioassay where differences occurred at day-42, significant differences between the two
treatments occurred at days 7, 9 and 28 (indicated in Figure 36 with a “*”).

The effect of adding a more concentrated formulation to the mesocosm was ambiguous.
There was a statistically significant difference between 0.03 and 0.12 mg/L formulations
continuously after day-28 for the bioassay but concentrations of novaluron determined by
HPLC were not as consistently significantly different after day-28. This was likely due to
large standard error when the concentrations approached the method detection limit.
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4.4

General Discussion
The release profiles of novaluron from the formulation as detected by HPLC over the
course of the mesocosm aligned with the bioassay response curve; both analysis methods
used identical water samples. The mosquito bioassays typically had 100% IE until a
specific point in time whereupon inhibition of emergence declined gradually until levels
consistent with the controls (no novaluron) were achieved. The concentrations of
novaluron determined by HPLC however peaked then declined slowly. This is consistent
with typical biological data response, when the concentration dropped below a threshold
(in this case about 0.6 µg/L as determined by the analytical dose response curve Figure
30) the biological response was curtailed. The concentrations determined by HPLC were
an effective predictor for bioassay efficacy at high concentrations but were not sensitive
enough at lower concentrations. It is important to have a sensitive method for
quantification of novaluron near the concentrations that provide differential control of
target organism populations. For the Aedes aegypti mosquito species that meant a
sensitive HPLC method between 0.1 and 0.6 µg novaluron /L water (see the standard
curve Figure 30). Such a method would be able to predict the rate of emergence in a
mosquito population exposed to this formulation of novaluron. Unfortunately the HPLC
method was not sensitive enough for such a distinction i.e., it could not be used to
accurately predict partial control (less than 100%), but can adequately detect
concentrations down to the threshold of complete control (i.e. between 85 and 100%
control). This means that for environmental monitoring efforts another method of
quantification, such as immunoassay or HPLC coupled with mass spectroscopy would be
required to predict less than 85-100% control.
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In addressing the original research questions, the effect of sediment and dose on the
efficacy of the novaluron formulation was dependent on the method of detection used to
measure the parameters. Overall the effect of application dose when measured by
bioassay was very pronounced, whereas the HPLC data did not reflect large measurable
differences between the treatments. As discussed previously, this was likely because
small but significant changes in the concentration of novaluron in the water caused great
differences in the biological response of mosquitos. The comparison between the effect
on the detectable concentrations in 0.03 mg/L and 0.12 mg/L applications with artificial
sediment analyzed by HPLC was not significantly different (p >0.05) when compared by
RM ANOVA but was different in the bioassays (p <0.05). Conversely the addition of
artificial sediment caused significant differences in concentrations determined by HPLC
at the onset of the study in 0.12 mg/L treatments but not when comparing the efficacy of
the treatments in bioassays. As a generalization, this result suggests that the efficacy of
the novaluron formulation was not altered by the presence of added organic matter but
the detected concentration was. It is unclear whether this discrepancy is a result of the
methods of analysis associated with HPLC and bioassay or if these measurements were
actually affected differently by the addition of artificial sediment. For instance if added
biological matter adsorbs to the novaluron and prevents it from being extracted and thus
detected by HPLC but it is still biologically available to have an effect on mosquito
larvae then the HPLC and bioassay are affected differently by the addition of artificial
soil sediment. The cause of the differences in response can only be surmised here but
may be worthy of future investigation.
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The concentration of novaluron that could be detected by HPLC was at least 50 times less
than what was added to the mesocosms in application of the formulation. Both doses of
active ingredient in the formulation were able to completely control mosquitos; albeit for
different time periods; water concentrations as low as 0.6 µg/L were needed to
accomplish complete control. Regardless of the time of sampling, concentrations of
detectable novaluron in the mesocosms ranged between 0.1 and 10 µg/L, meaning that,
with the high dose as much as 110 µg/L of the novaluron was lost to the system either
through absorption, adsorption or degradation. In this study, sediment samples were
collected from each mesocosm but due to analytical and time constraints these were not
analyzed. If these samples were analyzed, a comparison between the novaluron in two
phases (sediment and aqueous) could be measured and a greater understanding of the
movement of novaluron in this aquatic system could be ascertained. Since measurements
have already been made for how novaluron selectively partitions into the sediment phase
of an aquatic system (Makhteshim, 2003) the efficacy of the dispersants in the
formulation and the location of the missing novaluron could be inferred. After the
measurement of the presence of novaluron in the sediment of the mesocosms, a rough
idea of the partitioning rate of novaluron into the vinyl liners and the quantification of
novaluron in the aqueous phase, a mass balance of novaluron could be completed. The
residual of novaluron not accounted for in such an analysis could be attributed to
degradation and be used to corroborate other results obtained from lab studies
(Makhteshim, 2003).
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5

5.1

EFFECTS OF A CONTROLLED-RELEASE FORMULATION OF NOVALURON
ON NON-TARGET ORGANISMS WITHIN AN AQUATIC MESOCOSM TEST
SYSYTEM
Introduction
When the mesocosm research on the efficacy of a formulation of novaluron was
originally proposed, the effect of chronic exposure to novaluron of non-target (nonmosquito) aquatic species was not well understood and ecological data on the effects of
the pastille formulation did not exist. Most toxicological data generated on novaluron has
been limited to individual species in lab-scale bioassays using unformulated active
ingredient or the EC10 formulation (Table 4). While limited studies have been performed
on arthropods (Arredondo-Jimenez and Valdez-Delgado, 2006), ecosystem-wide
quantitative studies on zooplankton have not been performed on this compound (Cutler
and Scott-Dupree, 2007; Su et. al, 2003). In many of the laboratory bioassay studies, nontarget organisms are affected at concentrations an order of magnitude greater than the
concentrations that control mosquitos. These studies are typically of a short duration (121 days) when viewed under the time scale of a population, only representing one
generation or part of one generation (FAO, 2004). Conversely, a prolonged study on the
effects of novaluron on non-target organisms will highlight effects on reproductive and
survival fitness that shorter bioassays fail to detect.

An ideal mosquito larvicide is highly effective at control of the target mosquito species
while leaving non-target species unaffected. In previous studies environmentally relevant
concentrations of novaluron had minor to no effect on non-target species over a short
duration (FAO 2004; Cutler and Scott-Dupree, 2007). However, concentrations of
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novaluron that affect organisms over months, an exposure period that is much more
realistic for this formulation, remained unknown. Addressing the chronic effect of this
formulation of novaluron on non-target organisms in a simple ecosystem is a
fundamentally important research goal and could be a major obstacle in the registration
and use of this new insecticide. Since the quantity of novaluron applied to the mesocosms
(see Chapter 4) proved to be the effective concentration for long-term mosquito control,
the same mesocosms were used to study the effects of novaluron on non-target species
under a “worst case” exposure scenario. The situation was deemed to be a worst case
since there was no ingress or egress of pure water to refresh affected species and to dilute
concentrations of novaluron in the water. Thus the objective of this chapter was to
determine, under a worst case scenario, the long-term toxic effects to non-target
organisms exposed to novaluron at environmentally relevant concentrations.

5.2

Material and Methods
These experiments were conducted in tandem with sample collection from chapter 4.
Mesocosm preparation and conditioning methods remained the same. Please see
sections 4.2.1 to 4.2.3 for a full description.

5.2.1

Sample Collection

5.2.1.1 Water Samples Used for Chlorophyll, pH and Hardness Analysis
Water samples used for pH, hardness and chlorophyll analysis were all collected using
the integrated water sampler (Figure 81). This sampler consisted of a long metal cylinder
with a 15 cm section of rubber tubing attached to a string on one end. The string could be
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pulled so that the rubber tubing would seal the end of the cylinder. To take a sample, the
tube could be left open and the whole metal cylinder could be lowered into the water then
the string could be pulled sealing the cylinder. This technique enabled samples to be
withdrawn from the mesocosms that spanned all depths, ensuring that depth specific
differences in the properties of the water are accounted for. Samples used for chlorophyll
analysis were passed through a 500 µm course Nitex® screen to remove fibrous algae
and zooplankton before being stored in a 1-L tan glass jar. Samples used for hardness and
pH analysis were stored in labeled glass jars before analysis.

5.2.2

Probe Readings

5.2.2.1 Dissolved Oxygen, Conductivity, Point Temperature and Salinity Probe
All dissolved oxygen, conductivity, point temperature and salinity readings were taken
with a YSI-85 probe calibrated to the correct altitude and equipped with a new membrane
at the start of the field season. Each mesocosm was sampled from a depth of 40 cm below
the surface of the water.

5.2.2.2 Temperature Loggers
Analog Fisher maximum-minimum logging thermometers were placed in each mesocosm
at a depth of about 20 cm below the surface of the water. Maximum and minimum
temperatures were recorded after each sampling event.
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5.2.2.3 Photosynthetic Photon Flux (PPF)
Photosynthetic Photon Flux (PPF) (in µmol m-2 s-1) was measured with a MQ-200
quantum meter manufactured by Apogee Instruments Inc.. The quantum sensor was
placed on a sensor leveling plate, held level and placed 5 cm from the bottom of each
mesocosm during every reading. Readings were only taken during consistently sunny
days. PPF was measured as the difference between sensor readings at the surface of the
mesocosm and readings after submersion.

5.2.2.4 pH Meter
The pH of mesocosm water samples were measured with an Orion 320 PerpHect LogR
meter that was calibrated using pH buffer standards to an r value of 0.98 or better. All pH
values were measured within 1 day of a sampling event.

5.2.2.5 Zooplankton Samples
Zooplankton were sampled using a funnel trap (see Figure 82). These traps consisted of
three funnels 15 cm in diameter attached to a plexiglass scaffold 30x30 cm rigged with
rope. Each funnel has a water-tight collar that attached to a 500-mL mason jar. The
scaffold was lowered into the mesocosm just below the surface of the water, the mason
jars were filled with surface water then the scaffold was lowered to the bottom of the
mesocosm. The funnels were laid to rest gently on sediment trays or biofilm in the
absence of sediment trays. When sediment trays were present in the mesocosm care was
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taken to ensure that funnels were fully covering the sediment trays. Zooplankton traps
were collected 18-24 hours after the traps were laid.

To harvest and preserve samples, traps were collected from the bottom of the mesocosm.
Each trap was righted (as see in the figure above) and all water was passed through a 30
µm Nitex® screen. Collected filtrates were then rinsed into a glass jar using deionized
water. The volume of water was brought up to 80 mL then 12 mL of club soda water was
added to the jar to anesthetize the organisms, jars were left for at least 20 minutes
whereupon 8 mL of formalin preservation solution was added to fix and preserve the
samples (see appendix Table 30 for fixative/preservation mixture).

5.2.3

Collection Schedule
Please see section 4.2.4

5.2.4

Analysis

5.2.4.1 Chlorophyll
5.2.4.1.1 Sample Filtration
Collected samples in 1-L tan glass jars were filtered immediately upon collection or
stored at 4°C in the dark. The time between sampling and filtering was never longer than
24 hours.
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In no or low light, a Büchner flask was attached to a Büchner funnel outfitted with
Whatman GF/C glass filter paper. A vacuum was applied to the Büchner funnel and the
sample water contained in the 1-L tan glass jars were emptied through the filter.

After filtration, the filter paper was removed with forceps. While in no or low light the
filter paper was folded, labeled and wrapped in aluminum foil to be frozen at -20°C for
later analysis. All samples were stored in the freezer for less than a 3-4 week period prior
to analysis, this avoided appreciable loss in chlorophyll-a readings.

5.2.4.1.2 Pigment Extraction
90% ethanol (EtOH) was boiled using a hot water bath maintained at 78°C. After boiling,
the ethanol was removed from heat and left to cool. Individual frozen filter paper samples
(see 5.2.4.1.1) were placed in aluminum foil covered 15-mL falcon tubes using forceps.
A control was prepared for each round of analysis by adding an unused GF/C filter pad to
a falcon tube. 7 mL of hot ethanol was added into each tube, the filter paper in the tube
was then macerated into a consistent pulp with a glass spatula. Once all of the samples
were treated in this way, the falcon tubes were set aside in the dark for 12-18 hours
(overnight) for extraction.

5.2.4.1.3 Spectrophotometic Quantification of Chlorophyll-a
Immediately before analysis with the spectrophotometer the samples were centrifuged for
20 min at 2500 rpm at 20°C. 1 mL of resulting supernatant from each sample was
aliquoted into a cuvette ensuring that no pieces of filter were included. The absorbance of
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each cuvette at 665 nm and 750 nm was recorded, using the prepared chlorophyll-free
control as a blank.

After the initial readings, 3 µl of 2 N HCl was added to each cuvette to make the pH of
the solution 2.6-2.8. The cuvettes were covered and inverted to thoroughly mix acid then
the samples were left to acidify for 5 minutes. Each sample was re-read at 750 nm and
665 nm after acidification. Then the chlorophyll a contained in the sample was calculated
using the following formula:

ODCU= OD665 nm (unacidified) – OD750 nm (unacidified)
ODCA= OD665 nm (acidified) – OD750 nm (acidified)
The concentrations of chlorophyll a was then calculated as:

 extraction ethanol vol. (mL) 

µg-(chlorophyll a) L-1 = 29.6 (OD CU − OD CA )
 filtered water vol. (L) 
(Nusch, 1980; Aminot and Rey, 2010)
5.2.4.2 Hardness
Total hardness measured by the concentration of CaCO3 in solution was measured with a
Hach hardness test kit using an EDTA reagent and a digital titrator (item numbers
2448100, 1690001).

5.2.4.3 Probes (pH, Dissolved Oxygen, Conductivity, Point Temperature, Salinity, Max/min
Temperature, and Photosynthetic Photon Flux)
Probe readings were obtained at regular intervals, the data for a specific sampling day
was divided based on mesocosm treatment conditions. Mean and standard error were
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calculated for each treatment condition on each sampling day. A RM ANOVA with
Holm-Sidak multiple comparisons were run for each set of probe data.

Maximum and minimum water temperatures were collected from the immersed logging
thermometers in each mesocosm and the mean was calculated overall. Maximum and
minimum ambient air temperatures were collected from the Canadian National Climate
Data and Information Archive who have a weather logging station located at the
Turfgrass Institute.
5.2.4.4 Zooplankton
Preserved zooplankton samples were taken to the University of Toronto for identification.
An Olympus SZX16 dissecting microscope using an Olympus SDF PLAPO 1xPF lens
using the Stream Basic software suite was used for all zooplankton imaging (see
appendix Figure 84 - Figure 90). The fixative solution was drawn down and the total
zooplankton sample was transferred to a petri dish. Each zooplankton sample was divided
into 4 equal sections, the organisms in the sample were evenly distributed and organisms
in only one of the quadrants were counted and reported. Organisms that were collected in
sampling which were not zooplankton (mites, insect larvae, etc.) were discarded without
being counted. Zooplankton were identified using the keys provided in the Ecology and
Classification of North American Freshwater Invertebrates Third Edition (Thorp and
Covich, 2010).

Zooplankton in mesocosm samples were identified and species abundance (number of
species) and richness (numbers of individuals) were calculated (Hellmen and Fowler,
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1999). From these calculations the Shannon-Weiner Diversity Index could be calculated
as follows:
H’ = - Ʃ (pi)ln(pi)
pi = proportion of the ith species
ln = natural logarithm
H’ = Shannon-Weiner Diversity Index Value

The Shannon-Weiner Diversity Index is widely used in ecology when comparing two
habitats since it is affected by both the number of species in an environment and species
evenness between environments (Hellmen and Fowler, 1999).
5.2.4.4.1 Principal Response Curve Generation
Differences in response of zooplankton to treatments of novaluron were further
characterized by creating a principal response curve (PRC) according to the methods
described by Van Den Brink et al. (1995). A PRC is a multivariate statistical analysis that
is based on well-known redundancy analysis methods. PRCs are useful as a simple
method for illustrating time-dependent changes in community response to a treatment
over time.

The PRC method integrates the overall difference between the response (abundance) of
all species in a treatment against the control. The response of each treatment is plotted on
a line plot, each mesocosm treatment is given its own line. The slope of the control
treatment is adjusted to zero with a y-axis value also of zero. This means that when any
other plot converges on y=0 on the plot, the response (species abundance) of that
treatment approaches the response of the control plots. As a plot becomes less than y=0,
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the treatment has a negative effect on species response, a positive y value means that
species response is greater than the control.

The effect of treatment on individual species is plotted on a one dimensional plot
indicating species weight; a greater weight indicates a greater individual species response
to a treatment.
A PRC follows the statistical model:
Yd(i)sk = Ȳots + bscdt + εd(i)ts
Where
Yd(i)sk = the abundance count of species s at time t in mesocosm replicate i of treatment d
Ȳots = the mean abundance of species s in the control at time t
bs = the weight of species s with respect to cdt
cdt = the principal response of treatment d at time t
εd(i)ts = an error term (µ = 0; normal variance)
To fit the linear model, all species data were transformed using a log(2x+1)
transformation to adjust for low species counts in some of the samples prior to analysis
(Van Den Brink et al., 1995). Data were analyzed using the CANOCO 5 multivariate
analysis software suite. Along with PRC analysis Monte Carlo permutation testing was
completed to test for differences between the control and other treatments. The Monte
Carlo permutation test is an F-type variance test statistic that permutes the whole time
series data set used for the PRC multiple times (499 in this case). This test has the null
hypothesis that bscdt = 0 for all t, d, and s meaning no difference between the response of
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any species of a treatment at a day and the control. Rejecting the null hypothesis indicates
a difference between the control and a treatment at a day.

5.3

Results and Discussion
As described in previous chapters, treatments were compared by a repeated measures
analysis of variance model (RM ANOVA) followed by a Holm-Sidak multiple
comparison test to compare two treatments and determine the effect the parameter
(novaluron treatment and added organic sediment), time, and replication had on the
release of novaluron. Data for this chapter were normally distributed and, hence, were not
transformed in any way. All statistical comparisons taking place were against the
formulation control to remove the effect of the active ingredient on the tested parameters.

5.3.1

Chlorophyll-a, Hardness, pH, Dissolved Oxygen, Conductivity, Point and Mean
Temperature, Salinity, and Photosynthetic Photon Flux
Data for mean chlorophyll-a, hardness, pH, dissolved oxygen, conductivity, point and
mean temperature, salinity, and photosynthetic photon flux concentrations are shown in
Figure 37 - Figure 44. An RM ANOVA and a Holm-Sidak multiple comparisons tests
were conducted for each measured parameter and no treatments differed significantly
from the control. All parameters except for salinity consistently depended on the day the
sample was obtained (p <0.05), but not on the mesocosm treatment itself (p >0.05).
Levels of salinity did not depend on either day or treatment.
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Figure 37 – Mean (n=3) of chlorophyll concentrations (± SE) for each mesocosm treatment

Figure 38 – Mean (n=3) of water hardness (± SE) for each mesocosm treatment

126

Figure 39 – Mean (n=3) of pH (± SE) for each mesocosm treatment

Figure 40 - Mean (n=3) of dissolved oxygen concentrations (± SE) for each mesocosm treatment
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Figure 41 – Mean (n=3) of water conductivity (± SE) for each mesocosm treatment

Data for mesocosm water and ambient air temperature are shown in Figure 42. There was
no difference in the observed temperatures of any of the mesocosms so the observations
from all the mesocosms were pooled together (Figure 42).
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Figure 42 – Mean (n=15) of maximum and minimum mesocosm (water) and ambient air
temperatures at the test site

Figure 43 - Mean (n=3) of salinity (± SE) for each mesocosm treatment
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Figure 44 – Mean (n=3) of photosynthetic photon flux (± SE) for each mesocosm treatment

In visually comparing many of the treatments for some of the plots (especially the
chlorophyll samples), a difference among treatments seems evident; however, due to the
exceedingly large standard errors the differences were not great enough to exclude the
possibility they were just due to random sampling variability after allowing for the effects
of differences in day sampled and is an observation common to many mesocosm
experiments due to their substantial variability (Sanderson, 2002). A common solution in
the future research of this nature is to increase the number of replicates in the study.
Furthermore, because the added sediment did not have an effect removing the no
sediment parameters from the experimental design would have allowed 5 replicates for
each parameter, which may have reduced variability.
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5.3.2

Zooplankton

Figure 45 – Mean (n=3) of zooplankton species richness (± SE) for each mesocosm treatment

For the statistical analysis using the zooplankton richness (Figure 45), abundance (Figure
46) and diversity (Figure 47), the “*” indicates a treatment that is statistically different
from other treatments at a specific time. RM ANOVA and a Holm-Sidak multiple
comparison test were completed for each parameter. Statistically for species richness and
abundance there was a difference between the control (p <0.05) and each treatment but
not among treatments (p >0.05). In addition, species richness and abundance depended on
the day zooplankton samples were obtained from the mesocosm (p <0.05). No
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statistically significant differences (p >0.05) in treatment or day sampled were found
when comparing any of the Shannon-Weiner Diversity Indices.

Most but not all of the OECD guidelines for mesocosm experiments (OECD 2006) were
followed For example, it is recommendation in closed (no flow-through) mesocosm
experiments to apply natural pond sediment to each test container.; however, although
water containing zooplankton from the artificial reservoir was cycled through the system
to increase species richness and homogeneity, natural pond sediment was not applied to
the mesocosms. In failing to apply this sediment, only zooplankton species that were
vertically mobile and living in the artificial reservoir during the conditioning period of
the mesocosms in June would have been included in the mesocosm experiments.
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Figure 46 – Mean (n=3) of zooplankton total species abundance (± SE) for each mesocosm
treatment

Figure 47 - Mean (n=3) of zooplankton Shannon-Weiner Diversity Index values (± SE) for each
mesocosm treatment
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5.3.2.1 Zooplankton Principal Response Curve

Figure 48 - Principal response curve of zooplankton species abundance when treated with different
doses of novaluron

The data used to construct the principal response curve was tested using a Monte Carlo
permutation test. After 499 permutations it was found to be highly significant (p <0.01)
indicating a measurable and statistically significant difference between the novaluron
treatments and the control. The mesocosm treatment accounted for 55.6% of the
measured variation in the principal response curve. Estimates of individual species
response for a specific day and treatment can be calculated through a back calculation of
the original transformation, for example:
The percentage abundance of Alomella sp. in the 0.03 mg/L treatment with no added
sediment at day-9 is estimated as:
10(canonical coefficient*species weight) * 100 = 10(-0.7*0.75) * 100 = 29.85%
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Therefore an estimate of the Alomella sp. abundance in the 0.03 mg/L treatment with no
added sediment at day-9 is 29.85% of the abundance in the control. To varying degrees
all organisms were negatively affected by all novaluron treatments.
5.4

Discussion
Despite disciplined sampling and consistent analysis techniques, it has been observed by
Sanderson (2002) that obtaining decisive results from mesocosm experiments can be
notoriously difficult due to substantial variation inherent in a contained outdoor standing
water test system. This study was affected in the same way; for example, despite visible
differences in the water chemistry data among treatments of novaluron (i.e. the
chlorophyll data) these differences were not significant for most parameters when tested
by RM ANOVA. Zooplankton was however the exception; richness and abundance were
statistically significantly, being negatively affected by novaluron. Furthermore, over the
duration of the study populations of zooplankton failed to recover. That novaluron has a
significant effect on zooplankton is no surprise, novaluron is a chitin synthesis inhibitor
and zooplankton organisms require the synthesis of chitin for survival. Novaluron
residues remained high for the duration of the experiment. No dilution of novaluron
concentrations (except for rain) or reintroduction of additional zooplankton organisms
was allowed to occur. This study was effective as a closed test system to simulate worstcase exposure conditions in a simple ecosystem and conclusions derived from this data
should be regarded in the context of relevant exposure. The mesocosms were not sampled
for zooplankton the following year so the continued effect of novaluron on the
zooplankton in the mesocosms was not evaluated. In future studies additional testing
should be conducted to track the recovery of a system when exposed to novaluron.
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The recovery of zooplankton from exposure to toxicants in closed systems such as a
mesocosm have been studied extensively in the scientific literature. The effect of a
chemical on a community of zooplankton and its subsequent recovery from the chemical
exposure are complex because various biological interactions are related to the
maintenance of the communities. Environmental temperature, timing of the chemical
application, quantity of chemical applied to the environment, toxicant characteristics (i.e.
persistence/degradation rates), competition of cohabitating organisms of a similar trophic
level, predation, food supply and susceptibility of all species in the system to the toxicant
can all have dramatic effects on the recovery of a community of zooplankton from a
chemical stressor (Hanazato, 1998; Van den Brink, 1996). No study has been conducted
on the recovery of a zooplankton community from exposure to a controlled release
formulation of novaluron though qualitative observations of novaluron EC10 toxicity to
some zooplankton organisms has been reported. An application of the EC10 formulation
in sufficient quantities to inhibit the emergence of adult mosquitoes (over 90% inhibition
of emergence) did not dramatically reduce the abundance of some zooplankton organisms
(copepods) in outdoor test containers (Arredondo-Jimenez and Valdez-Delgado, 2006).
Another study using drainage ditch mesocosms sprayed with the benzoyl urea insecticide
lufenuron (an insecticide with the same mechanism of action as novaluron and similar
persistence) reported that, when a refuge was supplied in the test system because the
insecticide was applied to only part of the drainage ditch, populations of
macroinvertebrates recovered at least 30% faster than those ditches that did not have a
refuge (Brock et al., 2009). Despite these findings the formulations tested in this chapter
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had dramatic negative effects on the zooplankton communities present in the mesocosms.
Additional research is clearly required to thoroughly evaluate the effects of novaluron on
zooplankton communities and the rate of zooplankton recovery after exposure. Though
significant recovery of the zooplankton communities were not witnessed in this
experiment many environmental and biological factors might have influenced recovery
rates in this experiment. This is an area of interest for subsequent studies to ensure that
the controlled release formulations of novaluron and the effects on non-target organisms
are well characterized to allow confident application without fear of undesirable
environmental repercussions.

137

6

CONCLUSIONS AND FUTURE DIRECTIONS
This thesis highlights the potential of novaluron as a mosquito larvicide and the utility of
three formulations as a products that have market potential. The 2009 laboratory study
(Chapter 3) highlighted the ability of the three formulations to release novaluron at a
controlled rate under a variety of aquatic conditions for an extended period of time. As a
result of the research, the pastille formulation presented here was registered for use in the
United States and Canada at the federal level under the trade name Mosquiron®. Though
registration of this formulation supported by research presented in Chapter 3 furthers
Tumaini Inc.’s goal of filling a vacant niche and bringing a commercially viable product
to market, representatives from government and mosquito control organizations (personal
communications) have repeatedly commented on the need for additional data, hence the
research in Chapters 4 and 5 was conducted. Data on ecosystem-wide prolonged nontarget effects and the mobility of novaluron in the environment will be used to assure
government and mosquito organizations that novaluron is a feasible alternative to
currently employed products.

Chapter 4 sought to determine the duration of detection and efficacy of one of the
controlled release formulations characterized in chapter 3. To these ends novaluron was
detected for 120 days in the environment while bioassays were conducted to correlate
environmental concentrations to efficacy. The results of this chapter show that the label
rate formulation (0.12 mg/L) could be quantified in the “environment” and was capable
of inhibiting the emergence of 85% of the Aedes aegypti adults for 120 days. This means
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that water samples from mosquito control programs can be monitoried with the
techniques presented in chapter 4.
The mesocosm study presented in chapter 5 represents significant progress towards
evaluating the ecological impact of the pastille formulation of novaluron on target and
non-target organisms. Novaluron caused a clear detrimental effect to the zooplankton
populations living in the mesocosms. This research, however, is preliminary and must be
considered in context in regulatory decisions. Further work is required to track the
mobility of novaluron in the environment, either by model or by collecting additional
empirical data. Laboratory studies are available on the toxic effects of novaluron on
individual organisms given short term exposures to 98% pure novaluron; however,
studies have not been conducted to determine if the function of the ecosystems exposed
to novaluron are preserved or the recoveries of these ecosystems after exposure. In
creating a product for wide-spread use in aquatic systems careful consideration should be
given to knowledge gaps in the scientific literature and how these gaps should be
reconciled.

The effects of over-wintering on the efficacy, detectability and release of this formulation
of novaluron were a significant research question posed by Tumaini Inc. at the
culmination of the mesocosm field season. Though not presented in this thesis, overwintering experiments were conducted. Quantification by HPLC and Aedes aegypti
bioassays were conducted on each mesocosm at three separate times after winter. The
sampling days occurred at 295, 318 and 360 days after appplication of the novaluron
formulation. No novaluron activity was detected in the 0.03 mg a.i. /L treated mesocosms
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by either HPLC or bioassay. Mesocosms treated with the 0.12 mg/L formulation of
novaluron though not detected by HPLC still produced over 95% inhibition of emergence
in bioassays. A water sample containing novaluron that produces a 95% inhibition of
emergence in Aedes aegypti should contain about 0.5-0.6 µg/L of novaluron according to
the dose-response curve generated in this study (Figure 30). Concentrations of 0.5-0.6
µg/L novaluron in water samples are above the LOQ and had been quantified with HPLC
prior to the over-wintered samples. This data suggests that over the extended field season
the HPLC and the bioassays reported concentrations of novaluron differently. The
bioassay reported novaluron concentrations of 0.5-0.6 µg novaluron/L water while the
HPLC reported concentrations of less than 0.16 µg novaluron/L water (the MDL). The
discrepancy between the bioassay and the HPLC could be caused by several sources; the
Aedes aegypti larvae may be more sensitive to novaluron despite being the same strain
and freshly cultivated, the HPLC could have malfunctioned despite including the same
battery of controls as the rest of the study, and/or the discrepancy could be caused by an
artifact of the test system itself.

Due to differing reverse phase retention times, the HPLC detection methods presented in
this thesis are only capable of quantifying a complete molecule of novaluron, if
novaluron is degrading or changing but is still partially biologically active then bioassay
would detect novaluron but the retention time would be different so the HPLC would not.
Microbial metabolism after adsorption to organic sediment is the most prominent cause
of novaluron degradation in a natural environment (FAO 2003; Cutler and Scott-Dupree,
2007); however, the biological activity of the metabolites of novaluron have not been
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studied. 2,6-Diflurobenzoic acid (Figure 91), 1-[3-Chloro-4-(1,1,2-trifluro-2-trifluorom
ethoxyethoxy)phenyl]urea (Figure 92) and N-carbamoyl-2,6-difluorobenzamide (Figure
93) are the primary breakdown products of novaluron through various means (hydrolysis,
ultraviolet and biological degradation). The concentration of these compounds in the
aquatic matrix of the mesocosms was unknown for the entire duration of the mesocosm
study. The group of insect growth regulators called the benzoylphenyl ureas (Table 15)
which consist of over ten compounds that are used in insect pest control all have two
sections; a non-conserved section (i.e., Figure 92) and a conserved characteristic
functional group (Figure 93 and Figure 93). This conserved functional group is likely
required for chitin synthesis inhibition activity but the efficacy of this molecule is
unknown. A systematic experiment examining the toxicity of the conserved 2,6diflurobenzoic acid and N-carbamoyl-2,6-difluorobenzamide have not been conducted. It
is suggested that in the future the efficacy of these two compounds be determined using
the bioassay.

To develop a full understanding of how this product and these formulations behave in the
environment, a mass-balance study would need to be conducted. An understanding of
where the active ingredient novaluron resides in an environmental system and how the
formulation affects this partitioning would be a vital tool in modeling the impact that
such a product might have in an uncontained body of water. Modeling is currently
underway using small-scale field trials and laboratory studies to address this vital gap in
information; however rigorous large-scale field work should also be conducted to
corroborate the outcome of the small-scale field trials.

141

7

LITERATURE CITED
1. Abbott, W. S., A method of computing the effectiveness of an insecticide. Journal of
Ecological Entomology 1925, (18), 265-267.
2. Akamatsu, Y.; Dunn, P. E.; Kézdy, F. J.; Kramer, K. J.; Law, J. H.; Reibstein, D.;
Sanburg, L. L., Biochemical Aspects of Juvenile Hormone Action in Insects. Advances
in Experimental Medicine and Biology 1975,(241), 123-149.
3. Aminot, A.; Rey, F. Standard procedure for the determination of chlorophyll a by
spectroscopic methods; International Council for the Exploration of the Sea: 2010.
4. Antonio, G. E.; Sánchez, D.; Williams, T.; Marina, C. F., Paradoxical effects of
sublethal exposure to the naturally derived insecticide spinosad in the dengue vector
mosquito, Aedes aegypti. Pest management science2009, (65), 323-326.
5. Arakane, Y.; Hogenkamp, D. G.; Zhu, Y. C.; Kramer, K. J.; Specht, C. A.,
Characterization of two chitin synthase genes of the red flour beetle, Tribolium
castaneum, and alternate exon usage in one of the genes during development. Insect
Biochemistry and Molecular Biology 2004, (34), 291–304.
6. Arredondo-Jiménez, J. I.; Valdez-Delgado, K. M., Effect of Novaluron (Rimon® 10
EC) on the mosquitoes Anopheles albimanus, Anopheles pseudopunctipennis, Aedes
aegypti, Aedes albopictus and Culex quinquefasciatus from Chiapas, Mexico. Medical
and Veterinary Entomology 2006, (20), 377-387.
7. Atterholt, C.; Delwiche, M.; Rice, R.; Krochta, J., Controlled release of insect sex
pheromones from paraffin wax and emulsions. Journal of Controlled Release 1999, 57,
233-247.
8. Bahadir, M.; Boger, P.; Buchenauer, H.; Eto, M.; Khan, M.; Pfister, G.; Sandmann,
G., Controlled Release, Biochemical Effects of Pesticides, Inhibition of Plant
Pathogenic Fungi. In Chemistry of Plant Protection, 1 ed.; Haug, G.; Hoffmann, H.,
Eds. Springer-Verlag: London, 1990.
9. Bastos, C.; de Almeida, R.; Suinaga, F., Selectivity of pesticides used on cotton
(Gossypium hirsutum) to Trichogramma pretiosum reared on two laboratory-reared
hosts. Pest Management Science 2006, (62), 91-98.
10. Baumann, P. M.; Clark, A.; Baumann, L.; Broadwell, A. H., Bacillus sphaericus as
a mosquito pathogen: Properties of the organism and its toxins. Microbiology and
Molecular Biology Reviews 1991, 55 (1), 425–436.
11. Becker, N.; Petric, D.; Zgomba, M.; Boase, C.; Madon, M.; Dahl, C.; Kaiser,
A., Mosquitoes and Their Control. 2 ed.; Springer: New York, 2010.

142

12. Bhatt, S.; Gething, P. W.; Brady, O. J.; Messina, J. P.; Farlow, A. W.; Moyes, C. L.;
Drake, J. M.; Brownstein, J. S.; Hoen, A. G.; Sankoh, O.; Myers, M. F.; George, D. B.;
Jaenisch, T.; Wint, G. R.; P, S. C.; Scott, T. W.; Farrar, J. J.; Hay, S. I., The global
distribution and burden of dengue. Nature 2013, (496), 504-507.
13. Boisvert, M.; Boisvert, J., Effects of Bacillus thuringiensis var. israelensis on target
and nontarget organisms: a review of laboratory and field experiments. Biocontrol
Science and Technology 2000, (10), 517–561.
14. Bowers, E. S., Juvenile hormone: activity of aromatic terpenoid
ethers. Science 1969, 18 (164), 323-325.
15. Box, G. E. P.; Cox, D. R., An Analysis of Transformations. Journal of the Royal
Statistical Society 1964, 26 (2), 211-252.
16. Brock, T.; Roessink, I.; Belgers, D.; Bransen, F.; Maund, S., Impact of a Benzyol
Urea Insecticide on Aquatic Macroinvertebrates in Ditch Mesocosms With and Without
Non-sprayed Sections. Environmental Toxicology and Chemistry 2009, 28 (10), 21912205.
17. Busvine, J. R.; Rongsriyam, Y.; Bruno, D., Effects of Some Insect Development
Inhibitors on Mosquito Larvae. Pesticide Science 1976, 7 (2), 153-160.
18. Cabrera, A. R.; Cloyd, R. A.; Zaborski, E. R., Lethal and sub-lethal effects of
novaluron (Pedestal) on the soil-dwelling predatory mite, Stratiolaelaps
scimitus (Womersley) (Acari: Mesostigmata: Laelapidae), under laboratory
conditions. Journal of Entomological Science 2005, (40), 47-53.
19. Canada, G. o., National Climate Data and Information Archive Database Search.
2012.
20. Canada, G. o., PMRA Pesticide Registration Search: "novaluron". 2012.
21. CDC. West Nile virus activity and statistics page
2012. http://www.cdc.gov/ncidod/dvbid/westnile/surv&controlCaseCount12_detailed.h
tm (accessed January 12 2013).
22. Cohen, E., Chitin synthetase activity and inhibition in different insect microsomal
preparations. Experientia 1985, 41 (4), 470-472.
23. Cohen, E.; Casida, J. E., Properties and inhibition of insect integumental chitin
synthetase. Pesticide Biochemical Physiology 1982, (17), 301-306.
24. Cohen, E.; Elster, I.; Chet, I., Properties and inhibition of Sclerotium rolfsii chitin
synthetase. Pesticide Science 1986, 17 (2), 175-182.

143

25. Cohen, J.; Powderly, W. G.; Opal, S. M., Infectious Diseases. 3 ed.; Mosby: 2010;
p 2070.
26. Conlon, J. Intergrated Mosquito Management - what it is...and isn't
2011. http://www.epa.gov/pesticides/ppdc/2011/april/session1-mosquito.pdf (accessed
July 13 2013).
27. Cook, G. C.; Alimuddin, L. Z., Manson's Tropical Diseases. 22 ed.; Saunders Ltd.:
New York, 2009; p 1800.
28. Cryer, S., Efficacious Considerations for the Design of Diffusion Controlled
Pesticide Release Formulations. In Pesticides - Formulations, Effects, Fate, Stoytcheva,
M., Ed. InTech: 2011.
29. Cutler, G. C.; Scott-Dupree, C. D., Novaluron: Prospects and Limitations in Insect
Pest Management. Pest Technology 2007, 1 (1), 38-46.
30. Cutler, G. C.; Scott-Dupree, C. D.; Tolman, J. H.; Harris, C. R., Toxicity of
novaluron to the non-target predatory bug Podisus maculiventris (Heteroptera:
Pentatomidae). Biological Control 2006, (38), 196-204.
31. Darriet, F.; Corbel, V., Laboratory Evaluation of Pyriproxyfen and Spinosad, Alone
and in Combination, Against Aedes aegypti Larvae. Journal of Medical
Entomology 2006, 43 (6), 1190-1194.
32. Di Luca, M.; Proietti, S.; Cristofaro, M.; Romi, R., Laboratory evaluation of the
bio-insecticide Spinosad registered against Aedes aegypti, Anopheles
stephensi and Culex pipiens (Diptera: Culicidae).Parassitologia 2006, 155 (48), 1-2.
33. Dupree, R., email correspondence. McManus, P., Ed. 2012.
34. ECDC. West Nile fever maps and statistics
2012. http://ecdc.europa.eu/en/healthtopics/west_nile_fever/West-Nile-fevermaps/Pages/index.aspx (accessed January 14 2013).
35. ECDC West Nile fever
maps. http://ecdc.europa.eu/en/healthtopics/west_nile_fever/West-Nile-fevermaps/Pages/index.aspx (accessed May 5).
36. Egeler, P.; Gilberg, D.; Scheffczyk, A.; Moser, T.; Römbke, J. Validation of a Soil
Bioaccumulation Test with Terrestrial Oligochaetes by an International Ring
Test Research and Development Project of the German Federal Environmental
Agency [Online], 2009. http://www.oecd.org/dataoecd/12/20/42552727.pdf (accessed
August 14 2012).

144

37. Eldefrawi, A. T., Acethylcholinesterases and anticholinesterases. In Comprehensive
insect physiology, biochemistry, and pharmacology, Pergamon Press: Oxford UK,
1985; Vol. 12, pp 115–131.
38. EPA NOVALURON (217); US Environmental Protection Agency: Health Effects
Division, 2005; pp 1-75.
39. EPA. US Environmental Protection Agency. Endangerment and Cause or
Contribute Findings for Greenhouse Gases Under Section 202(a) of the Clean Air Act
(Technical Support Document)
2010.http://www.epa.gov/climatechange/endangerment/comments/volume2.html (acces
sed April 13 2013).
40. FAO. Novaluron: FAO Specifications and Evaluations for Plant Protection
Products, Food and Agriculture Organization of the United Nations 2003, p. 129.http://www.fao.org/fileadmin/templates/agphome/documents/Pests_Pesticides/Specs
/novaluro.pdf.
41. Farnesi, L. C.; Brito, J. M.; Linss, J. G.; Pelajo-Machado, M.; Valle, D.; Rezende,
G. L., Physiological and Morphological Aspects of Aedes aegypti Developing Larvae:
Effects of the Chitin Synthesis Inhibitor Novaluron. PLoS ONE 2012, 7 (1), 1-10.
42. Faulde, M. K.; Nehring, O., Synergistic insecticidal and repellent effects of
combined pyrethroid and repellent-impregnated bed nets using a novel long-lasting
polymer-coating multi-layer technique. Parasitology Research 2012, (111), 755–765.
43. G, C. C.; Scott-Dupree, C. D. Novaluron: Prospects and Limitations in Insect Pest
Management Pest Technology [Online],
2007.https://atrium.lib.uoguelph.ca/xmlui/bitstream/handle/10214/2637/Pest_Tech_Pap
er.pdf?sequence=4.
44. Gillott, C., Entomology. 3 ed.; Springer: New York, 2005.
45. Glass, G. V.; Peckham, P. D.; Sanders, J. R., Consequences of failure to meet
assumptions underlying fixed effects analyses of variance and covariance. Educational
Research Review 1972, (42), 237-288.
46. Glowacka, B., Impact of chitin synthesis inhibitors on abundance of epigeic
arthropods in Scots pine stands. Folia Forestalia Polonica 2005, (Series A), 13-24.
47. Grosscurt, A.; Jongsma, B., Mode of Action and Insecticidal Properties of
Diflubenzuron; in Chitin and Benzoylphenyl Ureas. W Junk Publishers: New York,
1987; Vol. 38.
48. Hanazato, T., Response of a zooplankton community to insecticide application in
experimental ponds: a review and the implications of the effects of chemicals on the
145

structure and functioning of freshwater communities.Environmental
Pollution 1998, 101, 361-373.
49. Harwell, M. R.; Rubinstein, E. N.; Hayes, W. S.; Olds, C. C., Summarizing Monte
Carlo results in methodological research: the one- and two-factor fixed effects ANOVA
cases. Journal of Statistics Education1992, (17), 315-339.
50. Hellmann, J. J.; Fowler, G. W., Precision and accuracy of four measures of species
richness. Ecological Applications 1999, 9 (3), 824–834.
51. Homologa, "novaluron" keyword search. 2013.
52. Huang, K. X.; Xia, L.; Zhang, Y.; Ding, X.; Zahn, J. A., Recent advances in the
biochemistry of spinosyns. Applied Microbiolical Biotechnology 2009, 82 (1), 13-23.
53. IPCC Intergovernmental Panel on Climate Change. Climate Change 2007:
Impacts, Adaptation and Vulnerability. Contribution of Working Group II to the Fourth
Assessment Report of the Intergovernmental Panel on Climate Change; Cambridge
Univ. Press, 2007.
54. Ishaaya, I.; Horowitz, A. R.; Tirry, L.; Barazani, A., Novaluron (Rimon) a novel
IGR: mechanism, selectivity and importance in IPM programs. Mededelingen Faculteit
Landbouwwetenschappen Rijksuniversiteit Gent 2002, (67), 617-626.
55. Ishaaya, I.; Kontsedalov, S.; Mazirov, D.; Horowitz, A. R., Biorational agents:
mechanisms and importance in IPM and IRM programs for controlling
agricultural pests. Mededelingen Faculteit Landbouwwetenschappen Rijksuniversiteit
Gent 2001, (66), 363-374.
56. ITFDE. Summary of the Third Meeting of the ITFDE
2002. http://www.cartercenter.org/documents/1181.pdf (accessed May 15 2013).
57. Jandricic, S.; Scott-Dupree, C. D.; Broadbent, A. B.; Harris, C. R.; Murphy, G.,
Compatibility of Atheta coriaria with other biological control agents and reduced-risk
insecticides used in greenhouse floriculture integrated pest management programs for
fungus gnats. Canadian Entomologist 2006, (138), 712-722.
58. Jirakanjanakit, N.; Rongnoparut, P.; Saengtharatip, S.; Chareonviriyaphap, T.;
Duchon, S.; Bellec, C.; Yoksan, S., Insecticide susceptible/resistance status in Aedes
(Stegomyia) aegypti and Aedes (Stegomyia) albopictus (Diptera: Culicidae) in Thailand
during 2003-2005. Journal of Economic Entomology 2007, (100), 545–550.
59. Jirakanjanakit, N.; Saengtharatip, S.; Rongnoparut, P.; Duchon, S.; Bellec, S.;
Yoksan, S., Trend of Temephos resistance in Aedes (Stegomyia) mosquitoes in
Thailand during 2003-2005. Environmental Entomology 2007, (36), 506–511.
146

60. Johnson, B. W.; Chambers, T. V.; Crabtree, M. B.; Filippis, A. M.; Vilarinhos, P.
T.; Resende, M. C.; Macoris, M. L.; Miller, B. R., Vector competence of
Brazilian Aedes aegypti and Ae. albopictus for a Brazilian yellow fever virus
isolate. Transactions of the Royal Society of Tropical Medicine and
Hygiene 2002, 96 (6), 611-613.
61. Jupp, P. G.; Kemp, A., Laboratory vector competence experiments with yellow
fever virus and five South African mosquito species including Aedes
aegypti. Transactions of the Royal Society of Tropical Medicine and
Hygiene 2002, 96 (6), 493-498.
62. Kamgang, B.; Marcombe, S.; Chandre, F.; Nchoutpouen, E.; Nwane, P.; Etang, J.;
Corbel, V.; Paupy, C., Insecticide susceptibility of Aedes aegypti and Aedes
albopictus in Central Africa. Parasites & Vectors2011, (4), 79.
63. Kantele, A.; Sakari Jokiranta, T., Review of Cases With the Emerging Fifth Human
Malaria Parasite, Plasmodium knowlesi. Emerging Infections 2011, 52 (1), 1356.
64. Kasper, D.; Fauci, A., Harrison's Infectious Diseases. 1 ed.; McGraw-Hill
Professional Publishing: New York, 2010.
65. Kilpatrick, A. M.; Kramer, L. D.; Campbell, S. R.; Alleyne, E. O.; Dobson, A. P.;
Daszak, P., West Nile virus risk assessment and the bridge vector paradigm. Emerging
Infectious Diseases 2005, 11 (3), 425–429.
66. King, A. G. Impacts of agricultural practices and pest control agents on wild bees in
spring canola. University of Guelph, Guelph, Ontario, 2005.
67. Klowden, M. J.; Chambers, G. M., Ovarian development and adult mortality
in Aedes aegypti treated with sucrose, juvenile hormone and methoprene. Journal of
Insect Physiology 1989, 35 (6), 513-517.
68. Lewis, D.; Cowsar, D., Principles of controlled release pesticides. In Controlled
Release Pesticides, Sherer, H., Ed. ACS Symposium Series 53: Washington DC, 1977;
pp 1-16.
69. Lix, L. M.; Keselman, J. C.; Keselman, H. J., Consequences of assumption
violations revisited: A quantitative review of alternatives to the one-way analysis of
variance F test. Educational Research Review 1996,(66), 579-619.
70. Makhteshim-AGAN Rimon Technical: Determination of the Physio-Chemical
Properties Final Report; 672; 2003.
71. Malone, L. A.; Scott-Dupree, C. D.; Todd, J. H.; Ramankutty, P., No sub-lethal
toxicity to bumblebees, Bombus terrestris, exposed to Bt-corn pollen, captan and

147

novaluron. New Zealand Journal of Crop and Horticultural Science 2007, 35 (4), 435440.
72. Marcombe, S.; Carron, A.; Darriet, F.; Etienne, M.; Agnew, P.; Tolosa, M.;
YpTcha, M. M.; Lagneau, C.; Yébakima, A.; Corbel, V., Reduced Efficacy of
Pyrethroid Space Sprays for Dengue Control in an Area of Martinique with Pyrethroid
Resistance. The American Journal of Tropical Medicine and Hygiene 2009, (80), 745–
751.
73. Marin, J. E. H. Collecting, preparing, and preserving insects, mites and spiders. In
The Insects and Arachnids of Canada; Supply and Services Canada, 1997; p 182.
74. Maxwell, E. M.; Fadamiro, H. Y., Evaluation of several reduced-risk insecticides in
combination with an action threshold for managing lepidopteran pests of cole crops in
Alabama. Florida Entomologist 2006, (89), 117-126.
75. McKague, A. B.; Pridmore, R. B.; Wood, P. M., Effects of Altosid and Dimilin on
Black Flies (Diptera: Simuliidae): Laboratory and Field Tests. Canadian
Entomologist 1978, 110, 1103-1110.
76. Mommaerts, V.; Sterk, G.; Smagghe, G., Hazards and uptake of chitin synthesis
inhibitors in bumblebees Bombus terrestris. Pest Management Science 2006, (62), 752758.
77. Mulla, M. S.; Navvab-Gojrati, H. A.; Darwazeh, H. A., Toxicity of mosquito
larvicidal pyrethroids to four species of freshwater fishes. Environmental
Entomologist 1978, (7), 428–430.
78. Mulla, M. S.; Thavara, U.; Tawatsin, A.; Chompoosri, J.; Zaim, M.; Su, T. Y.,
Laboratory and field evaluation of novaluron, a new acylurea insect growth regulator,
against Aedes aegypti (diptera : Culicidae). Journal of Vector Ecology 2003, 28 (2),
241-254.
79. Murray, C.; Vos, T.; Lozano, R., Disability-adjusted life years (DALYs) for 291
diseases and injuries in 21 regions, 1990–2010: a systematic analysis for the Global
Burden of Disease The Lancet 2012, 380 (9859), 2197 - 2223.
80. Nusch, E. A., Comparison of different methods for chlorophyll and phaeopigment
determination. Archiv für Hydrobiologie–BeiheftErgebnisse der Limnologie 1980, (14),
14-36.
81. Oberlander, H.; Silhacek, D. L., New perspectives on the mode of action of
benzoylphenyl urea insecticides. In Insecticides with Novel Modes of Action, 1 ed.;
Ishaaya, I.; Degheele, D., Eds. Springer-Verlag: Berlin, 1998; pp 92-105.

148

82. OECD. Guidance document on simulated freshwater lentic field tests (outdoor
microcosms and mesocosms) OECD Series of Testing and Assessment [Online],
2006.http://search.oecd.org/officialdocuments/displaydocumentpdf/?cote=env/jm/mono
(2006)17&doclanguage=en (accessed November 1 2012).
83. Okech, B. A.; Mwobobia, I. K.; Kamau, A.; Muiruri, S.; Mutiso, N.; Nyambura, J.;
Mwatele, C.; Amano, T.; Mwandawiro, C. S., Use of Integrated Malaria Management
Reduces Malaria in Kenya. PLoS ONE2008, 3 (12), 1-12.
84. Orr, N.; Shaffner, A. J.; Richey, K.; Crouse, G. D., Novel mode of action of
spinosad: Receptor binding studies demonstrating lack of interaction with known
insecticidal target sites. Pesticide Biochemistry and Physiology 2009, (95), 1–5.
85. Paris, M.; Melodelima, C.; Coissac, E.; Tetreau, G.; Reynaud, S.; David, J. P.;
Despres, L., Transcription profiling of resistance to Bti toxins in the mosquito Aedes
aegypti using next-generation sequencing. Journal of Invertebrate
Pathology 2012, (109), 201–208.
86. Peerapattana, J.; Otsuka, K.; Otsuka, M., Time-controlled pulse-drug release from
dry-coated wax matrix tablets for colon drug delivery. Journal of Biomedical Materials
and Engineering 2004, 14, 293-301.
87. PHAC. West Nile virus map and statistics monitor 2012. http://www.phacaspc.gc.ca/wnv-vwn/index-eng.php (accessed Janurary 14 2013).
88. PHAC West Nile virus monitor. http://www.phac-aspc.gc.ca/wnv-vwn/indexeng.php (accessed May 5).
89. PMRA. Proposed Registration Decision - Novaluron 2006, p. 1108. http://publications.gc.ca/collections/collection_2013/sc-hc/H113-9-2013-19eng.pdf (accessed August 13 2012).
90. PMRA Pest Control Products Sales Report for 2009; Pest Management Regulatory
Agency: Government of Canada, 2013.
91. Ponlawat, A.; Scott, J. G.; Harrington, L. C., Insecticide susceptibility of Aedes
aegypti and Aedes albopictus across Thailand. Journal of Medical
Entomology 2005, (42), 821–825.
92. Post, L.; De Jong, B. J.; Vincent, W. R., 1-(2,6-Disubstituted benzoyl)-3Phenylurea Insecticides: Inhibitors of Chitin Synthesis. Pesticides Biochemistry and
Physiology 1974, (4), 473-483.
93. Programme, W. G. M. Global Plan for Insecticide Resistance Management in
Malaria Vectors 2012, p. 1-

149

24. http://www.who.int/malaria/vector_control/gpirm_executive_summary_en.pdf (acc
essed December 10 2012).
94. Rachid, R.; Djebar-Berrebbah, H.; Djebar, M. R., Growth, Chitin and Respiratory
Metabolism of Tetrahymena pyriformis Exposed to the Insecticide
Novaluron. American-Eurasian Journal of Agricultural & Environmental
Sciences 2008, 6 (3), 873-881.
95. Ranson, H.; Burhani, J.; Lumjuan, N.; Black, W. C., Insecticide resistance in
dengue vectors. TropIKA 2010, 1 (1), 1-12.
96. Reynolds, S., The Cuticle, Growth and Moulting in Insects: the Essential
Background to the Action of Acylurea Insecticides. Pesticide Science 1987, (20), 131146.
97. Rodrigues, C. Evaluation of the insect growth regulators methoprene and
diflubenzuron for mosquito control in south western Ontario. University of Guelph,
Guelph, 1976.
98. Roy, A.; Bajpai, J.; Bajpai, A., Deelopment of calcium alginate - gelatin based
microsphere for controlled release of endosulfan as a model pesticide. Indian Journal
of Chemical Technology 2009, 16, 388-395.
99. Sanderson, H., Pesticide studies: replicability of micro/mesocosms. Environmental
Science and Pollution Research 2002, 9 (6), 429-435.
100. Scott-Dupree, C. D.; Conroy, L.; Harris, C. R., Impact of currently used or
potentially useful insecticides for canola agroecosystems on Bombus
impatiens (Hymenoptera: Apidae), Megachile rotundata(Hymentoptera: Megachilidae),
and Osmia lignaria (Hymenoptera: Megachilidae). Journal of Economical
Entomology 2009, 102 (1), 177-82.
101. Shetty, V.; Sanila, D.; Shetty, N. J., Insecticide susceptibility status in three
medically important species of mosquitoes, Anopheles stephensi, Aedes
aegypti and Culex quinquefasciatus, from Bruhat Bengaluru Mahanagara Palike,
Karnataka, India. Pest Management Science 2013, (69), 257–267.
102. Sifferlin, A. How Mutant Mosquitoes Are Fighting Dengue
Fever. http://healthland.time.com/2012/11/09/how-mutant-mosquitoes-are-fightingdengue-fever/ (accessed January 12).
103. Sparks, T. C.; Crouse, G. D.; Dripps, J. E.; Anzeveno, P.; Martynow, J.; Deamicis,
C. V.; Gifford, J., Neural network-based QSAR and insecticide discovery:
spinetoram. Journal of Computer-Aided Molecular Design 2008, 22 (6), 393-401.

150

104. Sparks, T. C.; Crouse, G. D.; Durst, G., Natural products as insecticides: the
biology, biochemistry and quantitative structure–activity relationships of spinosyns and
spinosoids. Pest Management Science 2001, (57), 896-905.
105. Su, T.; Mulla, M.; Zaim, M., Laboratory and field evaluations of novaluron, a new
insect growth regulator (IGR), against Culex mosquitoes. Journal of the American
Mosquito Control Association 2003, (19), 408-418.
106. Tawatsin, A.; Thavara, U.; Bhakdeenuan, P.; Chompoosri, J.; Siriyasatien, P.;
Asavadachanukorn, P.; Mulla, M., Field evaluation of novaluron, a chitin synthesis
inhibitor larvicide, against mosquito larvae in polluted water in urban areas of
Bangkok, Thailand. The Southeast Asian Journal of Tropical Medicine and Public
Health 2007, 38 (3), 434-441.
107. Thorp, J.; Covich, A., Ecology and Classification of North American Freshwater
Invertebrates. 3 ed.; Elseveir Press: Fort Collins, Colorado, 2010.
108. Van den Brink, P.; van Donk, E.; Gylstra, R.; Crum, S.; Brock, T., Effects of
Chronic Low Concentrations of the Pesticides Chlorpyrifos and Atrazine in Indoor
Freshwater Mesocosms. Chemosphere 1995, 31 (5), 3181-3200.
109. Van Den Brink, P.; Wijngaarden, R.; Lucassen, W., Effects of the insecticide
Dursban 4E (active ingredient chlorphyrifos) in outdoor experimental ditches: II.
invertebrate community responses and recovery.Environmental Toxicology and
Chemistry 1996, 15 (7), 1143-1153.
110. WHOa. Guidelines for Laboratory and Field Testing of Mosquito Larvicides
2005. http://whqlibdoc.who.int/hq/2005/who_cds_whopes_gcdpp_2005.13.pdf (accesse
d November 10 2012).
111. WHOb Report of the 8th WHOPES Working Group meeting – Review of
Novaluron 10% EC. 2005
http://whqlibdoc.who.int/hq/2005/WHO_CDS_WHOPES_2005.10.pdf (accessed
January 13 2014).
112. WHO. specifications and evaluations for public health pesticides diflubenzuron
2006.
http://www.who.int/whopes/quality/diflubenzuron_eval_march_2006.pdf (accessed
May 2013).
113. WHO Guidelines for Drinking-Water Quality, 3rd edition including 1st and 2nd
addenda. 2008
http://www.who.int/water_sanitation_health/dwq/chemicals/novaluronsum_2ndadd.pdf
(accessed January 13 2014).

151

114. WHO World Malaria Report Fact Sheet 2012
http://www.who.int/malaria/publications/world_malaria_report_2012/wmr2012_factsh
eet.pdf (accessed February 13 2013).
115. WHOa Yellow Fever Fact Sheet.2013
http://www.who.int/mediacentre/factsheets/fs100/en/ (accessed May 3 2013).
116. WHOb World Top Ten Causes of Death. 2013
http://www.who.int/mediacentre/factsheets/fs310/en/ (accessed February 18 2013).
117. WHOc Millenium Development Goal 6: combat HIV/AIDS, malaria and other
diseases. 2013
http://www.who.int/topics/millennium_development_goals/diseases/en/index.html (acc
essed February 24 2013).
118. WHOd. Larval source management: a supplementary measure for malaria vector
control: an operational manual 2013.
http://apps.who.int/iris/bitstream/10665/85379/1/9789241505604_eng.pdf (accessed
January 20 2013).
119. Winnipeg, C. o. Adult Mosquito Control
Policy. http://winnipeg.ca/publicworks/bugline/mosquitoes/policy.stm.
120. Wirth, M. C., Mosquito Resistance to Bacterial Larvicidal Toxins. The Open
Toxinology Journal 2010, (3), 126-140.
121. Wobbrock, J. O.; Findlater, L.; Gergle, D.; Higgins, J. J. In The Aligned Rank
Transform for nonparametric factorial analyses using only ANOVA procedures, ACM
Conference on Human Factors in Computing Systems, Vancouver, British Columbia,
May 7-12, 2011; ACM Press: Vancouver, British Columbia, 2011; pp 143-146.
122. Yaicharoen, R.; Kiatfuengfoo, R.; Chaeronviriyaphap, T.; Rongnoparut, P.,
Characterization of deltamethrin, resistance in field populations of Aedes aegypti in
Thailand. Journal of Vector Ecology 2005, (30), 144–150.
123. Zhou, L.; Lawrence, G. G.; Vineis, J. H.; Mcallister, J. C.; Wirtz, R. A.; Brogdon,
W. G., Detection of Broadly Distributed Sodium Channel Alleles Characteristic of
Insect Pyrethroid resistance in West Nile Virus Vector Culex pipiens Complex
Mosquitoes in the United States Journal of Medical Entomology 2009, 46 (2), 321-327.

152

8

APPENDIX

Figure 49 – The CRD formulation

.

Figure 50 – The pastille formulation

.

Figure 51 – The granule formulation
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Table 13 - Estimation of total mortality and morbidity due to mosquitoes

Estimation of worldwide morbidity and mortality from dengue fever infection: 390
million (95% credible interval 284-528) dengue infections per year resulting in 16,000
deaths (Bhatt et al., 2013)
Estimation of worldwide morbidity and mortality from malaria infection: 219 million
cases of malaria infection resulting in 660,000 deaths (WHO 2012)
Estimation of worldwide morbidity and mortality from yellow fever infection: 200,000
cases of yellow fever resulting in 30,000 deaths (WHO 2013a)
Estimation of worldwide morbidity and mortality from Japanese encephalitis infection:
20,000 clinical cases with 6,000 deaths are reported annually (WHO 2013b)
Estimation of worldwide morbidity from Lymphatic filariasis infection: 120 million
total infections with 40 million exhibiting symptoms (ITFDE 2002)
Estimation of morbidity from West Nile virus in the European Union: 1,200 infections
reported in 2012 (ECDC 2013)
Estimation of morbidity and mortality from West Nile virus in the USA: 5,387
infections resulting in 243 deaths in 2012 (CDC 2013)
Estimation of morbidity and mortality from West Nile virus in Canada: 220 infections
resulting in 2 deaths in 2012
Total estimated worldwide morbidity and mortality from diseases transmitted by
mosquitoes: 730 million infections resulting in 713,000 deaths

Figure 52 – Methoprene

Figure 53 - Chlorpyrifos
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Figure 54 – Fenthion

Figure 55 – Temephos

Figure 56 - Pirimiphos-methyl

Figure 57 – Malathion
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Figure 58 – Propoxur

Figure 59 - Bendiocarb

Figure 60 – Permethrin

Figure 61 - Spinosyn A and D
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Figure 62 - 3'o-ethyl-spinosyn l

Figure 63 - 3'o-ethyl-5,6-dihydro-spinosyn j

Figure 64 - Butenyl-spinosyns A and D
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Figure 65 – Biosynthesis of Chitin in Insects
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Table 14- Integrated pest management approach requirements

An integrated pest management strategy includes all of the following requirements:
(1) Baseline understanding of the ecological and entomological parameters of the
control situation i.e. the mosquito species to be controlled in an environment and it`s
ecology (biting habits, habitat, migration tendencies and disease vector possibilities)
(2) An understanding of significant breeding sites for improved larvicide efficacy
(3) Selection of appropriate tools and application systems/equipment to fight the target
organisms including an understanding of previously applied control measures to avoid
encouraging resistance by repeatedly applying chemical controls with the same
mechanism of action to an area
(4) Effective dosage of a compound in use has to be assessed to assure a cost-effective
operation and eliminate unnecessary non-target exposure
(5) Design of the control strategy should be based on the results obtained in pilot
studies to assure that insecticide is effective at controlling target organism
(6) Training of the field staff to effectively implement the control strategy
(7) Governmental application formalities i.e. permits
(8) Intensive public relations, educational efforts and encouraging active community
participation
(Becker et al., 2003; WHO 2012; WHO 2013d)
Table 15 - The structure of benzoylphenyl urea insecticides

General Structure:

R1
Bistrifluron

R2

R3

R4

R5

Cl CF3

H

CF3

H
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Chlorfluazuron

H

Cl

Cl

H

Diflubenzuron

H

H

H

H

Flucycloxuron

H

H

H

H

Flufenoxuron

F

H

H

H

Flufenuron

F

H

H

H

Hexaflumuron

H

Cl

Cl

H

Cl
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Lufenuron

H

Cl

H

Cl

Novaluron

H

Cl

H

H

Noviflumuron

H

Cl

Cl

F

Teflubenzuron

H

Cl

Cl

F

F

Table 16 - Description of the physical/chemical properties of analytical grade novaluron

Summary of Properties
Scientific (IUPAC) name
CAS number
Colour
Physical state at 24°C
Odour

Solubility in organic solvents

Solubility in water
Flammability/explosive properties
Melting range
Relative density
Vapour pressure
Partition coefficient

Description
( ± )-1-[3-chloro-4-(1,1,2-trifluoro-2trifluoromethoxy ethoxy)
phenyl]-3-(2,6-difluorobenzoyl)urea
116714-46-6
10R8/2 (Munsell Colour System)
Solid
None
n-heptane: 8.39 mg/l
xylene: 1.88 g/l
1,2-dichloroethane: 2.85 g/l
methanol: 14.5 g/l
acetone: 198 g/l
ethyl acetate: 113 g/l
3.4±1.0 µg/l
Non-flammable/not explosive
176.5 – 178.0°C
1.56
1.6 x 10-5 Pa
Log Pow: 4.3 (at 20-25°C, pH 7.1)
161

Summary of Properties
Atmospheric degradation

Hydrolysis characteristics

Description
Photochemical degradation half-life: 139
days of natural summer sunlight at
latitude 40°N, assuming 12 hours of
daylight, pH 5
Stable at pH 5 and pH 7 at 25°C.
At pH 9: half-life at 25°C: 101 days
half-life at 50°C: 1.2 days
half-life at 70°C: 0.09 days (2.2 hours)

Novaluron (unaffected)

Common metabolites from hydrolysis,
photolysis and metabolism

2,6-difluorobenzoic acid

1-[3-chloro-4-(1,1,2-trifluoro-2trifluoromethoxyethoxy)phenyl]urea
(Makhteshim, 2003)
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Figure 66 –200-L drum used for the study
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Figure 67 – Picture of the jar sampling apparatus
To collect a sample, the spigot (B) is opened and water is allowed to flow from the 40-L carboy (A)
into the water collection container (C). Suction builds up in the system and water from the sample
container (G) is drawn into the sample collection jar (E) through silicon tubing (D). An air trap (F)
prevents sampled water from flowing back into the 40-L carboy. Tubing used to sample one water
matrix is not used to sample any others, and all silicon tubing touching water samples was rinsed
thoroughly between each sample period.
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Table 17 - Volumes of solvents and novaluron stock solution required for standard preparation
Final Concentration of
Novaluron

Working Standard Solution
Concentration in Methanol

Volume of Working
Standard Solution Added
to Methanol

Final Volume of
Standard

4.0 µg/mL

10.0 µg/mL

400 µL

1.0 mL

2 µg/mL

10 µg/mL

200 µL

1.0 mL

1 µg/mL

10 µg/mL

100 µL

1.0 mL

500 ng/mL

10 µg/mL

50 µL

1.0 mL

250 ng/mL

10 µg/mL

25 µL

1.0 mL

100 ng/mL

10 µg/mL

15 µL

1.5 mL

75 ng/mL

100 ng/mL

375 µL

0.5 mL

50 ng/mL

100 ng/mL

250 µL

0.5 mL

35 ng/mL

100 ng/mL

175 µL

0.5 mL

25 ng/mL

100 ng/mL

125 µL

0.5 mL

Figure 68- Histogram for the residual of a two-way RM ANOVA for the granule novaluron
treatment
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.

Figure 69 - Histogram for the residual of a two-way RM ANOVA for the CRD novaluron treatment

.

Figure 70 - Histogram for the residual of a two-way RM ANOVA for the pastille novaluron
treatment

.
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Table 18 - An example calculation of actual (corrected) novaluron concentration in water samples
A sample was taken from a 3.79-L jar containing a pastille. It was stored for 5 days then
extracted and analyzed. The sample was included in an HPLC run with internal novaluron
standards; these standards produced the following calibration curve:
2

y = 0.036x + 0.1132 (r = 0.9986)
where y = the peak area of the water sample (i.e., 5.57301). Therefore, x = the unadjusted
concentration of novaluron in methanol (ng/mL).
Thus x = (y - 0.1132) / 0.036
x = (5.57301 – 0.1132) / 0.036 = 151.66 ng/mL of methanol
DF =EV /SV
EV = 1 mL methanol
SV = 100 mL water sample
DF = 0.01
Therefore, the unadjusted concentration (ng/mL) of novaluron in water is x = 151.66 ng/mL *
0.01 = 1.52 ng/mL
Adjusted (Corrected) Novaluron Concentration in a Water Sample = {Unadjusted novaluron
concentration (ng/mL) – Formulation Blank (ng/mL)}/ Adjustment Factor
Thus, if the water sample was stored for 5 days before extraction, the adjustment factor is
57.15%.
Actual novaluron concentration = (1.52 ng/mL - 0.138 ng/mL) / 0.5715 = 2.42 ng/mL; where
the mean formulation blank for a pastille water sample is 0.138 ng/mL.

Table 19 - Pastille summary data from 3.79 L jar water concentration lab trial
Day
Sampled

Control

1
14
28
42
56
70
84
98
112
126
140
154
168
182

0.00±0.00
0.00±0.00
0.08±0.09
0.01±0.06
0.02±0.06
0.05±0.08
0.09±0.01
0.00±0.00
0.10±0.11
0.02±0.06
0.00±0.00
0.00±0.05
0.00±0.00
0.05±0.08

Negative
Control
0.19±0.15
0.00±0.00
0.04±0.07
0.18±0.15
0.00±0.00
0.10±0.10
0.00±0.00
0.00±0.00
0.10±0.11
0.00±0.00
0.00±0.00
0.00±0.00
0.00±0.00
0.03±0.06

Average Concentration of Parameter Adjusted Samples (µg/L)
Temperature Temperature
Organic
Hardness
Salinity
(10°C)
(30°C)
Matter
1.52±0.28
0.69±0.48
25.96±5.49
0.34±0.50 5.31±2.09
9.41±0.44
8.55±1.14
12.74±0.87
0.58±0.17 13.16±0.93
6.96±0.69
3.50±0.19
6.23±0.32
0.00±0.16 6.21±0.72
2.14±0.10
3.04±0.16
4.03±0.49
0.00±0.00 3.54±0.25
1.60±0.24
1.63±0.09
4.32±1.80
0.13±0.32 2.69±0.55
2.02±0.20
3.26±0.58
1.86±0.23
0.00±0.07 1.74±0.89
1.22±0.17
2.46±0.17
2.01±0.29
0.16±0.31 2.22±0.41
1.32±0.15
1.33±0.22
2.71±0.15
0.78±0.12 1.68±0.33
1.99±0.34
1.37±0.06
1.37±0.18
1.21±0.32 1.23±0.08
1.32±0.06
0.92±0.18
1.16±0.33
1.89±0.92 0.99±0.19
0.99±0.22
1.15±0.34
0.90±0.20
1.73±0.15 1.36±0.17
0.97±0.21
1.17±0.19
1.35±0.14
1.51±0.11 0.66±0.03
1.11±0.02
1.14±0.11
1.64±0.27
1.56±0.34 1.23±0.20
1.23±0.14
1.41±0.28
1.53±0.18
0.88±0.13 1.26±0.26

pH (6.5)
11.24±6.37
11.17±0.76
6.44±0.57
2.62±0.17
1.26±0.24
1.79±0.06
0.85±0.14
1.30±0.20
1.21±0.11
1.11±0.23
1.13±0.05
1.22±0.09
0.56±0.19
0.98±0.09
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Table 20 - CRD summary data from 200 L barrel water concentration lab trial
Day
Sampled

Control

1
14
28
42
56
70
84
98
112
126
140
154
168
182

0.00±0.00
0.00±0.00
0.00±0.00
0.00±0.00
0.00±0.00
0.00±0.00
0.00±0.00
0.50±0.50
0.00±0.00
0.07±0.07
0.00±0.00
0.00±0.00
0.00±0.00
0.00±0.00

Negative
Control
0.59±0.13
0.23±0.21
0.12±0.15
0.00±0.00
0.00±0.00
0.00±0.00
0.00±0.00
0.09±0.13
0.00±0.00
0.00±0.06
0.00±0.05
0.00±0.00
0.03±0.10
0.00±0.00

Average Concentration of Parameter Adjusted Samples (µg/L)
Temperature Temperature Organic
Hardness
Salinity
(10°C)
(30°C)
Matter
0.69±0.12
0.72±0.19
0.00±0.00
0.00±0.00
0.00±0.00
0.46±0.07
0.30±0.08
0.68±0.31
0.00±0.00
0.39±0.33
16.84±2.29 10.73±3.09
11.20±2.48 1.00±0.84 14.76±7.46
6.03±2.37
4.68±1.56
2.30±0.20
0.82±0.74
8.54±4.43
19.48±9.27
1.73±0.36
4.42±0.68
0.38±0.30 16.26±11.55
3.43±1.13
1.62±0.45
3.78±0.74
0.32±0.52 18.82±10.89
8.91±3.06
1.58±0.41
2.37±0.68
0.54±0.36
0.16±0.32
1.62±0.45
1.93±1.10
2.55±0.35
0.75±0.01
0.26±0.06
2.30±1.04
0.57±0.07
1.05±0.45
0.35±0.18
0.30±0.16
37.75±5.84
1.27±0.49
0.89±0.23
1.15±0.25
1.70±0.28
15.54±7.04
2.34±1.34
1.93±1.04
2.06±1.28
1.91±0.19
4.94±2.46
1.97±0.66
1.01±0.67
2.74±1.15
2.02±0.60
7.38±6.59
0.84±0.12
0.73±0.04
0.99±0.52
0.92±0.26
1.17±0.56
1.33±0.58
0.79±0.23
0.71±0.40
0.76±0.17

pH (6.5)
0.96±0.06
1.07±0.61
15.73±3.04
4.82±0.89
3.70±1.00
1.30±0.56
0.37±0.13
0.78±0.48
0.95±0.32
0.94±0.45
0.59±0.19
0.11±0.13
0.53±0.26
0.23±0.19

Table 21 - Granule summary data from 1.89 L jar water concentration lab trial
Day
Sampled

Control

1
14
28
42
56
70
84
98
112
126
140
154
168
182

0.00±0.00
0.00±0.00
0.07±0.09
0.01±0.05
0.02±0.06
0.05±0.08
0.09±0.00
0.00±0.00
0.10±0.11
0.02±0.06
0.00±0.00
0.00±0.05
0.00±0.00
0.05±0.08

Negative
Control
0.00±0.00
0.00±0.00
0.07±0.09
0.01±0.05
0.02±0.06
0.05±0.08
0.09±0.00
0.00±0.00
0.10±0.11
0.02±0.06
0.00±0.00
0.00±0.05
0.00±0.00
0.05±0.08

Average Concentration of Parameter Adjusted Samples (µg/L)
Temperature Temperature
Organic
Hardness
Salinity
(10°C)
(30°C)
Matter
0.54±0.10
1.45±0.26
1.39±0.13
0.00±0.00 1.23±0.36
0.95±0.53
0.97±0.61
2.19±0.08
0.00±0.14 0.94±0.05
0.58±0.12
0.00±0.00
1.94±0.54
0.00±0.00 0.18±0.18
0.51±0.12
0.65±0.12
0.84±0.10
0.00±0.00 0.42±0.11
0.67±0.11
0.21±0.34
1.46±0.31
0.00±0.00 0.39±0.17
0.58±0.02
0.43±0.17
0.97±0.16
0.00±0.00 0.38±0.09
0.90±0.20
1.45±0.45
0.94±0.13
0.75±0.47 0.66±0.15
0.72±0.08
0.41±0.09
1.47±0.47
0.75±0.29 0.52±0.15
1.20±0.06
0.36±0.10
0.94±0.26
0.68±0.06 0.55±0.02
0.92±0.21
0.14±0.01
0.91±0.28
1.39±0.54 2.16±0.05
0.71±0.03
0.30±0.14
0.64±0.18
1.54±0.06 0.43±0.01
1.15±0.05
0.51±0.08
0.83±0.13
1.47±0.22 0.50±0.15
0.63±0.13
0.35±0.08
0.00±0.13
1.47±0.12 0.40±0.08
0.80±0.10
0.33±0.05
0.52±0.23
0.56±0.36 0.47±0.19

pH (6.5)
0.72±0.13
1.18±0.07
0.60±0.33
0.63±0.19
0.19±0.22
0.00±0.06
0.65±0.52
0.01±0.15
0.00±0.07
0.09±0.02
0.15±0.00
0.19±0.05
0.10±0.16
0.30±0.11

Table 22 - Pastille summary data from 3.79 L jar water concentration lab trial when temperature
and a chemical parameter are both adjusted
Day
Sampled
1
14
28
42

Hardness
10°C
30°C
0.61 ± 8.59 ±
0.10
0.47
8.16 ± 6.10 ±
0.06
0.52
3.67 ± 3.54 ±
0.28
0.60
2.73 ± 2.57 ±
0.20
0.18

Average Concentration of Parameter Adjusted Samples (µg/L)
Organic Matter
Salinity
pH 5
pH 7
10°C
30°C
10°C
30°C
10°C
30°C
10°C
30°C
0.20 ± 5.72 ± 0.19 ± 31.57 ± 0.26 ± 21.17 ± 0.48 ± 27.35 ±
0.00
4.62
0.00
8.45
0.07
2.07
0.05
2.08
3.17 ± 3.45 ± 11.04 ± 12.25 ± 7.46 ± 10.79 ± 5.77 ± 12.52 ±
0.55
1.19
2.66
1.34
1.07
0.69
1.18
0.31
2.58 ± 0.66 ± 5.04 ±
5.33 ± 5.41 ± 6.97 ± 3.00 ± 7.15 ±
0.30
0.25
1.78
1.27
1.28
1.67
0.53
0.33
1.33 ± 0.69 ± 3.06 ±
4.12 ± 4.07 ± 2.49 ± 2.83 ± 3.37 ±
0.58
0.03
0.12
0.56
0.57
0.23
0.47
0.07

pH 9
10°C
30°C
0.38 ± 2.89 ±
0.19
1.21
5.48 ± 8.54 ±
1.15
0.08
3.93 ± 11.01 ±
0.27
0.42
3.07 ± 5.37 ±
0.29
0.37
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Table 23 - Summary of comparisons against the pH 6.5 parameter within a formulation
Formulation
Granule
CRD
Pastille
Significantly
Significantly
Significantly
Control
Different*
Different*
Different*
Significantly
Significantly
Significantly
Negative Control
Different*
Different*
Different*
Hardness (250
Significantly
Not Significantly
Not Significantly
mg/L CaCl2)
Different*
Different
Different
Treatment
Significantly
Not Significantly
Not Significantly
10°C
Different*
Different
Different
Significantly
Not Significantly
Not Significantly
30°C
Different*
Different
Different
Organic Matter (1
Not Significantly
Not Significantly
Significantly
g/L Rabbit Food)
Different
Different
Different
Salinity (35 g/L
Significantly
Not Significantly
Not Significantly
NaCl)
Different
Different
Different

*(p <0.05)
Table 24 - Summary of statistical comparisons of 42 day pastille combination treatment
experiment
30°C
Organic
Matter

30°C

10°C

Organic
Matter
Hardness
Salinity
pH 5
pH 7
pH 9
Organic
Matter
Hardness
Salinity
pH 5
pH 7
pH 9

10°C

Hardness

Salinity

pH5

pH7

pH9

Yes
Yes
Yes
Yes
Yes

Yes
No
Yes
No

No
No
No

No
No

No

No

Yes

Yes

Yes

Yes

Yes

No
No
No
No
No

Yes
No
No
Yes
Yes

Yes
Yes
Yes
Yes
Yes

Yes
Yes
Yes
Yes
Yes

Yes
Yes
Yes
Yes
Yes

No
Yes
Yes
Yes
Yes

Organic
Matter

Hardness

Salinity

pH5

pH7

No
No
No
No

No
No
No

No
No

No

Yes
No
No
No
No

pH9

“Yes” indicates a comparison that is statistically different (p <0.05)
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Table 25 - Example RM ANOVA and holm-sidak multiple comparisons output
Two Way Repeated Measures ANOVA (Two Factor Repetition)
Data source: Data 1 in granule glp study.SNB
Balanced Design
Dependent Variable: 3-[hardness vs pH 6.5]
Normality Test:

Failed

Equal Variance Test:

Passed (P = 0.888)

Source of Variation
replicate
day
day x replicate
parameter
parameter x replicate
day x parameter
Residual
Total

DF
2
13
26
1
2
13
26
83

(P < 0.001)

SS
0.000713
1.021
0.806
2.876
0.0301
1.946
0.936
7.615

MS
0.000356
0.0785
0.0310
2.876
0.0151
0.150
0.0360
0.0918

F

P

2.533

0.021

191.051

0.005

4.158

<0.001

Power of performed test with alpha = 0.0500: for day : 0.657
Power of performed test with alpha = 0.0500: for parameter : 1.000
Power of performed test with alpha = 0.0500: for day x parameter : 0.963
Least square means for day :
Group
Mean
0.000
0.390
14.000
0.304
28.000
0.481
42.000
0.451
56.000
0.585
70.000
0.686
84.000
0.456
98.000
0.625
112.000
0.603
126.000
0.645
140.000
0.671
154.000
0.514
168.000
0.612
182.000
0.468
Std Err of LS Mean = 0.0719
Least square means for parameter :
Group Mean
1.000 0.350
2.000 0.720
Std Err of LS Mean = 0.0189
Least square means for day x parameter :
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Group

Mean
0.000 x 1.000
0.000 x 2.000
14.000 x 1.000
14.000 x 2.000
28.000 x 1.000
28.000 x 2.000
42.000 x 1.000
42.000 x 2.000
56.000 x 1.000
56.000 x 2.000
70.000 x 1.000
70.000 x 2.000
84.000 x 1.000
84.000 x 2.000
98.000 x 1.000
98.000 x 2.000
112.000 x 1.000
112.000 x 2.000
126.000 x 1.000
126.000 x 2.000
140.000 x 1.000
140.000 x 2.000
154.000 x 1.000
154.000 x 2.000
168.000 x 1.000
168.000 x 2.000
182.000 x 1.000
182.000 x 2.000
Std Err of LS Mean = 0.110

0.432
0.348
0.395
0.212
0.413
0.550
0.495
0.407
0.371
0.800
0.399
0.973
0.294
0.619
0.345
0.906
0.207
1.000
0.290
1.000
0.343
1.000
0.216
0.812
0.391
0.833
0.313
0.624

All Pairwise Multiple Comparison Procedures (Holm-Sidak method):
Overall significance level = 0.05

Comparisons for factor: parameter
Comparison
Diff of Means
2.000 vs. 1.000

0.370

t

Unadjusted P

13.822

Comparisons for factor: parameter within 0
Comparison
Diff of Means
1.000 vs. 2.000

0.0837

t
0.552

Comparisons for factor: parameter within 14
Comparison
Diff of Means
1.000 vs. 2.000

0.183

0.00519

t

1.206

Unadjusted P
0.585

Unadjusted P
0.238

Critical Level
0.050

Significant?
Yes

Critical Level Significant?
0.050

No

Critical Level Significant?
0.050

No

Comparisons for factor: parameter within 28
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Comparison
2.000 vs. 1.000

Diff of Means

t

0.137

0.901

Comparisons for factor: parameter within 42
Comparison
Diff of Means
1.000 vs. 2.000

0.0887

0.585

Comparisons for factor: parameter within 56
Comparison
Diff of Means
2.000 vs. 1.000

0.429

0.574

0.324

0.561

t

2.139

Comparisons for factor: parameter within 98
Comparison
Diff of Means
2.000 vs. 1.000

t

3.786

Comparisons for factor: parameter within 84
Comparison
Diff of Means
2.000 vs. 1.000

t

2.828

Comparisons for factor: parameter within 70
Comparison
Diff of Means
2.000 vs. 1.000

t

t

3.701

Comparisons for factor: parameter within 112
Comparison
Diff of Means
t
2.000 vs. 1.000

0.793

5.229

Comparisons for factor: parameter within 126
Comparison
Diff of Means
t
2.000 vs. 1.000

0.710

4.683

Comparisons for factor: parameter within 140
Comparison
Diff of Means
t
2.000 vs. 1.000

0.657

4.332

Comparisons for factor: parameter within 154
Comparison
Diff of Means
t

Unadjusted P
0.375

Unadjusted P
0.563

Unadjusted P
0.009

Unadjusted P
0.001

Unadjusted P
0.042

Unadjusted P
0.001

Unadjusted P
0.000

Unadjusted P
0.000

Unadjusted P
0.000

Unadjusted P

Critical Level Significant?
0.050

No

Critical Level Significant?
0.050

No

Critical Level Significant?
0.050

Yes

Critical Level Significant?
0.050

Yes

Critical Level Significant?
0.050

Yes

Critical Level Significant?
0.050

Yes

Critical Level Significant?
0.050

Yes

Critical Level Significant?
0.050

Yes

Critical Level Significant?
0.050

Yes

Critical Level Significant?
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2.000 vs. 1.000

0.596

3.929

Comparisons for factor: parameter within 168
Comparison
Diff of Means
t
2.000 vs. 1.000

0.442

2.915

Comparisons for factor: parameter within 182
Comparison
Diff of Means
t
2.000 vs. 1.000

0.311

Comparisons for factor: day within 1
Comparison
Diff of Means
42.000 vs. 112.000
42.000 vs. 154.000
0.000 vs. 112.000
0.000 vs. 154.000
28.000 vs. 112.000
42.000 vs. 126.000
42.000 vs. 84.000
28.000 vs. 154.000
70.000 vs. 112.000
14.000 vs. 112.000
168.000 vs. 112.000
42.000 vs. 182.000
70.000 vs. 154.000
14.000 vs. 154.000
168.000 vs. 154.000
56.000 vs. 112.000
56.000 vs. 154.000
42.000 vs. 140.000
42.000 vs. 98.000
0.000 vs. 126.000
98.000 vs. 112.000
0.000 vs. 84.000
140.000 vs. 112.000
98.000 vs. 154.000
140.000 vs. 154.000
42.000 vs. 56.000
28.000 vs. 126.000
0.000 vs. 182.000
28.000 vs. 84.000
70.000 vs. 126.000
182.000 vs. 112.000
14.000 vs. 126.000
42.000 vs. 168.000
70.000 vs. 84.000
168.000 vs. 126.000
14.000 vs. 84.000
28.000 vs. 182.000
42.000 vs. 14.000

0.289
0.279
0.225
0.216
0.206
0.206
0.201
0.197
0.192
0.189
0.184
0.183
0.182
0.179
0.175
0.164
0.155
0.152
0.151
0.142
0.138
0.138
0.136
0.129
0.127
0.125
0.123
0.119
0.119
0.109
0.106
0.106
0.105
0.104
0.101
0.101
0.100
0.100

2.053

t
1.931
1.869
1.507
1.444
1.380
1.377
1.346
1.318
1.283
1.262
1.232
1.222
1.221
1.199
1.169
1.098
1.036
1.020
1.009
0.952
0.922
0.922
0.911
0.860
0.848
0.833
0.826
0.798
0.795
0.729
0.709
0.707
0.700
0.698
0.677
0.677
0.671
0.669

0.001

Unadjusted P
0.007

Unadjusted P
0.050

Unadjusted P
0.059
0.067
0.138
0.155
0.173
0.175
0.184
0.193
0.205
0.213
0.224
0.227
0.228
0.236
0.248
0.277
0.305
0.312
0.318
0.345
0.361
0.361
0.367
0.394
0.400
0.409
0.413
0.429
0.430
0.469
0.482
0.483
0.487
0.488
0.501
0.502
0.505
0.506

0.050

Yes

Critical Level Significant?
0.050

Yes

Critical Level Significant?
0.050

Yes

Critical Level Significant?
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001

No
No
No
No
No
No
No
No
No
No
No
No
No
No
No
No
No
No
No
No
No
No
No
No
No
No
No
No
No
No
No
No
No
No
No
No
No
No
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42.000 vs. 70.000
168.000 vs. 84.000
182.000 vs. 154.000
0.000 vs. 140.000
84.000 vs. 112.000
0.000 vs. 98.000
70.000 vs. 182.000
126.000 vs. 112.000
14.000 vs. 182.000
42.000 vs. 28.000
56.000 vs. 126.000
168.000 vs. 182.000
84.000 vs. 154.000
56.000 vs. 84.000
126.000 vs. 154.000
28.000 vs. 140.000
28.000 vs. 98.000
42.000 vs. 0.000
0.000 vs. 56.000
56.000 vs. 182.000
70.000 vs. 140.000
98.000 vs. 126.000
70.000 vs. 98.000
140.000 vs. 126.000
14.000 vs. 140.000
14.000 vs. 98.000
98.000 vs. 84.000
140.000 vs. 84.000
168.000 vs. 140.000
168.000 vs. 98.000
28.000 vs. 56.000
0.000 vs. 168.000
0.000 vs. 14.000
0.000 vs. 70.000
98.000 vs. 182.000
140.000 vs. 182.000
56.000 vs. 140.000
70.000 vs. 56.000
56.000 vs. 98.000
14.000 vs. 56.000
182.000 vs. 126.000
28.000 vs. 168.000
168.000 vs. 56.000
0.000 vs. 28.000
182.000 vs. 84.000
28.000 vs. 14.000
28.000 vs. 70.000
154.000 vs. 112.000
70.000 vs. 168.000
84.000 vs. 126.000
14.000 vs. 168.000
70.000 vs. 14.000
98.000 vs. 140.000

0.0968
0.0966
0.0966
0.0890
0.0874
0.0873
0.0858
0.0828
0.0826
0.0823
0.0812
0.0781
0.0781
0.0767
0.0735
0.0702
0.0684
0.0634
0.0611
0.0581
0.0556
0.0550
0.0539
0.0533
0.0524
0.0507
0.0504
0.0487
0.0479
0.0462
0.0422
0.0411
0.0366
0.0334
0.0319
0.0302
0.0280
0.0277
0.0263
0.0245
0.0231
0.0222
0.0200
0.0189
0.0185
0.0177
0.0145
0.00932
0.00772
0.00457
0.00451
0.00321
0.00170

0.648
0.647
0.646
0.596
0.585
0.584
0.574
0.554
0.553
0.551
0.544
0.523
0.523
0.513
0.492
0.469
0.458
0.424
0.409
0.389
0.372
0.368
0.361
0.356
0.351
0.339
0.337
0.326
0.321
0.309
0.282
0.275
0.245
0.223
0.213
0.202
0.187
0.185
0.176
0.164
0.154
0.149
0.134
0.126
0.124
0.119
0.0971
0.0624
0.0517
0.0306
0.0302
0.0215
0.0114

0.520
0.521
0.521
0.554
0.561
0.561
0.568
0.582
0.583
0.584
0.589
0.603
0.604
0.610
0.625
0.641
0.649
0.673
0.684
0.699
0.711
0.714
0.720
0.723
0.727
0.736
0.737
0.746
0.750
0.758
0.779
0.784
0.807
0.824
0.832
0.841
0.852
0.854
0.861
0.871
0.878
0.882
0.894
0.900
0.902
0.906
0.923
0.951
0.959
0.976
0.976
0.983
0.991

0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.002
0.002
0.002
0.002
0.002
0.002
0.002
0.002
0.002
0.002
0.002
0.002
0.002
0.002
0.003
0.003
0.003
0.003
0.003
0.003
0.004
0.004
0.004
0.005
0.005
0.006
0.006
0.007
0.009
0.010
0.013
0.017
0.025
0.050

No
No
No
No
No
No
No
No
No
No
No
No
No
No
No
No
No
No
No
No
No
No
No
No
No
No
No
No
No
No
No
No
No
No
No
No
No
No
No
No
No
No
No
No
No
No
No
No
No
No
No
No
No

Comparisons for factor: day within 2
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Comparison
126.000 vs. 14.000
112.000 vs. 14.000
140.000 vs. 14.000
70.000 vs. 14.000
98.000 vs. 14.000
140.000 vs. 0.000
112.000 vs. 0.000
126.000 vs. 0.000
70.000 vs. 0.000
168.000 vs. 14.000
154.000 vs. 14.000
140.000 vs. 42.000
112.000 vs. 42.000
126.000 vs. 42.000
56.000 vs. 14.000
70.000 vs. 42.000
98.000 vs. 0.000
98.000 vs. 42.000
168.000 vs. 0.000
154.000 vs. 0.000
56.000 vs. 0.000
126.000 vs. 28.000
140.000 vs. 28.000
112.000 vs. 28.000
168.000 vs. 42.000
70.000 vs. 28.000
182.000 vs. 14.000
84.000 vs. 14.000
154.000 vs. 42.000
56.000 vs. 42.000
140.000 vs. 84.000
126.000 vs. 84.000
112.000 vs. 84.000
140.000 vs. 182.000
112.000 vs. 182.000
126.000 vs. 182.000
98.000 vs. 28.000
70.000 vs. 84.000
70.000 vs. 182.000
28.000 vs. 14.000
98.000 vs. 84.000
168.000 vs. 28.000
98.000 vs. 182.000
182.000 vs. 0.000
84.000 vs. 0.000
154.000 vs. 28.000
56.000 vs. 28.000
182.000 vs. 42.000
168.000 vs. 84.000
84.000 vs. 42.000
168.000 vs. 182.000
28.000 vs. 0.000
140.000 vs. 56.000
126.000 vs. 56.000

Diff of Means

t

0.788
0.788
0.788
0.761
0.694
0.652
0.652
0.652
0.625
0.621
0.600
0.593
0.593
0.593
0.587
0.566
0.558
0.499
0.485
0.464
0.452
0.450
0.450
0.450
0.426
0.423
0.412
0.406
0.405
0.393
0.381
0.381
0.381
0.376
0.376
0.376
0.356
0.354
0.349
0.337
0.287
0.283
0.282
0.276
0.270
0.262
0.250
0.217
0.214
0.212
0.209
0.202
0.200
0.200

5.271
5.271
5.271
5.089
4.642
4.362
4.362
4.362
4.180
4.153
4.013
3.970
3.970
3.970
3.931
3.789
3.733
3.342
3.244
3.104
3.022
3.013
3.013
3.013
2.853
2.831
2.755
2.719
2.713
2.631
2.552
2.552
2.552
2.515
2.515
2.515
2.384
2.370
2.334
2.258
1.923
1.895
1.887
1.846
1.810
1.756
1.673
1.455
1.434
1.419
1.398
1.349
1.340
1.340

Unadjusted P
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.002
0.002
0.003
0.004
0.004
0.004
0.004
0.006
0.007
0.008
0.009
0.009
0.011
0.014
0.014
0.014
0.015
0.015
0.015
0.021
0.022
0.024
0.028
0.060
0.064
0.065
0.071
0.076
0.085
0.100
0.152
0.158
0.162
0.168
0.183
0.186
0.186

Critical Level Significant?
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001

Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
No
No
No
No
No
No
No
No
No
No
No
No
No
No
No
No
No
No
No
No
No
No
No
No
No
No
No
No
No
No
No
No
No
No
No
No
No
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112.000 vs. 56.000
42.000 vs. 14.000
154.000 vs. 84.000
154.000 vs. 182.000
140.000 vs. 154.000
112.000 vs. 154.000
126.000 vs. 154.000
56.000 vs. 84.000
56.000 vs. 182.000
70.000 vs. 56.000
140.000 vs. 168.000
126.000 vs. 168.000
112.000 vs. 168.000
70.000 vs. 154.000
28.000 vs. 42.000
70.000 vs. 168.000
0.000 vs. 14.000
98.000 vs. 56.000
98.000 vs. 154.000
112.000 vs. 98.000
126.000 vs. 98.000
140.000 vs. 98.000
182.000 vs. 28.000
98.000 vs. 168.000
84.000 vs. 28.000
70.000 vs. 98.000
42.000 vs. 0.000
168.000 vs. 56.000
140.000 vs. 70.000
126.000 vs. 70.000
112.000 vs. 70.000
168.000 vs. 154.000
154.000 vs. 56.000
182.000 vs. 84.000
112.000 vs. 126.000
140.000 vs. 126.000
112.000 vs. 140.000

0.200
0.194
0.193
0.188
0.188
0.188
0.188
0.181
0.176
0.173
0.167
0.167
0.167
0.161
0.143
0.140
0.136
0.106
0.0939
0.0939
0.0939
0.0939
0.0744
0.0731
0.0689
0.0668
0.0584
0.0332
0.0271
0.0271
0.0271
0.0209
0.0123
0.00546
0.000
0.000
0.000

1.340
1.300
1.294
1.258
1.257
1.257
1.257
1.212
1.176
1.158
1.118
1.118
1.118
1.076
0.958
0.936
0.909
0.711
0.629
0.629
0.629
0.629
0.498
0.489
0.461
0.447
0.391
0.222
0.181
0.181
0.181
0.140
0.0824
0.0365
0.000
0.000
0.000

0.186
0.199
0.201
0.214
0.214
0.214
0.214
0.231
0.245
0.252
0.269
0.269
0.269
0.287
0.343
0.353
0.368
0.480
0.532
0.532
0.532
0.532
0.621
0.627
0.647
0.657
0.697
0.825
0.857
0.857
0.857
0.890
0.935
0.971
1.000
1.000
1.000

0.001
0.001
0.001
0.002
0.002
0.002
0.002
0.002
0.002
0.002
0.002
0.002
0.002
0.002
0.002
0.002
0.002
0.003
0.003
0.003
0.003
0.003
0.003
0.004
0.004
0.004
0.005
0.005
0.006
0.006
0.007
0.009
0.010
0.013
0.017
0.025
0.050

No
No
No
No
No
No
No
No
No
No
No
No
No
No
No
No
No
No
No
No
No
No
No
No
No
No
No
No
No
No
No
No
No
No
No
No
No
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Table 26 - Artificial soil sediment nutrient analysis
Total Carbon
1.98±0.11 % dry weight
Inorganic Carbon
0.00 % dry weight
Organic Carbon
1.98±0.11 % dry weight
Manganese
4.63±0.38 mg/kg dry weight
Magnesium
130.00±20.82 mg/kg dry weight
Phosphorus
10.49±0.79 mg/kg dry weight
Potassium
30.67±2.67 mg/kg dry weight
Zinc
0.97±0.01 mg/kg dry weight
pH
4.10±0.06

Figure 71 - A mesocosm with the reservoir pond in the background

Figure 72 - The mesocosm testing facility at the Guelph Turfgrass Institute
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Figure 73 – The materials and mixer used for creating artificial pond sediment

Figure 74 - A mesocosm with the artificial sediment contained in potting trays
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Figure 75 - Collecting pond macrophytes from the Guelph Correctional Centre decorative
reservoir

Figure 76 – A mesocosm undergoing cycling (note water pouring into the mesocosm and the
submerged standpipe at the bottom left of the figure)
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Figure 77 - Mesocosm depth-specific water sampling apparatus

Figure 78 – Sample collection jar (300 mL) fitted with a mesh to allow air flow but prevent adult
mosquitoes from escaping
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Figure 79 – A sample jar containing liver powder, water obtained from a mesocosm and 4th instar
Aedes aegypti larvae

Figure 80 - Experimental setup for mosquito bioassays
Table 27 - Surface area of a mesocosm calculation
Dimensions of a mesocosm: 400cm in diameter x 100cm in height
Surface area of the liner of a mesocosm: SAmesocosm walls + SAmesocosm floor

181

SAmesocosm walls = circumference of floor * mesocosm height
SAmesocosm walls = πd*h
2
SAmesocosm walls = π*400*100 = 125663 cm
2

SAmesocosm floor =πr
2
SAmesocosm floor =π(200)
2
SAmesocosm floor =125,663 cm
Surface area of the liner of a mesocosm: SAmesocosm walls + SAmesocosm floor
2
2
=125,663 cm + 125663 cm
2
= 251,327 cm
Table 28 - Summary of statistical comparisons of mesocosm HPLC data
Control
(formulation, no
active)

0.12% active
ingredient, no
sediment added

0.12% active
ingredient,
sediment added

Control
(formulation, no
active)
0.12% active
ingredient, no
sediment added

Significantly
Different*

0.12% active
ingredient,
sediment added

Significantly
Different*

Not
Significantly
Different

0.48% active
ingredient, no
sediment added

Significantly
Different*

Significantly
Different*

Significantly
Different*

0.48% active
ingredient,
sediment added

Significantly
Different*

Not
Significantly
Different

Significantly
Different*

0.48% active
ingredient, no
sediment added

0.48% active
ingredient,
sediment added

Not
Significantly
Different

*p <0.05
Table 29 - Summary of statistical comparisons of mesocosm bioassay data
Control
(formulation, no
active)

0.03 mg a.i. /L, no
sediment added

0.03 mg a.i. /L,
sediment added

Control
(formulation, no
active)
0.12% active
ingredient, no
sediment added

Significantly
Different*

0.12% active
ingredient,
sediment added

Significantly
Different*

Not
Significantly
Different**

0.48% active
ingredient, no
sediment added

Significantly
Different*

Significantly
Different*

Significantly
Different*

0.48% active
ingredient,
sediment added

Significantly
Different*

Significantly
Different*

Significantly
Different*

0.12 mg a.i. /L, no
sediment added

0.12 mg a.i. /L,
sediment added

Not
Significantly
Different**

*p <0.05
** p >0.05
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Figure 81 - The integrated water sampler

Figure 82 - Picture of zooplankton sampling traps
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Figure 83 - The filtration system used to collect chlorophyll-a from mesocosm water samples

Table 30 - Recipe for preservation/fixative solution for zooplankton

900 mL of 37% formaldehyde
36 g sugar
4.5 g CaCO3
Ingredients are added to make 1 L of water and stirred on low heat for 24
hours. The CaCO3 won’t all dissolve into solution. (Martin 1997)
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Figure 84 - Simocephalus sp. collected in a sample obtained from a mesocosm

Figure 85 - Leptodiaptomus sp. collected in a sample obtained from a mesocosm
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Figure 86 - An unknown species of the Cyprididae family collected in a sample obtained from a
mesocosm

Figure 87 - Acanthocyclops sp. collected in a sample obtained from a mesocosm
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Figure 88 - Pleuroxus sp. collected in a sample obtained from a mesocosm

Figure 89 - Asplanchna sp. collected in a sample obtained from a mesocosm
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Figure 90 - Alomella sp. collected in a sample obtained from a mesocosm

Figure 91 - 2,6-Diflurobenzoic acid

Figure 92 - 1-[3-Chloro-4-(1,1,2-trifluro-2-trifluorom ethoxyethoxy)phenyl]urea
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Figure 93 - N-carbamoyl-2,6-difluorobenzamide
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