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ABSTRACT
West Nile Virus (WNV) is an arbovirus that is transmitted by Culex mosquitoes. Birds are its

amplifying hosts while horses, humans and other animals are dead-end hosts. WNV mainly
causes fatalities in birds and horses while in humans, it mostly causes subclinical infection.
However, fatal meningo-encephalitis is experienced in about 2 to 17% of those infected.
Several outbreaks of WNV have been recorded in some countries like Greece, Israel,

Romania, Russia and USA. There is a WNV vaccine for horses but not for humans.

The aim of this study was to develop a parsimonious epidemiological model to study how
irrigation affects the transmission dynamics of West Nile virus in Tana River County in
Kenya. The study also evaluated the impact of use of mosquito adulticides repellents and
larvicides as WNV control interventions. We formulated a SEIR (Susceptible, Exposed,
Infectious, and Recovered) model with compartments for mosquitoes, birds and humans.
Parameters were originated from published literature while the meteorological data for the
study site was obtained from the meteorological department. Ordinary differential equations
(ODEs) generated from the model were used in R programming language to simulate the risk
of WNV under various study scenarios. The simulation was driven by mosquito suitability

index which is a function of irrigation and rainfall patterns.

The model outcome indicated that the irrigation increased both the amount of water and
suitability of the habitat for mosquito breeding about five-fold. This resulted in about three-
fold increase in vector density and risk of WNV. Irrigation therefore increased the risk of
WNV transmission in Tana River by about 200%. The comparative efficacy analysis of the
vector control interventions showed that use of mosquito adulticides was the most effective
method followed by repellents and lastly larvicides.

The model also showed that WNV epidemics may be seasonal in nature for rainfall situations
where they are likely to occur about one month after peak rainfall. However, for irrigated
situations, the risk of WNV is likely to be a perennial phenomenon.

This model may be used as a framework to guide decision making on the timing and choice of
WNV control intervention. However, the model needs to be developed further by

incorporating more factors to improve on its accuracy.
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CHAPTER ONE

1.0 INTRODUCTION

1.1. Overview

West Nile virus (WNV) is a mosquito-borne virus of genus flavivirus that affects humans,
birds, horses and other mammals. West Nile virus infection in humans presents with a variety
of symptoms that range from mild asymptomatic to fatal encephalitis (Sips et al. 2012).
There is no known cure or vaccine for human WNV infection.

In the recent years, there have been several WNV outbreaks globally and its emergence in new
territories. These outbreaks have been recorded in Tunisia, Morocco, Algeria and South
Africa. Greece, Italy, Hungary, Spain and France among other European countries have
experienced outbreaks in different years. Israel, Australia and USA have also suffered from
WNV outbreak (Platonov et al. 2001; Sirbu et al. 2011).

The exact trigger for these outbreaks has not been established but irrigation among other
factors has been proposed to be a risk factors associated with increased prevalence and WNV
transmission (Gates and Boston 2009).

About 17% of the land in Kenya receives adequate rainfall to support rain-fed agriculture
while the rest of the country can be categorized as arid and semi-arid lands (ASALSs). Global
warming is thought to have caused climate variability with its consequences ranging from
unreliable rainfall patterns, occasional flooding and severe droughts observed in many parts of
the country (Mariara and Fredrick K Karanja 2007). Due to persistent and increased practices
that affect the climate, it is likely that effects of climate change may worsen and this may
predispose the country to worse food insecurity situation in future (Mariara and Fredrick K
Karanja 2007).

The government of Kenya has embarked on an expansion programme of new and existing
irrigation projects in the country to mitigate the devastation of drought. A one-million-acre
Galana irrigation project in Tana River and Kilifi Counties was initiated in July 2015 by the
government with the aimed at increasing sustained and reliable food production in the country
independent of the weather. At present, no study has been done to evaluate the impact of

increasing acreage of land under irrigation on the prevalence of WNV in Kenya.



This study was done in the semi-arid area of Tana River County — Kenya where Bura
irrigation scheme is located. The study seeks to determine the effects of irrigation as a risk

factor for WNV infection and to compare the efficacy of control interventions.

1.2. Research Question, Hypothesis and Objectives

1.2.1. Research Question

Does flood irrigation, as a form of land use change, influence the transmission dynamics of
WNV? What are the relative impacts of larvicides, adulticides and repellents on the risk of
WNV in humans?

1.2.2. Hypothesis

Irrigation in semi-arid areas of Tana River County has a positive correlation to the
transmission dynamics of West Nile virus. Adulticides usage is the most effective control
intervention for West Nile Virus.

1.2.3. General objective

The aim of the study is to develop a parsimonious West Nile virus epidemiological model to
help understand the impacts of irrigation and use of adulticides, larvicides and repellents as
vector control interventions on the West Nile virus transmission patterns in Tana River

County-Kenya

1.2.4. Specific objectives
Design and implement a compartmental (SEIR) epidemiological model using R programming

language and thereby:

1. Simulate WNV transmission patterns in mosquitoes

2. Analyze and compare the transmission patterns of WNV under different uses of land
scenarios (irrigated and non-irrigated areas); and

3. Predict the impact of use of mosquito larvicides, adulticides and repellents as
interventions against WNYV infection.



1.3. Justification for the Study

The widespread and unpredicted global trend in outbreaks of WNV infection implies that even
though Kenya has never experienced an outbreak, there may be risk of WNV outbreak in
future (Hayes et al. 2005). In fact, Kenya is a WNV endemic region (Lutomiah et al. 2011).
The massive irrigation projects in the semi-arid areas of Tana River County may change
transmission dynamics of mosquito-borne diseases in these areas. Irrigation has been
associated with increased mosquito suitability indices and therefore may be a risk factor for
WNV infection (Eisen et al. 2010).

WNV has been reported to be endemic in the Rift Valley, Nyanza, semi-arid regions of North-
Eastern and coastal parts of Kenya. LaBeaud et al (2011) who collected and confirmed WNV
seropositive birds in Kisumu and Marigat (LaBeaud et al. 2011). WNV has also been isolated
from mosquitoes in the Country. Culex univittatus, Culex quinquefasciattus and Culex
vansomereni mosquito species were found to harbor the virus and can be competent vectors
for WNV in laboratory conditions (Lutomiah et al. 2011). WNV can also be found in ticks
(Lwande et al. 2014).

Kenya may therefore be at a risk of WNV outbreak since there is no known trigger for the
outbreaks globally. It is therefore important to monitor and simulate WNV prevalence so as to

be able to predict would be WNV outbreak in the country.

There is no WNYV transmission model that has been developed to study the impact of irrigation
on WNV transmission dynamics in Kenya. Studies done in USA indicate a positive correlation
between irrigation and increased risk for WNV infection. Gates & Boston (2009) investigated
irrigation as a risk factor for WNV transmission in the USA Counties and found a 0.1%
increase in area under irrigation of the total county area resulted in an increase of over 50%
and 63% incidence rate of WNV in humans and animals respectively (Gates and Boston
2009)Another study was done by Cardenas et al (2011) to analyze the effects of using
irrigation water to flood their yards in El Paso, Texas. The immediate authors found out that
flooding their yards with irrigation water increased cases of WNV infection 2.5 fold
(Cardenas et al. 2011).



Extent and proximity to irrigated agricultural farms has also been cited as a risk factor for
WNV infection in DeGroote et al. (2008) and Eisen et al. (2010) in central United States of
America.

Most undiagnosed human febrile conditions in malaria endemic areas of Kenya, are generally
diagnosed and treated as malaria without considering any other possible causes, even in areas
where WNV is known to occur at endemic proportions (Tigoi et al. 2015). Some of the
undiagnosed febrile illnesses could be due to WNV and other arboviruses or co-infections
with malaria (Tigoi et al. 2015). Our model could be combined with other tools to increase the
level of awareness about the presence of the West Nile Virus disease as well as the processes

that make it to be more prevalent.

West Nile Virus epidemiological model can be used to predict and evaluate the efficacy of
various control interventions and their relative efficacy. Such a model may also be used as
early warning system for WNV outbreak in addition to generating prior knowledge required

for policy formulation to guide on the design of WNV intervention strategies in Kenya.



CHAPTER TWO
2.0 REVIEW OF LITERATURE

2.1. Structure of West Nile Virus

West Nile Virus (WNV) is an arthropod-borne virus (arbovirus) belonging to the family
flaviviridae and the genus flavivirus. Other genera of flaviviridae are hepaciviruses which is
composed of hepatitis B and C viruses and pestiviruses which affect hoofed mammals e.g.
bovine viral diarrhea virus. There are over 70 viruses in the genus flavivirus which can be
divided into two groups; the tick-borne and mosquito-borne viruses. The mosquito-borne
viruses can further be divided into encephalitic clade (Japanese Encephalitis Antigenic
complex) and non-encephalitic clade (hemorrhagic fever). About 40 of these viruses affect
human beings. WNV falls under encephalitic clade together with Japanese encephalitis virus.
The hemorrhagic clade is composed of dengue virus and Yellow fever virus (Kuno et al.
1998).

Figure 2-1: Transmission electron micrograph for West Nile Virus (Source: Centers for Disease
Control and Prevention)

Lipid bilayer

( @b )

Figure 2-2: Cryo-EM visualization of West Nile virus

A shows the surface of the virion while B shows the central cross-section view of West Nile virus
(Source: Science, 10 October 2003:248.DOI:10.1126/science.1089316)
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Figure 2-3: The Genome West Nile Virus

The figure shows the three structural proteins, PrM, E & C and Seven non-structural proteins, 1, 2A,

2B, 3,4A,4B &5

WNV is a small icosahedral RNA virus measuring 50nm in diameter. Its structure is made up

of nucleocaspid that is surrounded by lipid bilayer envelope consisting of envelope proteins.

The nucleocapsid is associated with a nucleic acid core of positive, single strand RNA of

about 11kb (Mukhopadhyay et al. 2003) (Figure 2-3). The whole viral genome is composed

of only one open reading frame that is translated into a single polyprotein. Through the action

of both the viral and host proteases, the polyprotein is cleaved into three structural and seven

non-structural proteins. The structural proteins i.e. Envelope protein (E), Pre-membrane

protein (PrM) and the Capsid (C) are found within the 5° end of the viral genome while the
seven non-structural proteins i.e. NS1, NS2A, NS2B, NS3, NS4A, NS4B and NS5 are found
within the 3” end of the genome (Chambers et al. 1990)(figures 4 and 5)

Table 2-1: Functions of West Nile Virus structural Proteins

Protein

Function

Capsid (C)

Forms the viral nucleocapsid of capsid protein dimmers

Envelope protein (E),

Forms the PrM-E hetero-dimers in immature virion lipid

bilayer envelope and mono-dimers in mature virion

Pre-membrane
(PrM)

protein

Forms the PrM-E hetero-dimers in immature virion envelope




Table 2-2: Functions of West Nile Virus Non-structural Proteins

Protein Function

NS1 Cofactor for viral RNA replication and regulation of innate immune response

NS2A Viral replication, virions assembly and major IFN-b transcription

NS2B Cofactor for serine protease function of NS3 and interferon antagonist

NS3 Auto cleavage of protein polyprotein (Serine protease), NTPase, RNA
helicase

NS4A Involved in replication complex and inhibits interferon a and b host responses

NS4B Inhibits interferon a and b host responses and increase NS3 helicase activity

NS5 RNA dependent RNA polymerase

2.2. Transmission of West Nile Virus

WNV is transmitted by ornithophilic mosquitoes (Culex spp) which are the enzootic vectors
for the transmission of the virus in nature. Other mosquito genera may also be involved in the
transmission of the virus as indicated by the isolation of the virus from at least 29 more
mosquito genera e.g. Anopheles, Aedes and Ochlerotatus (Campbell et al.2002; Goddard et al.
2002; Komar 2000). Ticks may also be involved in the natural transmission of the virus. This
suggestion was made after natural WNV infection of Rhipicephallus pulchellus ticks isolated
from livestock in Kenya was encountered (Lwande et al. 2014).

Some of the major Culex species involved in the transmission of the virus include; C.
univittatus, C. quinquefasciatus, C. stigmatosoma, C. thriambus, C. pipiens, C. caspius, C.
modestus and C. nigripalpus. A study done in Kenya by Lutomia et al. (2011) found that C.
quinquefasciatus, C. univittatus, C. vansomerini may have a role in the transmission of WNV
as competent vectors. Other  WNV species have also been reported to be circulating in
Kenya (Lutomiah et al. 2011).

The natural maintenance of WNV virus occurs in a sylvatic cycle that involves passerine birds
as hosts and competent mosquitoes as vectors. Humans, equines and other mammals and
reptiles can be infected by the virus but they are mainly dead end hosts. This is because
viraemia in these hosts is usually too low to cause infection in mosquitoes (Dauphin et al.
2004).




Transmission of the West Nile virus is also known to occur through non vectoral means (Chen
et al. 2005). The virus has been isolated from male mosquitoes which suggests the existence
of vertical transmission of the virus from eggs to the male mosquitoes (Miller et al. 2000).
latrogenic transmission (through blood transfusion and organ transplant), intrauterine and
lactogenic transmission have been reported in human. Accidental transmissions in humans
through laboratory and necropsy have also been suggested. Peroral transmissions through
scavenging by birds of prey and fecal shedding of the virus are other suggestions that have
been put forward.

2.3. Life Cycles of West Nile Virus and Mosquito Vector

In this study, we ignored other transmission vehicles and methods and focus exclusively on
vectoral transmission of WNV by Culex mosquito. The life cycle of WNV is divided into two
components, one in the host and the other in the mosquito vector. The mosquito vector on the
other hand has also a life cycle that is categorized into aquatic and terrestrial components,
which represents the preimaginal (immature) and adult stages respectively. A detailed

description of the vector lifecycle is given below.

The life cycle of the mosquito entails the Culex mosquitoes searching for suitable breeding
sites to lay their eggs. Their eggs are usually stuck together in ‘rafts’, which is a bunch of
about 200 eggs that float on water. Under favorable conditions, the eggs hatch into larvae

within 48 hours or between 1-3 days depending on temperature.



Figure 2-4: Four Developmental stages of Culex Mosquito

A-Eggs, B-Larva, C-Pupa, D-Adult

A part from the number and size of suitable breeding sites, the number of eggs laid per
mosquito is also affected by the number and accessibility of suitable hosts by the mosquitoes
in order to obtain blood meal. The blood meal is a necessity for the completion the
gonotrophic cycle. The most preferred natural hosts are passerine birds, humans and horses.
However, other mammals and reptiles are also considered by the culicidine mosquitoes for a
blood meal. Nevertheless, given that we developed a parsimonious model, we only considered
birds and humans as hosts.

Access to suitable breeding sites may be affected by mosquito’s limited flight range of
between 50 Meters and 50 kilometers (Verdonschot and Besse-Lototskaya 2014). High
concentration of fertile female mosquitoes, leads to high larval mortality and reduced
gonotrophic capabilities of the adults which subsequently affects vector density. This is
attributable to competition for the limited recourses by the high number of larvae due to
congestion. The competition results in  development of smaller adults with reduced
gonotroghic potential (Takken and Lindsay 2003).

9



The larval stage is the most active stage of the immature stages. They feed on micro-
organisms and organic matter. They also move around in water and occasionally come to the
surface to breathe through siphons by hanging upside down on the water surface. Larvae grow
but since they are covered with a rigid cutin, they have to molt by shedding off the cutin for
them to grow. They molt into instars, a total of 4 times, becoming bigger each time and on the
fourth molt, they develop into pupae. The larval stage is critical and important for future
survival of the mosquito and therefore takes a longer time. How big the larvae grows is
particularly important since adult mosquitoes do not grow and usually the bigger the adult the
more eggs it produces. This subsequently affects the number of mosquitoes it the next

generation.

The larvae develops into a pupa which is comma shaped. Pupa is a resting, non-feeding stage
that eventually develops into an adult mosquito. It is capable of moving around in water, to
safer places or where there is water when water is dying out. It also breathes through a pair of
trumpet shaped breathing tubes. This stage lasts only a few days and eventually the adult

mosquito emerges from the pupae.

The life cycle of WNV involves the mosquito vector, birds as amplifying hosts and humans (in
our case) as dead end hosts. A mosquito that is infected by WNV finds and bites a competent
bird during feeding to complete its gonotrophic cycle. In the process of feeding, it injects the
saliva containing the virus into the bird exposing it to WNV. The rate at which the mosquito
feeds depends on the length of the gonotrophic cycle, which is in turn temperature dependent.
Likewise, uninfected mosquito can also acquire WNV from infected bird during the feeding
process. This is how cross infection takes place between the birds and the mosquitoes where
infected mosquitoes infect uninfected birds and infected birds too infect uninfected

mosquitoes.

A part from feeding on birds, infected mosquitoes can also bite humans for a blood meal

exposing them to the WNV during the process. However, humans are dead end hosts.
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Figure 2-5: Relationship between the life cycles of the West Nile Virus and Culex mosquito.
(Source: JAMA.2012:308(18):1846 - 1848)

While adult female mosquitoes need a blood meal to complete the development of their eggs,
males on the other hand feed entirely on plants. Males only live for about one week during
which they mate the females. After just one mating, the females store sperms in a special
organ known as spermatotheca which it utilizes to fertilize subsequent eggs to be laid. Females

generally live longer compared to males and can live for months.

The immature mosquito stages are entirely aquatic and therefore their survival is dependent on

fluctuations in weather conditions. They are also affected by other factors like competition for
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limited recourses, predators, cannibalism, parasites and pathogens (Koenraadt et al. 2006;
Munga et al. 2006).

The average duration of development from the eggs to adult mosquito is about 12 days and
approximately only 10% of preimaginal population successfully reaches maturity. These rates
are based on a study done in Kenya and Mali (Mwangangi et al. 2006). However, as earlier

stated the development rate is dependent on temperature.

2.4. Epidemiology of West Nile Virus

The first case on record of WNV infection was in West Nile District, Uganda in1937
(Smithburn et al. 1940). Since then the virus has been known to circulate Uganda in an
endemic cycle. From this focus, WNV has since spread globally to Europe, Middle East,
North America, West Asia and Australia where it has caused several outbreaks of varying

severities.

WNV was initially phylogenetically divided into two lineages, namely | and Il. However,
recently, variants of the virus have since been identified and added to the initial two lineages
making the total number of lineages to five, named as lineages I, 11, 11l, IV and V. Lineage |
has a worldwide distribution and is composed of clades la and clade Ib. Clade la is mostly
found in North America, Europe, Middle East and Northern Africa. The lineage I clade Ib is
composed of the Kunjin virus which is the Australian strain of WNV. Lineage Il of the virus
has a limited distribution and has majorly been confined to Southern Sahara and Madagascar
except for the recent exception where it has been detected in Hungary (Bakonyi et al. 2005),
Italy (Savini et al. 2012), Austria and Greece (Papa 2013)

Lineage I11 which is composed of the WNV isolate from Czech Republic known as Rabenburg
virus (Bakonyi et al. 2006). Lineage 1V is composed the Russian isolate from Caucasus. (Lvov

et al. 2000) and lineage V is composed of the India Lineage (Bondre et al. 2007).

Several outbreaks of WNV have been recorded in various countries including Greece (2010),
Israel 1950s, late 1970s, 1988 and 2000, France 2000, Mediterranean region including
Algeria, Tunisia and Morocco between 1994 ,1997 and 2012, Romania, Russia 1999, Portugal
(2004), Spain (2004,2010), Italy (2008-2013), Hungary (2003-2013) , South Africa (2009),
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Australia (2011) and USA (1999-2010) (Del Giudice et al. 2004; Platonov et al. 2001; Sirbu
et al. 2011; Weinberger et al. 2001).

The unpredictable nature of these WNV infection outbreaks has made it difficult for scientists
to precisely explain the epidemiology of the virus. To try and explain the nature of these
outbreaks, several authors have come up with various theories. One of such theories is that
there are possibilities that maintenance and transmission of the virus across distant locations
and continents could be due to more diverse mosquito vectors other than the ones documented
so far (Komar 2000). The role of ticks in the transmission of the virus also needs to be
explored since it has been documented that they can act as vectors and reservoirs of WNV
(Laperriere et al. 2011). Though establishment of WNV in Europe and Middle East has been
attributed to migratory birds (passerines) like crows and jays, its spread to USA is still not
clear (Artsob et al. 2009).

In Kenya, although no WNV outbreaks have been reported so far, a study by Lwande et al.
(2013) indicates that the WNV in Culex mosquito vector is endemic in Kenya ( Lwande et al.
2013). A survey conducted by Nyamwaya et al.(2016) in Tana River and Garissa Counties in
Kenya to detect WNV in wild birds found out that 18% of the wild birds tested positive for
WNV thereby confirming circulation of WNV in wild birds (Nyamwaya et al. 2016). Desirre
et al.( 2011) also established the prevalence of WNV in Kenyan mosquito population which
suggested that the virus is naturally endemic in the country (LaBeaud et al. 2011). However,
the actual disease incidence in the country has not been mapped out. Earlier on in 2009 during
a surveillance programme for avian influenza, WNV antibodies were detected in birds from
different parts of the country which further fortified the assertion that the virus is active in the
country (Lutomiah et al. 2011). A study conducted on characterization of arboviruses from
mosquitoes in ljaara District in Kenya also found out that 22% of the samples screened were
positive for WNV (Thomas and Urena 2001). Earlier in 1968, again in Kenya, WNV
antibodies were detected in Marsabit and Garissa (Henderson et al. 1970) and ljaara in 2010 (
Lwande et al. 2013).

2.5. Pathology of West Nile Virus
In humans, about 30% of people exposed to WNV get WNV infections manifesting in wide
range of degree of severity from mild flu-like infection to fatal meningo-encephalitis in 2% to
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17% of the cases. The severe form of infection is common in the elderly and immune-
compromised population as witnessed in the Israel outbreak of 1957 (Campbell et al. 2002)
and USA in 1999 (Guarner et al. 2004).

Majority of VNW infections goes unnoticed with about 80% of the infections being
asymptomatic. Of the symptomatic cases, a greater number present with mild self-limiting
symptoms in form of West Nile fever which manifests as acute systemic febrile illness with
symptoms like headache, tiredness, body aches and swollen lymph nodes (Campbell et al.
2002; Petersen and Marfin 2002).

In about 1% cases of human WNYV infections, the virus directly invades the central nervous
system leading to a lethal encephalitis in form of West Nile Virus Neuroinvasive Disease
(WNND) which results in cognitive dysfunction and flaccid paralysis (Petersen and Marfin
2002; Sejvar 2014). The neuro-invasive disease affects the central nervous system structures
leading to West Nile virus meningitis, West Nile virus encephalitis or West Nile virus
poliomyelitis (Campbell et al. 2002). Symptoms commonly observed in neurological disease
include stiffness of the neck, stupor, tremors muscle weakness, convulsions and paralysis.

There is still no vaccine for human WNV infection.

Like in humans, most horses infected with WNV do not show any clinical signs with only
about 10% presenting with neurological symptoms (Bunning et al. 2002). In the year 2000, in
Southern France there was a WNV outbreak in horses with a mortality rate of 57.1% in the
clinically affected horses (Murgue et al 2002). In the USA outbreak in 2000, the outbreak had
a mortality rate of 38% while in Italy in 1998, the mortality was 42% (Cantile et al. 2001;
Ostlund et al. 2001).

Most of the clinical signs presented by horses infected by WNV are almost entirely due to
nervous system pathology particularly on the spinal cord with the cerebral cortex often less
affected (Cantile et al. 2001). Some of the clinical manifestations observed in such cases
include paresis (weakness) and paralysis of the limbs, ataxia, muscle tremors, muscle rigidity
and recumbency. Transient fever may also be observed though not in all cases like the case in
Italy outbreak in 1998 (Cantile et al. 2001). The case fatality rate for horses is 33% (CDC.
2009). However there is a vaccine for WNV in horses.
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Wild Birds are the principal amplifying host of WMV in nature. Some birds, especially those
of the family Corvidae which includes crows, jays and magpies are highly susceptible to the
virus resulting in severe illness with high mortality rates. Other bird species are less
susceptible to WNV exhibiting only transient vireamia then subsequently develop life-long
immunity (Petersen LR, 2001).

Domestic birds are also infected by WNV but do not show any clinical signs. Serological tests
however have revealed WNV antibodies in domestic birds as shown by one study conducted
in Madagascar (Maquart et al. 2016). The birds evaluated included, chicken, guinea fowl
goose, duck and turkey.

Domestic animals like dogs, cat, sheep, cattle and pigs do not show any symptoms of WNV
infection. However antibodies can be detected in them.

2.6. Effects of Climate Change on the Transmission of West Nile Virus

WNV exhibits a complex epidemiology due to involvement of other factors in addition to the
virus transmission and distribution. These factors affect the dynamics and interactions between
the virus, vector, host and also the environment. One such factor is the climate. The
environment is influenced by weather conditions which consequently directly or indirectly
affects the vector population dynamics, vector competence and the virus extrinsic incubation
rate (Kilpatrick 2011; Paz 2015).

The climatic variables that affect the epidemiology of WNV includes; precipitation,
temperature, relative humidity and wind. Climate change has in the recent years sometimes
brought extreme above normal variations in the above climatic factors resulting in devastating
health impacts. For instance it has been documented that in the past 50 years, the average
temperature and precipitation has increased across USA with precipitation rising by an
average of about 5%. There has been also an increase in both frequency and intensity of some
extreme weather conditions like heat, cold, precipitation and droughts. (Denman et al. 2007,
IPCC 2007 Working Group Il: US Environmental Protection Agency. 2012)

It has been proposed that above normal rainfall might generally lead to increases in the
abundance of vectors with subsequent increased potential for WNV disease outbreak (Nasci et
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al. 2001). In fact a positive correlation has been demonstrated between WNV disease outbreak
and months before above normal rainfall. However, different studies have revealed a complex
impact of rainfall on WNV epidemiology. For instance, heavy rainfall might create pools of
water required for mosquito breeding. Heavy rainfall at the same time can also have a negative
effect on the larval breeding by diluting and flushing away the breeding sites (Shaman et al.
2002).

Depending on the land ecology and topology, drought may increase or reduce potential for
WNV disease outbreak. Drought generally causes drying up of mosquito breeding sites which
in turn lead to a reduction of vector population. Some mosquito species may however thrive
well in semi-permanent wetlands during drought because these areas form stagnant water
pools which become rich in organic matter. Such pools may also have fewer competitors and
predators which enhances their suitability for mosquito breeding (Letters 2003; Paz and
Semenza 2013). A case in hand is the Texas WNV outbreak in the summer of 2012 which was

partly attributed to drought that resulted in formation of stagnant pools of water (Roehr 2012).

Drought may also enhance WNV transmission rates by encouraging close contacts between
hosts (birds) and vectors because of sharing the few remaining water sources. This can lead to
an outbreak due to the rapid amplification of the virus within the population (Shaman et al.
2005).

Variations in ambient temperatures brought about by climate change can have a great impact
on WNV transmission and replication rates. High ambient temperatures positively correlate
with vector population growth, viral transmission efficiency and evolution rates (Kilpatrick
2011; Paz and Semenza 2013). On the other hand, a negative correlation exists between

gonotroghic cycle, extrinsic incubation rates and high ambient temperatures (Ruiz et al. 2010).

There is limited research on the effect of relative humidity on the transmission WNV.
However, some studies have suggested positive correlation between WNYV infections and
relative humidity. One such study was conducted in Tel Aviv where hospital admissions
correlated with relative humidity (Paz 2006). Relative humidity may also positively correlate
with vector population dynamics (Walsh 2012). Therefore climate change which involves

alterations of the relative humidity is likely to affect the WNV transmission in the population.
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One of the effects of climate change may be deviation from the normal pattern, direction and
intensity of wind. Wind pattern has been associated with the transmission of WNV through its
effect on dispersal of wind-blown vectors (Cantile et al. 2001; Paz 2015). This may therefore
introduce vectors to new territories with the subsequent transmission of WNV to those
populations. A case in hand is one where Culex tritaeniorhynchus was introduced in China (Ji-
Guang M 1996).

2.7. The Tana River County Irrigation Project

The conversion of rangelands into crop lands through irrigation in Tana River County is
expected to increase the suitability of these areas for mosquito breeding and high prevalence
of vector-borne diseases including WNV. This is because studies have shown that WNV is
endemic in habitats where competent vectors (Culex mosquitoes) and suitable hosts are
prevalent. Irrigation results in availability of stagnant water in the irrigated areas and in
drainage canals and which offers condusive habitat for mosquito breeding. Vectors also find
plenty of feed including pollen from some of the crops grown in the irrigated farms (Ye-Ebivo
et al. 2003). Birds and small animals visit the cultivated fields for food and water, enabling

mosquitoes to access multiple sources of blood meal.

However, no studies have been done to determine processes that influence WNV transmission
in irrigated areas. Therefore this study will attempt to give key insights into the WNV

transmission dynamics in irrigated and non-irrigated regions in Tana delta.

2.8. Use of Epidemiological Model in Disease Transmission Analysis

Epidemiological model is a mathematical representation and simplification of epidemiology
and its associated disease transmission processes. Models are important tool that can be used
by policy makers during the planning stages to decide on the most cost effective method for
disease intervention. Disease model can be used to simulate reality. It can also be used as a
predictive and risk assessment tool when planning for contingency to counter potential WNV

disease epidemics.

Models integrate the effects and interactions of multiple factors including ecological data, host
and virus actors. Some models are based on differential equations (ODESs). The ODEs have

parameters values based on the data to simulate the various ‘what if* situations under study.
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This enables determination of how different parameters under study affect the transmission

dynamics of system.

A deterministic SEIR Model was used in this study .The SEIR model is based on the classical
S-1-R model representing the Susceptible, Infected and Recovered classes but modified to
SEIR (Susceptible, Exposed, Infectious, and Removed) model. Our Parsimonious model
comprises of six mosquito compartments.

The epidemiological model developed here can be used to study WNV epidemiology subject
to climatic variability and land use changes (irrigation). The model can also facilitate the
evaluation of efficacy of various mosquito control measures such as use mosquito larvicides,

adulticides and repellents.

We considered SEIR Model in this study given that similar models have previously been
successfully used in investigating vector-borne diseases and some infectious diseases like
malaria, influenza and measles (Hethcote et al. 2002). In 1908, Ronald Ross developed the
first epidemic model for vector-borne diseases known as Ross—Macdonald malaria model
(Ross et al. 1911; Macdonald et al. 1957). Based on this model, several models have been
developed for vector-borne diseases including; African horse sickness (Lord, Woolhouse, and
Heesterbeek 1996), bluetongue disease (Gubbins et al. 2008) and Usutu virus epidemics
(Rubel et al. 2008).

Thomas & Urena (2001) presented the first WNV model in 2001. The authors sought to
explain the effectiveness of pesticide sprays in reducing mosquito density after the outbreak of
WNV in New Yolk city in 1999. More WNV models were later developed that involved use
of basic reproductive numbers (Ro) (Cruz-Pacheco et al. 2005; Marjorie et al. 2004).
Additional WNV models developed so far include the ones by Bowman et al.( 2005), (M J
Wonham and Lewis 2008) and Durand et al.( 2010). The limitation of the above models is that
they were developed with constant parameters and are therefore not able to simulate seasonal
variability encountered in WNYV prone regions.

The USUTU model by Rubel et al. (2008) and the WNV simulation model by (Laperriere,
Brugger, and Rubel 2011) sought to improve on the existing models by using temperature-
dependent mosquito parameters. It is however known that mosquito densities are not driven

by a multitude of other ecological and non-ecological factors. Therefore to make a model
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more realistic, as many variables as possible should be used. Unfortunately this makes the
model to be more complex to develop and evaluate. It therefore calls for a trade-off between
complexity and reality in developing a practical model.

Our model is simulated using precipitation-driven mosquito population densities.
Additionally, mosquito suitability indices data variability is incorporated in the system. The

variability in suitability indices are driven by amount of rainfall and irrigation.
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CHAPTER THREE
3.0 METHODOLOGY AND MATERIALS

3.1. Study Area

Tana River delta region is the largest freshwater wetland system in Kenya. It is located in
Tana River County which is located at 1° 30°S 40° 0°E in the coastal region of Kenya. The
delta covers an area of more than 130,000 ha of which 69,000 ha that is prone to flooding
(Odhengo et al. 2012). The area is semi-arid with annual rainfall of about 400-700mm and 30
- 33°C being the average annual temperatures. The county has low population density
compared to the rest of the country which makes it ideal for both pastoralists’ activities and
development of irrigation projects. The main economic activities of the county revolves are

pastoralism and farming. The main produce is maize, bananas, green and grams.

The landscape of the region can be classified into three: irrigated, pastoral and riverine areas.
The region is composed of a unique ecological diversity composed of forests, woodlands,
floodplain grasslands, various wetland types and a riverine forest that grow along the smaller
rivers. There are many shallow lakes and wetlands scattered within the area. The region is
home to more than 22 species of birds and a variety of migratory water birds which breed in

the area (Bennun and Njoroge, 1999).

3.2. Data Collection:
The data used in this work is described in Nyamwaya et al. (2016). The authors sought to

detect West Nile virus in wild birds in Tana River County, Kenya.

Apart from the experimental data obtained from these studies, our study also incorporated
meteorological data which was obtained from the Bura Irrigation scheme. The data included
daily rainfall and average temperatures for Tana River County collected for 554 days
beginning from 20" June 2013 to 22" January 2015.

Find the attached data sheet in Appendix VI

In the study by Nyamwaya et al. (2016) to detect West Nile virus in birds in the study area,
361 birds were randomly trapped and blood samples obtained from them. Real time
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Polymerase chain reaction test was performed to screen the samples for West Nile virus. The
viral envelope protein was targeted for screening by developing gene specific primers for a
portion of E genome region. The result showed that out of the 361 samples, 65 tested positive
for WNV. This translates to WNV prevalence in birds of about 18% (Nyamwaya et al. 2016).

We used the WNV prevalence rate in mosquitoes of 18% obtained from literature in a study
that was conducted in Northeastern Kenya. The study was on Arbovirus prevalence in Kenya
(LaBeaud et al. 2011). This was the best estimate for prevalence we could get since no study
on WNYV prevalence in mosquitoes has been done in Tana River County specifically.

3.3 Formulation of the Model

The following assumptions were made during the model formulation,

e The model system is closed

e There is homogeneous mixing of individuals in the population

e Mosquitoes have an equal chance to access and feed on the hosts and they draw the
same amount blood.

e One time step denotes a day.

e There is no transovarial transmission.

e Transmission of WNV involves Culex mosquitoes and a pool of birds which contribute

equally in the transmission and are also equally susceptibility to WNV.

3.2.1. Model Design

Our model design is based on adoption and modification of the following models: the Usutu
virus (USUV) model in Rubel et al. (2008) on Usutu virus epidemic in Vienna, Australia and
the WNV epidemic in Minneapolis in Laperriere et al. (2011). The Fuzzy model in Ermert et
al. (2011) was also incorporated. Modifications were made to ensure that the model fits our
specific local conditions. The Usutu virus model was chosen on account that it is closely
related to WNV by virtue of their similar characteristics including sharing the same vector
(Culex mosquitoes) and also involving birds as hosts (Weissenb 2009). We adopted the Fuzzy
model for malaria in this study it since we don’t have one specifically for WNV to determine

mosquito (Culex) suitability index.
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The model is designed as closed system where new hosts are not allowed to exit or enter the
system. This model was chosen given that the main focus of the work is to study local
population and disease dynamics as well as the impacts of various WNV intervention
strategies. An open system would be more applicable for studying how the virus gets

disseminated in a spatial environment.

Data used in our model was obtained from a pool of different WNV competent bird species
and average values considered to cater for the differences in susceptibly between the species.
This is because even though WNV has been recovered in about 326 bird species, they all
exhibit different clinical outcomes due to variability in susceptibility to WNV infection
(Marka et al. 2013).

Our model exhibits the cross infection of WNV between mosquitoes and birds which portrays
the natural transmission of the virus. The cross infection occurs when susceptible birds get
infected when bitten by an infectious mosquito and also susceptible mosquitoes become
infected when they bite an infectious bird. Humans get infected when they are bitten by
infectious mosquitoes but they are dead-end hosts. Mosquitoes do not die from WNV infection
but undergo natural death. Humans and birds can get fatal WNV infection but we did not have
any data for the death rates of the two in this particular study. We therefore did not include

disease-death rates for humans, birds and mosquitoes.

3.2.2. Conceptual model design

The model is a deterministic, non-spatial compartmental SEIR model that utilizes both
constant and time-continuous parameters. The model has six mosquito compartments
comprising the population sub-module and infection sub module. The population sub module
IS made up by Eggs, Larvae, Pupae and Adults (Susceptible) and the infection sub-module
comprises Susceptible, Exposed and Infected mosquitoes.

In the mosquito population sub model, the adult mosquitoes lay eggs depicted in the eggs
compartment. The eggs develop into larvae and move to larvae compartment or die. The
larvae exit the larvae compartment when they develop into pupa and move into pupa
compartment or when they die naturally or through larvicides. Some pupa develops into adult

mosquito and move to adult compartment while others die.
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In the mosquito infection sub model, the adult mosquito is in the susceptible compartment
because they are susceptible to WNV. When these mosquitoes bite competent birds that are
infected by WNV, they become infected and enter the exposed compartment. Some
susceptible mosquitoes die naturally or killed by adulticides. After the incubation period, the
exposed mosquitoes become infectious and move to the infectious compartment. Some
exposed mosquito die naturally or due to use or adulticides. The infectious mosquito can bite

and infect birds, humans or other animals and expose them to WNV.

We assumed a density-dependent (logistic) population growth and concidered the carrying

capacities of mosquito’s eggs to make our simulation more realistic.
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Figure 3-1: Conceptual model of the transmission of West Nile virus in mosquitoes.

The model shows the eggs (Gw), larvae (Lwm), pupa (Pwm), susceptible (Swm), exposed (Ewm) and
infectious (Im) mosquito compartments. The de, dl, dp, Av and i.c are transition rates from the eggs.
larva, pupa, susceptible and exposed compartments respectively. me, ml, mp and ma represents the
mortality rates for the eggs, larva, pupa and adult compartments respectively.
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Susceptible mosquitoes denote the number of mosquitoes that can become infected after

taking a blood meal from an infectious host.

Exposed mosquitoes represent the proportion that even though are infected with the virus,

cannot transmit the virus to a susceptible host until the incubation period has elapsed.

Infectious mosquitoes on the other hand can transmit the virus to a susceptible host. Infectious

mosquitoes remain infectious for life.

We considered the dynamics in mosquito compartments in this project. The birds and human

are shown to illustrate how transmission takes between the vector and the two hosts.

3.2.3. Derivation of Ordinary Differential Equations (ODES)

(A) ODEs for Mosquitoes’ Population Dynamics (Non-irrigated areas)

24 — BAwpb (1 - 2) — (deEy — me(1 — pb)Ey) )
£ = deEy — diLy — mi(1 — pb)Ly @)
S34 = dlLy — dpPy — mp(1 — pb)Py &)
£ = dpPy (0.5) - maAy (4)

(B) ODEs for Mosquitoes’ Population Dynamics (Irrigated areas)

A5 — A gy P21 - 21%) - ey — me(L — pb.ach) Exywy ©
de]viw = deEyw — diLyw — mi(1 — pb.adj)Lyw ©)
dpsiw = diLpw — dpPyw — mp(1 — pb.adj) Py )
IAMW = 0Py (0.5) — MaAyw ©

dt
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(C) ODEs for Mosquitoes’ Disease Dynamics (Non- irrigated areas)
dsc _

dt — dpPM(OS) — )“VSC - maSC (9)
dditc = AvSc—incub.c Ec — maE¢ (10)
dle _ incub.c E; — mal 11

(D) ODEs for Mosquitoes’ Disease Dynamics (Irrigated areas)

dsd% = dpPyw/(0.5) - AywScw - maScw 4
dEdCtW = AywScw — incub.CEcy — maEcw &
dld% = incub.cEcyw — malcw @

3.2.4. Parameter Estimation

Table 3-1 contains a summary of the parameters that we used in this model. The parameters
are presented as per capita, per day. Most of the parameters are derived from literature
published by different authors as indicated in the table. The parameters fall into two groups:
constant and variable ones. The variable parameters are driven by temperature and suitability

index (precipitation)
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Table 3-1: Parameters used in the West Nile Virus model.

Parameter Symbol Value Source

Culex average per capita egg laying rate B 40 Wong et al. (2011)
Culex eggs hatching rate de 0.33 Clements et al.(1992)
Culex larva daily per capita mortality rate ml 0.1 Unavailable

Culex larva development rate dl 0.1 Clements et al.(1992)
Culex pupa development rate dp 0.2 Gokhale et al. (2013)
Culex pupa daily mortality rate mp 0.1 Unavailable

Culex adult daily mortality rate ma 0.1(.01666) | Christy et al.(2013)
Culex lifespan De 3-60 Gaff et al.( 2007)
Transmission probability by infectious PmB 0.88 Turell et al. (2001)
mosquitoes.(Mosquito to bird)

Culex per capita biting rate on birds k 02-1 Cruz-Pacheco et al.
(Gonotrophic interval) (gono.c) (0.33) (2005)

Culex per capita transition rate, exposed to | ym 0.106 Sardelis et al.( 2001)
infected

26




Suitability Function

Parameter function
B f(pb) = 40(pb)
me f(pb) = 1 — (0.825(pb))
ml f(pb) = 1 — (0.825(pb))
mp f(pb) = 1 — (0.825(pb))

Source: Ermert et al. (2011)

We only considered precipitation (suitability index) in OUR model.
The average per capita egg laying rate (B) was estimated at 40 according to (Wong et al.
2011). We considered two functions as drivers for the eggs laying rate i.e. gonotrophic cycle
and suitability (pb) index which is a function of precipitation. It is described as;

f(pb) =(pb) 40
This is based on the study on Anopheles mosquito Ermert et al.(2011)
The mortality rates me, ml and mp of the preimaginal stages of the mosquitoes are driven by
Suitability index as follows;

1-(0.825(pb)  Ermertetal.(2011)

The value of 0.825 is used to cater for other factors that also contribute to the mortality of
these preimaginal stages other than suitability index. Some of these factors include parasites,
predators, competition for resources, crowding stress and destruction by physical features.
Temperature also an important driver of these mortality rates according to Bailey and Gieke
(1968) but this was not captured in our model
The development rate of immature mosquitoes was estimated at 0.1 (Reisen et al.1995) and
are also driven by the suitability index by Ermert et al. (2011) as follows;

f(pb) = B (pb)

f(pb) = dI(pd)

f(pb) = dp(pd)
The Culex mosquito biting rate k is adopted as 0.2 — 1(Cruz-Pacheco et al. 2005). However,

this rate is variable and is driven by temperature by the following function:
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f(T) = 0.344/[1 + 1.231 exp (~0.184(T—20))]

The biting rate is determined by the gonotroghic cycle which in turn is driven by temperature
(Reisen et al. 2006).

In this study, this biting rate is also varied by the interventions against WNV i.e. use
repellents.

The transmission probability by infectious mosquito (from mosquito to birds) (Pms) was
adapted at 0.88 (Turell et al. 2001). This is a measure of vector infectivity. We also used the
same value as an estimate of same parameter for transmission from mosquitoes to humans
(Pmr)

3.2.5. Model Description: Vector module

The Vector module comprises (i) mosquito population dynamics sub-model which can explain
densities of eggs, larvae, pupae and adult stages of mosquitoes at each time step, and (ii)
infection dynamics sub-model which simulate the rate of infection and development of
infection in the vector population through susceptible, exposed and infectious compartment.
Vector population is determined by density dynamics of the immature mosquitos’ stages. The
hatching, development and mortality rates of these preimaginal stages are assumed to be
driven by the suitability of the environment for mosquito breeding.

To determine the mosquito suitability index (referred to in this study as pb) of the irrigated
and non-irrigated sites, we adopted the Fuzzy Distribution Model that was used by (Ermert et
al. 2011). Mosquito vector population dynamics is driven by environmental and climatic
variables that include water, precipitation and temperature.

Even though the amount of rainfall is directly correlated to the number of suitable breeding
sites, this relationship is not linear (Shaman et al. 2005). This is because the number of created
breeding sites proportionately increases with the amount of rainfall up to some optimum
amount. Beyond this point there are no more suitable breeding sites created and hence no
corresponding increases in the vector densities. Strong rains on the other hand wash away the
suitable mosquito breeding sites and therefore reduce larval densities by flushing and killing
them (Gimnig et al. 2001).
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Fuzzy distribution model is based on the fuzzy logic which uses qualitative arguments of
whether the site is suitable or rendered unsuitable for mosquito breeding as determined by
amounts of rainfall. We used this method to determine the mosquito oviposition rate and the

Immature mosquito survival rates.

The principle behind the Fuzzy model is founded on the basis of the following three scenarios;
that there is only minimal or no oviposition without water (rainfall), excess rainfall destroys
breeding sites and optimal rainfall leads to more eggs being oviposited. Based on the above,
the fuzzy model categorizes regions as dry unsuitable condition threshold (U1), unsuitable
condition threshold due to excess rainfall (Uz) and the most suitable condition, (S).

The model uses the 10-day accumulated rainfall (Riod) values as daily rainfall input values
and outputs fractions of values between 0 for most unsuitable conditions(U1 and (Uz) and 1 for
the most suitable condition(S) as fuzzy suitability index. The results of the fuzzy model are

derived from the sigmoid curve below;
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Figure 3-2 : The Fuzzy Suitability Distribution Model
Source :(Ermert et al. 2011)

The fuzzy model is driven by the 10-day accumulated rainfall fuzzy function (f(Riod)) .This

function incorporates three conditions as follows;
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(i) If Riod is between Ui and S, then,

f(R104) = 1 — Cos?

Riod-U1 n

S-U 2

(i) If Rioa is between S and Uz, then

Riod - S
f(Rig) = Cos? | 22 ™

U.-S 2

(i)  Else,

f(Rwog) = 0

Oviposition rate can be determined by the number of ovipositing mosquitoes and the number
of suitable breeding sites which is driven by the 10-day accumulated rainfall. We used the
fuzzy distribution model used by (Ermert et al. 2011) to determine the suitabilities of breeding
sites. The Fuzzy model uses 10-day accumulated rainfall to categorize suitability into two

unsuitable conditions (U1 and Uz) and one suitable (S) condition.

Dry conditions and excess rainfall provide unsuitable environment while moist conditions are
suitable. The model outputs fractions from O for unsuitable to 1 for the most suitable through
computing the 10 day-rainfall as input. This computation is done through the sigmoidal fuzzy

membership curve. (See figure 3-2)
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The suitability index (pb values) obtained by this model is used to drive the densities of the
eggs, larvae and pupae which eventually determines the mosquito densities for various

scenarios.

3.2.6. Formulation of the Population models

The population density of mature mosquitoes depends on its probability of survival which is a
factor of both intrinsic and extrinsic mosquito characteristics. These include the species, age of
mosquito, parasites, predators, environmental factors and control interventions. The
probability of survival directly correlates to the mosquito reproduction rate (Samarawickrema
WA et al. 1967).

We used a use the density-depended population model for the mosquito because the mosquito
population growth can inhibited in the long-run by competition for limited resources like
water, nutrition and space. The population model is formulated as ordinary differential
equations (ODE), which is denoted by the difference between the birth rates and the mortality

rates i.e.
r=b-m,
Where r is the reproduction rate, b is the birthrate and m, the mortality rate.

The ODE for both the aquatic and the terrestrial groups of mosquitoes can be given as

expressions as;
dEm/dt = BAmpb (1 - Lm/CC) - (deEm) — me(1-pb)Em
dLwm/dt = deEm - dILm - mi(1-pb)Lm
dPwm/dt =dlLwm - dpPm - mp(1-pb)Pwm

Where;

CC is the carrying capacity of mosquito larvae

pb is the suitability index
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The mosquito population dynamics is influenced by temperature and precipitation (rainfall and

irrigation) which in turn affect the birth and mortality rates of both adult mosquitoes and the
preimaginal stages.

The birth rates include;
B which is the egg deposition rate
dpPm(0.5) which is the adult mosquito birth rate (Only females considered)

The death rates include;

me(1-pb)Em - Egg mortality rate

ml(1-pb)Lm - Larvae mortality rate

mp(1-pb)Pm - Pupa mortality rate

maAwm - Adult mortality rate.

3.2.7. Infection models

In the mosquito module, the infection model demonstrates the infection dynamics in the
Susceptible, Exposed, and Infectious mosquito compartments. The transitions are driven by
the following transmission parameters; adult maturity rate denoted by dp, the force of

infection denoted by A, incubation rates denoted by incub.c and mortality rates denoted by
ma.

The ODEs for the mosquito infection model are as follows;

dSc/dt =dpPm(0.5) - AvSc - maSc
dEc/dt = AvSc - incub.c Ec - maEc

dilc/dt = incub.c Ec - malc
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3.2.8. Transmission models for West Nile virus
(A) From Mosquito to Birds
The rate of transmission of WNV (the force of infection) from an infectious mosquito to a
susceptible bird is denoted by a composite variable, Avg. It is made up of the following
variables;

(1) Mosquito biting rate (k)
This is estimated as the inverse of the mosquito gonotrophic cycle and it is a temperature
dependent variable.

(i)  Mosquito transmission probability (pmg)

This is the probability that a bite from an infected mosquito will result into an
infection in a susceptible bird.
(iii)  Mosquito to Bird ratio.(®g)
This is obtained by dividing the density of mosquitoes by that of birds. This
implies that each bird receives k ®B bites from mosquitoes per unit time.
(iv)  Mosquito blood meal index (bld)
This measures the proportion of blood meals a mosquito obtains from a bird.
(v)  WNV prevalence in the mosquito (Im/Kwm)
This is important because the force of infection depends on the proportion of the
infectious group with respect to the carrying capacity. It is a therefore a frequency
dependent process as described by Macdonald (1952)
The mosquito specific force of infection is thereby obtained by;
Mg = K * pve * @g * bldmeal * Im/Km

As for this model, to calculate our mosquito force of infection to birds (Amg), we considered
the gonotrophic cycle (Biting rate), probability of infection, mosquito blood meal index and
mosquito disease prevalence. The mosquito to bird ratio was ignored.

Therefore our mosquito specific force of infection is;

Mvie = K * pme * bldmeal * Im/Kwm
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(B) Transmission of WNV from Mosquito to Humans
Derivation of mosquito specific force of infection to humans follows the same pattern as the
one illustrated above for the bird. However, the probability of infection and the ratio have to
be adjusted specifically for humans thus;
(i) Mosquito biting rate (k)
This is estimated as the inverse of the mosquito gonotrophic cycle and it is a temperature
dependent variable.
(i)  Mosquito transmission probability (pmH)
This is the probability that a bite from an infected mosquito will result into an
infection in a susceptible human.
(iif)  Mosquito to Human ratio.(®H)
This is obtained by dividing the density of mosquitoes by that of humans. This
implies that each person receives k ®H bites from mosquitoes per unit time.
(iv)  Mosquito blood meal index (bld)
This measures the proportion of blood meals a mosquito obtains from a person.
(v)  WNV prevalence in the mosquito (Im/Kwm)
The force of infection depends on the proportion of the infectious group with
respect to the carrying capacity.
Therefore;

AvH. = K * pmu * @y *bldmeal™ Im/KM

This model however, did not consider the Human: mosquitos’ ratio and therefore

adjusted the formula to;

AvH. = K * pmn *bldmeal™* IM/KM
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3.3. R Code Generation
R version 3.1.2 (2014-10-31) was used. The following R libraries were also was used in the
analysis;

e Stats, Graghics and Gr graphics -R Core Team (2014)).

e Lubridate -Garrett Grolemund, Hadley Wickham (2011)

e MESS -Claus Ekstrom (2014).)

Our model was driven by meteorological data which we imported to R studio from the original
excel sheet (The data having been converted to comma separated format (CSV).The data was
then cleaned by removing redundancies (dates). The amount of water used for irrigation was
then converted to same units as used for measuring rainfall i.e. mm?3 /mm? for easier

comparison.

Cumulative 10-day rainfall and irrigation water was then calculated from the daily rainfall
data. A data set with ordered number of days, dates, rainfall, temperature and cumulative 10-
rainfall was then generation after which the all the initial and transition parameters were
inputted including Fuzzy model

The code was then implemented through thre various ODEs under study and obtaining

numerical and graphical outputs.

3.4. Analysis of the Model

3.4.1. Sensitivity analysis

Sensitivity analysis was done to determine how our model output was sensitive to changes in
the parameters used. The analysis was done by holding other parameters values constant and
only varying the parameter under study. The value of each parameter to be evaluated was in
turn adjusted by 50%z= of the baseline value and noting the corresponding percentage effect on
the model output. The parameters that were analyzed included adult mosquito mortality rate,

larval mortality rate, biting rate and probability to getting infection from an infectious bite.

35



The sensitivity was also done for the initial number of adult mosquitoes, eggs, larvae and the

carrying capacity.

3.4.2. Model Outputs
Using the plot function, various plots were generated to analyze the different aspects and
situations under study. The following situations analyzed as follows;

(a) Comparative rainfall and all water pattern over time

(b) Comparative cumulative 10-day rainfall and all water over time

(c) Comparative suitability indices for water and all water over time

(d) Comparative effects of rainfall and all water on vector density over time

(e) Comparative Entomological Inoculation Rates (EIRs) for rainfall and all water.

3.4.3. Scenario analyses

The model was used to analyze and determine how irrigation impacts on risk of WNV
infection in humans. Other scenarios analyzed by the model were the effects of the various
WNV control measures on its level of risk. The interventions analyzed included the use of

mosquito repellents, Larvicides and Adulticides.

3.4.4. The impact of irrigation on the risk of West Nile Virus infection.

In this study, we used the Entomological Inoculation Rate (EIR) as a measure of risk of
transmission of WNV. EIR was chosen because it measures the infectious bite per unit time
per person which is a direct reflection of the intensity of WNV transmission by vectors and
vector control interventions. This method has previously been used to determine the impact of
vector control measures for malaria (McDermott and Coleman 2001; Shaukat, Breman, and
McKenzie 2010).

EIR is derived from the following formula;

EIR = A/lhuman pop*pinfec.h *prev WNV in culex*k.
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Where;

- Ais the total number of Culex from the population dynamics model.

- Human population is 10000,

- pinfect.h is the probability that human gets infected with WNV from an infectious
mosquito bite

- prev WNV is the prevalence of WNV in Culex —18% (LaBeaud et al. 2011).

- ks the biting rate i.e. 1/3

The impact of irrigation is determined through finding the difference between EIR for rainfall
alone and that for rainfall plus irrigation (All water). This simulation is mainly driven by
respective suitability indexes of the two scenarios i.e. pb and pbadj for rainfall and all water
respectively. These suitability indices are derived from the Fuzzy distribution modeling using

10-day accumulated rainfall and irrigation water (All water).

These suitability indexes ultimately affect the vector population (A), which is used as an input

in determining the EIR.

The quantify the difference in the risk of WNV under irrigated and non-irrigated situations,
the Area under the curve (AUC) package in R was used to calculate the EIR values for the

respective situations.

The percentage increase in WNV risk attributable to irrigation was obtained by the following

formulae;

EIRW—-EIR *100
EIR

Where EIRw and EIR represents EIR for all water and rainfall respectively
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3.4.5. Analysis of the impact of WNV control measures
The analysis was done by determining the impact of each control measure individually on the
respective EIR values. The following assumptions were made during these analyses:

The analyses were done and compared for both rainfall situation alone and for both rainfall

and irrigation.

3.4.6. Impact of repellents

Repellents act by reducing the contact rates between mosquitoes and humans which affects the
biting rate (k). Therefore to test the effects of repellents on the model, we adjusted the
transmission parameter, K. This corresponds to the gonotrophic cycle (gono.c),

For this analysis, the gonotrophic cycle (gono.c), was adjusted from the baseline value of
0.333 denoted as 0% repellent usage. At this 0% repellent usage (0.333) the WNV risk
corresponds the EIR obtained for rainfall and all water without any interventions. The gono.c
rate was then adjusted gradually from 0% usage (baseline rate of 0.333) to 100% (1) to

simulate increasing levels of repellent usage from minimum to maximum.

EIR = A/human pop*pinfec.h *prev WNV in culex* gono.c (Adjusted values).

These adjusted values of gono.c were in turn inputted in the model and outputted the
corresponding new EIR values. These EIR values and the corresponding % repellent usages
were then used plot a graph showing the impact various levels of repellents usage on the risk
of WNV (EIR).

This computation was performed by our R model

3.4.7. Impact of Larvicides

Larvicides affects the immature mosquitoes i.e. larva and pupae. In our model, the larvicides
affect L and P compartments in the mosquito population model by altering the larval mortality
rate (ml). This eventually feeds into the adult mosquito (A) compartment in the mosquito

population model.
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It has been demonstrated that different larvicides have varying levels of efficacy. For instance,
Chih-Yuan Wang et al demonstrated that pyripoxifen (insect growth regulator), had 100%
efficacy against larvae but only 1.5 to 7.8% efficacy against pupae. They also found out that
polydimethylsiloxane (monomolecular film), was 100% efficacious against pupae compared to
about 38% against larvae. Larvicidal oil was found to have an efficacy of between 93.3 to
100% on both larvae and pupae (Wang et al. 2013).

We however ignored these varying levels of larvicides efficacy and assumed a constant

efficacy. We also assumed that the larvicides only affect the larvae but not the pupa.

For analysis of larvicides the larva mortality rate (ml), was adjusted from the baseline value of
0.1 representing 0% larvicide usage up to 100% usage and obtaining the corresponding EIR
values

At 0% usage (0.1) the WNV risk corresponds the EIR obtained for rainfall condition without
any interventions. The ml rate was then adjusted sequentially from 0% up to 100% from the

baseline value of 0.1.

These adjusted ml values were in turn inputted in the model and obtained the corresponding
number of adult mosquitos (A).

dLm/dt = deEm - dILm - mi(1-pb)Lm

The different output levels of A (Adults mosquitoes) obtained by the variation of ml in the
above calculations are fed into the disease model for obtaining the corresponding EIR values.

EIR = A (Adjusted values*)/human pop*pinfec.h *prev WNV in culex* gono.c*

Ultimately, the varying levels of ml (larvicide usage) resulted into different corresponding EIR
values. The EIR values and corresponding % larvicide usage was used to plot a graph showing
how various levels of larvicide usage impacts on the risk of WNV. This is done to compare the

rainfall and all water situations.

3.4.8. Impact of mosquito Adulticides
In the mosquito population model, the mosquito adulticides affects the densities of the adult

mosquitoes compartment (A) directly by altering is the adult mosquito mortality rate (ma).
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For analysis of adulticides the adult mosquito death rate (ma), was adjusted from the baseline
value of 0.0167. To simulate the impact of use of mosquito adulticides on the population
model, we adjusted ma as we did for Repellents and larvicides. The resulting A values are

then fed into the disease model to obtain the corresponding EIRs as follows;
EIR = A (Adjusted)/human pop*pinfec.h *prev WNV in culex* k

All computations were done in R version 3.3.2 (2016-10-31)
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CHAPTER FOUR
4.0 RESULTS

4.1. Irrigation and Rain Pattern over Time.

The graphical output for the rainfall and irrigation pattern shows that Tana River area received
low rainfall with most days recording no rainfall. The rains were mostly below 5mm and
patchy in nature. However, high rainfall showed a seasonal pattern mainly experienced
between around day 50 and day 150, between around day 240 to day 300 and finally between
day 460 and 500. The longest dry spell with no rainfall at all was between days 152 to day
238.

Using the R, area under the curve (AUC) function, we calculated and compared the amount of
rainfall and irrigation water. The total amount of rainfall was 403.8mm. This represents the

cumulative amount of rain received in the area over the study period.

> sum(x3$rain) [1] 403.8

Irrigation water on the other hand was pumped throughout the entire period except between
day 260 to day 290. Most water was pumped between day 140 and 250 when there was
completely no rainfall. There was sufficient rainfall during the short period when no water was
pumped. The total amount of water pumped was 2197.616mm

> totalmm_pump [1] 2197.616

The total amount of water from rainfall and irrigation combined was 2601.316mm

> totalmm_irrig [1] 2601.316

The percentage increase in water using rainfall as baseline that is attributable to irrigation was
544.3686 %

> totalmm_rain [1] 403.7
> totalmm_irrig [1] 2601.316
> change_mm [1] 544.3686

The graphs below show the outputs for the rainfall and irrigation pattern over time.
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Figure 4-1: Rainfall and Irrigation Pattern over time

4.2. Cumulative 10-day Rainfall and Irrigation Patterns
We obtained the cumulative 10-day rainfall and irrigation under the following perspectives:

e Cumulative 10-day rainfall pattern

e Comparative cumulative 10-day rainfall pattern and rainfall pattern

e Cumulative 10-day all-water pattern

e Comparative cumulative 10-day all-water pattern and irrigation pattern

e Comparative cumulative 10-day all-water pattern and cumulative 10-day rainfall
pattern
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Figure 4-2: Comparison of cumulative 10-day-rainfall and rainfall

The cumulative 10- day rainfall increased the amount of ‘rainfall’ and also extended the
number of days the ‘rains’ were experienced. This resulted in creation of approximately three

peaks of rainfall above 20mm. Several days which had no actual rainfall were considered as
having rain in this scenario.

In overall, the cumulative 10-day rainfall increased the amount of ‘rainfall’ from 403.8mm to

3950.8mm.This translates to an apparent 878% increase in ‘rainfall’.

For the irrigation scenario, the cumulative 10-day all-water increased the amount of ‘water’
from 2601.316mm to 25,550.67mm which is an increase of 882.22%.

> sum (water)
[1] 25550.67
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Figure 4-3: Comparative cumulative 10-day-rainfall and irrigation

The result shows an increase in both the amount of rainfall and number of days that received r
ainfall due to changes attributable to the 10-day accumulated rainfall and irrigation water. This
is compared to actual rainfall and all water recorded.

In the rainfall situation, the total amount of rainfall was 403.7 mm while the 10-Day accumula

ted rainfall was 3950.8mm. This is an increase of 544.3686 % attributed to 10-Day accumulate

d rainfall.

On the other hand in the irrigation situation, the total amount of water pumped for the period

was 3950.8mm while the 10-Day accumulated water was 25550.67mm, an increase by 546.72

13 %.

> totalmm_rain [1] 403.7 # Total rainfall
> totalmm_irrig [1] 2601.316 # Total ATl water
> change_mm [1] 544.3686 # % Increase in due to Irrigation
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> totallOmm_rain [1] 3950.8 # Total 10-Day rainfall
> totallOmm_irrig [1] 25550.67 # Total 10-pay A1l water
> change_10mm [1] 546.7214 # % Increase in 10-Day water

Table 4-1 : Summary of Rainfall, All water and Cumulative Water amounts

Amount (mm) Cumulative 10-Day(mm) | % Change
Rainfall 403.7 3,950.8 878.65
All Water 2601.316 25,550.67 882.22
% Change 544.3686 546.72

4.3. Evaluation of Suitability Index

The Fuzzy logistical model was used to derive the relevant suitability indices in R for irrigated
and non- irrigated scenarios. These suitability indices were used to drive the vector density
model that ultimately determined the disease risk. The suitability index was evaluated under

the following scenarios;

e Suitability index for rainfall only
e Suitability for all water

e Comparative suitability for both rainfall and all water

The results showed that the total suitability for rainfall alone was 45.2475 while that of all
water was 310.1399. Therefore irrigation increased the suitability of the area for mosquito
breeding by 585.4298 %

> total_suitab_rain [1] 45.2475
> total_suitab irrig [1] 310.1399
> change_suit [1] 585.4298
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Figure 4-4: Comparative suitability index for irrigation and rainfall

4.4. Evaluation of Vector Densities
In order to understand how irrigation affects the vector densities, we used the R AUC
function to evaluated the vector densities in respect to;

e Effect of rainfall alone on vector population

e Effect of all water on vector density

e Comparative effects of both rainfall and all water effects on vector density
In the rainfall scenario, the vector density had three main peaks corresponding to the peaks of
the rainfall pattern. The highest peak was the third one occurring after day 500 which
corresponds to the period with the highest rainfall.
In the all water scenario the highest mosquito density was recorded before day 500. The total
number of adult mosquitoes recorded was 2,161,072,547 and 6,738,736,699 for rainfall and
irrigation situations respectively. This translates to 211.8237% increase in mosquito density

that is attributable to irrigation.
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> Atotal;

[1] 2161072547
> Awtotal;

[1] 6738736699
> Aadj = (((Awtotal-Atotal)/Atotal)*100);
# % change in vector density due irrigation

# Total number of mosquitoes for rainfall

# Total number of mosquitoes in all water

> Aadj;

# % change in vector density due 1irrigation
[1] 211.8237

The graph that correlates the suitability index and vector density in rainfall situation, shows
three peaks of suitability index with corresponding positive correlation between vector density
and suitability index. However, the peak vector densities appeared as a lag of about one month
after the peak suitability index. The peak suitability in turn corresponds to the peak rainfall

patterns

On the other hand in the irrigation scenario, there was no clear direct correlation between peak

all water, suitability index and vector density

(=)
o
=2 4
= R -—- Irrigation Effect Jil:l
= —— Rainfall Effect i
- — 'II
c
£ g
o 5 4
3 ID
P M=
)
(A _|
o
=
o
g o |
o L]
'] L
=
D u—

Days
Figure 4-5: Comparative effect of irrigation and rainfall on the vector density
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Figure 4-8: Correlation between suitability index (Rain) and vector density
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Figure 4-9: Correlation between suitability index (Irrigation) and vector density
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4.5. Evaluation of Disease Risk of West Nile Virus (Entomological Inoculation Rates)

Entomological inoculation rates (EIR) measures the number of per capita infectious mosquito
bites per day. It can therefore be used as a measure of risk of WNV. To determine the
comparative risk in our study situations, we obtained the EIR value for both the rainfall and all

water and compared the difference.

The graphical presentation of all the plots for the EIR showed a similar pattern as those of the
mosquito densities discussed above. Using the AUC function in R, we calculated the daily EI
R values of 10.25685 and 32.03134 for rainfall and all water respectively. This was 212.2922
% increase in EIR value due to irrigation.

This therefore implied that irrigation may increase the risk of WNV in Tana River County by

about 200%.

> EIR_daily_av; # EIR for rainfall
[1] 2.05965

> EIRw_daily_av; # EIR for All water

[1] 6.422478
>EIR risk = (((EIRw_daily_av-EIR_daily av)/EIR_daily_av)*100);
# % increase in EIR due to irrigation

> EIR_risk; # % increase in EIR due to irrigation
[1] 212.2922
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Figure 4-11: Correlation between vector density (rainfall) and risk of West Nile Virus
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Figure 4-12: Correlation between vector density (irrigation) and risk of West Nile Virus

Table 4-2: Effect of Irrigation on risk WNV

Rain Irrigation Increase (%)
Total Water(mm) 403.8 2601.316 544.3686
Cumulative 10-Day Water (mm) | 3950.8 25,550.67 546.72
Total Suitability Index 45.2475 310.1399 585.4298
Total Vector Density 2,161,072,547 | 6,738,736,699 211.8237
WNYV Risk (EIR) 2.05137 6.406268 212.2922
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4.6. Analysis of the Impact of Control Measures West Nile Virus

4.6.1. Results of Comparative Effect of the Three Interventions

Larvicides had the greatest rate of change in reducing the disease risk followed by repellents
and lastly larvicides.

This implies that adulticides are the best control intervention compared to larvicides and

repellents.
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Figure 4-13: Comparison of efficacy of Larvicides, Repellents and Adulticides on the risk of West
Nile Virus

4.7. Sensitivity Analysis
The results for the sensitivity analysis were generally grouped into two;

e Adult mosquitoes, carrying capacity, probability of infection and biting rate were all
sensitive to any changes in the initial values

e The eggs and larvae were not sensitive to varying the initial values

Below are the graphical presentations of the sensitivity analysis as generated by our model;
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Figure 4-15: Sensitivity analysis of the initial number of Larvae
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CHAPTER FIVE

5.0 DISCUSSION, CONCLUTIONS AND RECOMMENDATIONS

5.1. Discussion

Kenya has a rapid population growth that mostly depends on rain-fed agriculture for food
production, but only a small fraction of the country constitutes arable land. This has exerted
pressure of food production and the situation calls for alternative means to be sought to realize
food security. Irrigation has therefore been identified as an alternative method to enhance food
production to supplement the current farming practice that is entirely depended on rainfall-fed
agriculture.

However this practice comes with its own challenges, top of which is the possible increase in
resultant water-borne diseases. In addition to malaria and other vector-borne diseases, West
Nile virus outbreak has also been mapped out as a possible potential threat in areas that have
been transformed into irrigation zones. This has created a situation where a tradeoff between
food production and risk of disease burden has to be carefully considered. It then calls for
mechanisms to be put in place to mitigate on any public health challenges associated with
irrigation that may arise while rolling out the irrigation projects. One such mechanism is to
map out and gain in insight into all public health risks associated with irrigation.

Use of epidemiological models is one the methods that can be employed to analyze such risks
through studying the diseases transmission dynamics in a population. They are able to give
insight into factors that affect the epidemiology of such diseases and the effects of interaction
of such factors. Models can therefore be used in decision making process to guide on the most
rational strategy to control diseases. They offer the flexibility needed to explore the various
“what if” situations that may be considered before deciding on an intervention strategy.

The advantages of Models are that they simplify more complex systems or situations under
investigation and also shrink time and space. This allows for various possible manipulations to
be performed on the model to do the course-effect analysis for each manipulation. They
therefore enable otherwise impossible, expensive and time consuming ‘experiments’ to be
performed conveniently, faster and cheaply.

To gain insight into the potential risk of WNV in Tana River County that is attributed to
irrigation, we developed a West Nile Virus epidemiological model that can aid in policy

making for WNV surveillance.
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The model that we developed is a deterministic, compartmental WNV epidemiological model
that uses rainfall data, vector and disease transmission parameters as inputs. The model is able
to simulate and evaluate different situations driven by amounts of rainfall. It can also evaluate
the various ‘what if” situations concerning the risk of WNV by manipulating the vector and
disease transmission parameters. The manipulations of the parameters can be done by
increasing or decreasing specific of combination of parameters and recording the
corresponding effect of the risk of WNV. Through this, the model can be useful in
understanding the resultant effects of extreme of unusual environmental conditions of the risk
of WNV.

Our model simulated and compared the dynamics of vector density and risk of WNV infection
under rainfall and irrigation situations. The model also compared the efficacy of repellents,
larvicides and adulticides as interventions for WNV disease.

In rainfall situation, our model simulated vector density that corresponds to the respective
suitability index that was driven by cumulative 10-day rainfall pattern. The model outputs
corresponding suitability indices for different amounts of rainfall over time. This explains why
most days were not suitable for vector breeding since mosquitoes cannot oviposit without
water. This signifies that mosquito transmission in these areas was seasonal.

In the irrigation scenario, higher suitability indices, vector densities and entomological
inoculation rates (EIR) throughout the irrigation period was recorded compared to rainfall
situations.

Our model shows that the study area received low, scattered rainfall most of the study
duration. Relatively higher rainfall was seasonal. The models also indicate that the days that
received higher total water (Irrigation and rainfall) exhibited corresponding higher incidences
of WNV.

Irrigation increases the amount of water available on the land and can increase the number
and suitability of vector breeding sites resulting in higher vector densities. This is why higher
vector densities were recorded in the irrigation scenario compared to rainfall situation. Our
model is a parsimonious one that is only driven by vector density to determine the risk of
WNV. However, risk of WNYV if influenced by many factor including biotic and abiotic
factors including density of hosts.

This demonstrates that irrigation creates more suitable habitat for vector breeding and
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consequently enhances risk of WNV among other mosquito-borne diseases. (Eisen et al. 2010)
Irrigation is therefore likely to increase the risk of WNV in Tana River County three fold. This
result is consistent a study done in El Paso, Texas to determine the risk of WNV which was
attributable to using irrigation water to flood the yards. The study also sought to find out how
proximity to irrigation canals impacted on the risk of WNV. The study found out that
irrigation increased cases of WNV infection 2.5 fold (Cardenas et al. 2011).

In a study done in United States of America to investigate hoe biotic and abiotic factors
determine the spatial and temporal distribution of WNV, irrigation in the rural areas was found
to increase the incidence of WNV (De Groote et al. 2008). Irrigation was also associated with
higher risk of WNV in humans and veterinary animals in the United States of America. The
study found out that an increase in irrigation of 0.1% of the total land resulted in 50%
increase in incidence of WNV/(Gates and Boston 2009). A study by in lowa and Eisen et al.
(2010) in Larimer-Boulder-Weld area of North- Central Colorado also found that irrigation
increased the risk of WNV.

The results show that the percentage increase in water, cumulative 10-day rainfall and
suitability index does not correspond proportionately with level of increase in vector density
and risk of WNV. This is probably because the vector density and hence the risk of WNV is
also determined by other factors in addition to suitability index e. g the maximum number of
eggs a mosquito can lay per day and the constant transition rates between larvae, pupa to
adults stages. For instance however much rain is received the mosquito egg laying rate is
limited to 40. Therefore further increase in rain may not necessarily result in corresponding
increase in the number of eggs and mosquito density.

In this model, the patterns of EIR and vector densities were similar for both rainfall and
irrigation situations. This is because in our formulae for calculating the EIR, only the vector

density (A) was considered as a variable.

EIR = A’lhuman pop*pinfec.h *prev WNV in culex* gono.c.

All other parameters were held constant. Therefore higher mosquito densities resulted in

corresponding increase in risk of WNV.

This might not be the case in reality because the prevalence of WNV in the mosquitoes varies
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depending on the WNV infection dynamics. This was not considered in this model because we
used a constant WNV prevalent rate of 18%. In reality this rate varies depending on the
number of competent infected birds and the extent of interaction between these birds and
mosquitoes. We did not also factor in the ratio of mosquitoes to humans which also influences
the EIR according to the above formula.

While evaluating the effects of rainfall pattern on the suitability index, vector density pattern
and risk of WNV, three peaks corresponding to rainfall pattern were realized. Rainfall created
conducive environment to lay eggs and development of the preimaginal mosquitoes. This led
to corresponding rise in mosquito density and subsequent increase in risk of WNV. Therefore
the risk of WNV under rainfall condition is likely to be seasonal. On average, the risk of WNV
under rainfall was relatively low at about two infectious mosquito bites per person per day.
The peaks of vector density and risk of WNV were seen after about a month after the
corresponding peaks of rainfall and suitability indices. This implied that it took about one
month for the mosquitoes to develop through the preimaginal stages before emerging as
adults. This contrasts an earlier study done in Kenya and Mali that found the average duration
for maturation of mosquitoes to be 12 days (Mwangangi et al. 2006). This information can be
utilized to determine the timing for instituting vector control interventions.

On the other hand, in the irrigation scenario, the pattern of suitability index, vector density and
risk of WNV did not correlate with the irrigation water. However in general, the result of
irrigation was a five- fold increased the suitability of the area for mosquito breeding. This
ultimately resulted in a WNV risk of about six per capita daily infectious mosquito bites,
which was three-fold the rate of the rainfall situation. The risk was perennial compared to the
rainfall situation where it was seasonal. Therefore irrigation would transform the area from
seasonal risk patter of WNV infection to perennial.

Sensitivity analysis for models is critical when trying to identify the parameters that have the
greatest impact on the model output. The most sensitive parameters cause the greatest changes
to the model outcome and are therefore the right candidates to target for control interventions.
Our model was most sensitive to adulticides where just 10% usage in rainfall situations was
enough to reduce the risk of West Nile Virus by over 90% compared to repellents which has a
linear effect where 50% usage is required to produce 50% effect. Larvicides are the least

effective method to control West Nile Virus according to this model. The results show that
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even at maximum usage (100%), the risk of West Nile Virus could only be reduced by half
and not zero.

5.2. Conclusions

Epidemiological models can be used to study WNV transmission dynamics and derive useful
information that can be used to gain more insight into the transmission processes under
different and use scenarios. In this study, the outcome indicates that irrigation is likely to
increase the vector density and risk of WNV in Tana River County three fold. There was also
a direct correlation between the vector density pattern and the risk of WNV disease pattern.

In the rainfall scenario, the highest risk of WNV disease corresponded to the pattern of peak
rainfall making the risk a seasonal phenomenon. However, the peak of WNV disease risk
comes about one month after the peak rainfall. This information can be utilized in the
designing the policy for timings of the application of the control interventions. On the other
hand, in the irrigated situations, the risk of WNV disease was spread throughout the entire
period making it a Perennial risk

.Use of mosquito Adulticides was the most efficacious WNV control method compared to use
of larvicides and repellents. Larvicides are the least effective method while repellents had a
linear effect.

5.3. Future Work

To improve the accuracy of this model, more data need to be collected to model the bird and
humans compartments e.g. the population of birds, people and vector density, carrying
capacity, prevalence of WNV in mosquitoes and humans. The parameters used in the model
also need to be studied so that they are specific for this region.

To make the model even more realistic, as many factors as possible that affect the disease
transmission dynamics need to be incorporated in the model. Some of these factors include;
temperature, humidity, wind speeds, soil type, land cover type, land topology, host immunity
levels, types of birds, movement of people and migration patterns of birds among others
Finally it could be more useful to convert the model into stochastic and spatial model to cater
for the uncertainties in the variable and the geographical spread of the disease.
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APPENDICES

Appendix I: Main R Code, WNV_CODE

## WNV CODE
m{list=13{});
ge():

setwd("E:/fred project/codes/3ubmit/")

# LORD REQUIRED LIBRARIES
likrary(atats);
library(graphics);
library(grDevices):
library(lubridate);
library(MESS);

# LOAD REQUIRED SELF-DEFINED PROGRAMS/FUNCTIONS/SUBROUTINES
source("Load Data.R");
source ("Cummulative Rainfall.R");

# PATHS & DIRECTORIES
Dpath = "E:/fred project/data/metersology data.csv";

# LORD DATASET
%3 = Load Data(Dpath);
source ("Population Dynamics.R"):

MDAYO
MDAY1

length(x3§date);
length {x3§date)-1;

# Maximum number of day
# Maximum number of iterations

# DETERMINE CUMMULATIVE RAINFALL CVER TEN DAY PERICDS & CALCULATICN

RAINPE = Cummulative Rainfall(x3);
Rainfall = RAINPE[[1]]:
water = BRAINPE[[?1]:
b = RAINPE[[:]]:
pb.adj = RAINPB[[4]]:

zource ("Initialize Parameters.r");

totalllmm rain
totallOmm irrig =
change 10mm =
total suitab all =
total suitab rain =
change_suitab =

= auc (. :MDAY0D,Rainfall);
auc (1:MDAYOD,water),

auc (1 :MDAYO,pb.ad]i):
auc (1 :MDAYOD,pk);

Increase in water due to Irrigation =
Suitability due to Irrigation =

Increase in
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((totallOmm irrig - totallOmm rain) ftotallom_rain)*'_:j:

({total suitab all-total suitab_rain) ftntal_suitab_rain) *100;
",change 10mm);
",change suitab);

OF MOSQUITO SUITABILITIES (pb)

% total 10-day rainfall in mm3,/mm2

# total 10-day irrigation water in mm3/mm2

% % increase in mm due to irrigation

# toatal suitability index for all water

# total suitability index for rainfall only

# % increase in suitability due to irrigation



# PLOTS
#Rzinfall and Irrigation Pattern Over time-1
plot (1:MDRYO, x3§rain, type="1", col="black",lwd=l,xlab="Day", ylab="Rain/water denzity in mm");
title (main = list("Rainfall and Irrigation Pattern over Time-1", fomt=1, cex=1.2, col="red"}):;
lines (1:MDRYO, x3§ir.water, type="1", col="red", lty=2,lwd=1);
legend ("topleft", legend=c("Rain", "Irrigation water"), bty="n", inset=0.01, cex=.7,
lty=c(l,2),lwd=c(l,1),
col=c("black", "red"})):

#Rainfall and Irrigation Pattern Over time-2 # different scale for visibility
plot (1:MDRYO, x3§rain, type="1", col="black",lwd=l, vlim=c(0,13), xlim=c(0,334),xlab="Day", ylab="Rain/water denszity in mm");
title (main = list("Rainfall and Irrigation Pattern over Time-2", fomt=1, cex=1.2, col="red"}):;
lines (1:MDRYO, x3§ir.water, type="1", col="red", lty=2,lwd=1);
legend ("topleft”, legend=c("Rain", "Irrigation water"), bty="n", inset=0.01, cex=.7,
ley=c({l,2),lwd=c(l,1),
col=c("black", "red"})):

% Lnalysing increase in water dus to irrigation

totalmm rain = auc(l:MDAY0, x3§rain); # total rainfall in mm3,/mm2

totalmm irrig = auc(l:MDAY0, x3§all.water); $ total irrigation water in mm3/mm2
change mm = (t0talmm_irrig/totalmm_rain)*;JJ; % % increase in mm dus to irrigation
cat("Total Amount of Rainfall =",totalmm rain);

cat("Total Amount of Irrigation and rainfall Water =",totalmm irrig);
cat("The Percentage increase in water attributable to Irrigation =",change mm);

# Imount of Water pumped
totalom pump = auc(l:MDAYO, x38ir.water); $ total water pumped
cat("Total Amount of water pumped = ", totalmm pump);

# Cummulative 10-Day Rainfall
plot {1:MDAYO, Rainfall, type="1", ylab="Rainfall [mm]", xlab="Day", pch=20,lwd=l);
title ({(main=list{"Cummulative 10-Day Rainfall", font=1,cex=1.2,col="red")}:

% Comparative 10-Day Rainfall and Rainfall % different scale for visibility

plot {1:MDAY0, Rainfall, type="1", ylab="Rainfall [mm]",lty=2, ylim=c(0,33), Xlab="Day", pch=20, col="red",lwd=l);

lines (1:MDAYO, x3§rain, type="1", col="black",lwd=l);

title (main=list("Cumulative 10-Day Rainfall and Rainfall", font=l,cex=1.2,col="red"}):;

legend ("top", legend=c({"10-Day Rainfall","Rainfall"),inset=0,001, col=c("red","black"),lty = c{2,1l), lwd=l, bty="n",cex=0.6);

% Comparative 10-Day all water and irrigation water

plot {1:MDAYD, water, type="1", ylab="Water [mm]", xlab="Day",ylim = c{0,100), pch=20, col="black",lwd=l);

lines (1:MDRYO, x3§ir.water, type="1", col="red", lty=2,lwd=l);

title (main=list("Comparative 10-Day All water and irrigation",font=l,cex=1.2,col="red"});

legend ("topleft”, legend=c("10-Day A11 Water","Irrigation"),inset=0.001,col=c({"black","red"),lty = c(l,?), lwd=l,bty = "n", cex=0.
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# Comparative 10-Day all water and irrigation water

plot  (1:MDAYD, water, type="l1", ylab="Water [mm]", xlab="Day",ylim = c{0,100), pch=20, col="black",lwd=l);
lines (1:MDAY0, x3§ir.water, type="1", col="red", lty=2,1lwd=l);

title (main=list({"Comparative 10-Day A11 water and irrigation",font=1,cex=1.2,col="red"});

legend ("topleft", legend=c{"10-Day All Water","Irrigation"),inset=0.001 ,col=c("black", "red"),1ty = c(l,2), lwd=l,bty = "n", cex=0.8);

# L1l water Vs Rainfall

plot  (1:MDAYD, Rainfall, type="1", ylab="Rainfall [mm]", xlab="Day", pch=20, col="red", lty=Z,1lwd=l});

title (main=list{"Cummulative 10-Day Rainfall Vs A1l Water", font=l,cex=1.2,col="red"))

lines (1:MDAY0, water, type="1",col="black",lty=l);

legend ("topleft", legend=c("Rainfall","211 Water"), inset=0.001, col=c({"red", "black"), lwd=c(l, 1),lty = c{(Z,1), cex=0.6,bty = "n");

# total 10-Day Rainfall and Irrigation

totalllmm rain = auc(l:MDAYO, Rainfall[l:334]); $ total 10-day rainfall in mm3/mm2
totallOmm irrig = auc(l:MDRYO, water[1:354]); # total 10-day irrigation water in mm3/mm2
change 10mm = ((totalllmm irrig - totallomm_rain}ftatallﬂmm_rain}*;lJ; $ % increase in mm due to irrigation
cat("Total Amount of 10-Day Rainfall =",totalllmm rain);

cat ("Total Amount of 10-Day Irrigation and Rainfall Water =",totalllmm irrig);

cat("The Percentage increase in 10-Day water/rainfall attributable to Irrigation =", change 10mm);

#3uitability -- rainfall only
plot (1:MDRYO, pb, type="1",ylim = range(0:1), ylab="Suitability index", xlab="Day", pch=20, lwd=l,col="black");
title  (main=list("Suitability Index, Rainfall only", font=l,cex=l.Z,col="red"));

$Suitability -- Rl water
plot  (1:MDRYO, pb.adj, type="1",ylab="Suitability index", xlab="Day", pch=0, lwd=l,col="red");
title (main=list("Suitability Index, A11 water", font=l,cex=l.2,col="red"}},

$Suitability A1l water Vs Rainfall

plot  (1:MDRAYO, pb.adj, type="1",ylab="Suitability index", xlab="Day", pch=:0, lwd=l,col="red");

title (main=list("Suitability Index, 211 water Vs Rainfall", font=l,cex=l1.2,col="red"});

lines (1:MDAYO0, pb, type="1",ylim = range(0:l), ylab="Suitability index", xlab="Day", pch=20, lwd=l,col="black");
legend ("topleft", legend=c("41l water","Rainfall only"),inset=0.01, col=c("red","black"), lwd=2, cex=0.&,bty = "n");

total suitab all = auc(l:MDAYO,pb.adj[l:5:34]): % toatal suitability index for all water
cat{"Total Suitability Index due to irrigation =",t0ta1_suitahLa11,”1:"};

total suitab rain = auc(l:MDAYO,pb[l1:534]): $ total suitability index for rainfall only
cat{"Total Suitability Index due to rainfall = ”,tatal_suitaerain,”1:"};

change suitab = {{tatal_suitabLall—tatal_suitab_rain}ftutal_suitaerain}*;lJ; $ % increase in suitability due to irrigation
cat{"Percentage increase in suitability due to irrigation =”,change_suitab,"i:”}; # for checking

t Population Dynamics Gen- Function for analysis of population dynamics

RES1
Eggs

Population Dynamics(E,L,F, A, Beta,pb,De,dl,dp,me,ml, mp, ma, KM, NMmin, CC) ;
RESI[I]1:
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Larva = RESI[[:]]:
Pupa = RESI[[:]]:
Adults = RESI[[4]]:

RES2 = Population Dynamics(E,L, P, A, Beta,pb.adj,De, dl, dp,ne,nl, np, na, N, W¥min, CC) ;
Eggs w = RES2[[.]]:
Larva w = RESZ[[2]];
Pupa w = REB2[[3]]:
Adults w = RES2[[4]]:

EIR = ((Adultz/5H)*pinfec.héprev.cigono.c);
EIR w = {{Adults_ijH}*pinfec.h*prev.c*gnnn.c}:

$stop():

T

# Rainfall effects on vector densities
plot  (1:MDAYO, Adults/1000, type="1",lwd=l,col="black",ylab=c("Mosquito Population '000"), xlab=c("Daysz"));
title (main=list{"Rainfall Effect on Vector Population" ,font=l,col="red" cex=1.2 });:

#Irrigation effects on vector densities
plot  (1:MDAYO, Adults_wf;iil, type="1", lwd=1, 1ty=2, col="red", ylab=c("Moaquito Population '000"), Xlab=c("Daya"}}:
title (main=list(" Effect of Irrigation on Vector Population" ,font=1,col="red",cex=1.2 }};

# Comparing effect of Irrigation and rainfall on vector densities

plot  (1:MDAYO, Adults_wf;J:J, type ='1",1ty=2Z,lwd=], col="red", ylab=c("Hosquito Fopulation '000"}, Xlab=c("Days"});

title (main=list("Effects of Irrigation Vs Rainfall on Vector Population" ,font=l,col="red" cex=1.2 }});

lines (1:MDRYO, Adults/1000, lty=l, lwd=l,col="black");

legend ("topleft", c{"Irrigation Effect","Rainfall Effect™),inset=0.01,1wd = c(l,1}, col=c("red","black"),lty=c(2,1),cex=0.7, bty="n");

# Risk Pattern-Rainfall
plot  (1:MDAYO,EIR, type="1", xlab="Days",cal="black”, ylab="ilTV Rizk (EIR)");

title (main=list("WNV Risk (EIR) for Rainfall COnly" ,font=l,col="red",cex=l.2 }};

# Risk Pattern-Irrigation
plot  (1:MDRYQ,EIR w, type="l", xlab="Days" col="red", lty=l, ylab="WNV Rizk (EIRw] ");
title (main=list("WNV Risk (EIR) for All Water" ,font=l,col="red",cex=1.21 }):

# Comparing effect of Irrigation and rainfall on risk of WHV

plot  (1:MDAYO,EIR w, type="1",1ty=2, xlab="Days",col="red", ylab="Risk of WNV (EIR)");
title (main=list{"Comparing Risk of WNV in Rainfall and

Irrigation situations" ,font=1,col="red",cex=1.2 });

lines (1:MDAYQ,EIR, lty=l, col="black");

legend ("topleft", c{"Risk-Irrigation","Risk-Rainfall"),inset=0.01,1ty=c(Z,l}, col=c("red","black"},bty = 'n', cex=0.8);

# Inalysing effects of Irrigation on Vector Density and Risk of WHV

Atotal = auc(l:MDAYOD,Adults); $ Total nurber of mosquitoes for rainfall
Bwtotal = auc(l:MDAYO,Adults w); # Total number of mosquitoes in all water
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Atotal; # Total number of mosquitoes for rainfall
hwtotal; # Total number of mosquitoes in all water
Ladj = (((Awtotal-Atotal)/Atotal)*100); # % change in vector density due irrigation
Badj; # % change in vector density due irrigation

EIR daily av = auc (1 :MDAYO,EIR)/554;
EIRw deily av = auc(l:MDRYO,EIR w)/554;
EIR daily av;

EIR for rainfall
EIR for A1l water
EIR for rainfall

EIRw daily av; % EIR for Rl1l water
EIR risk = (((EIRw_daily_av—EIR_daily_av)}EIR_daily_av)i'_:J:l; $# % increasze in EIR due to irrigation
EIR risk; % % increase in EIR due to irrigation

#two axes-Rainfall and vector density
par{mar=c(4,4,4,3))
plot (1 :MDAYO, x38rain, type="1", axes=FALSE,col="black",lwd=!, ylim=c(0,13), xlim=c(0,554),xlab="Day", ylab="Rainfall density in mm")
title(main = list("Correlation between Rainfall and Vector Density", font=1, cex=1.2, col="red"))
axis(Z,ylim=c(l,15})
baox ()
par (new=TRUE)
plot(1:MDAY0, Adults, type="1", col="red", ylab="",xlab="",6lty=Z,lwd=l,axes = FALSE)
axis(4,ylin=c({l,270),col="red", xlim=c{0,554),col.axis="red"})
mtext ("Vector Demsity",zide = 4,line = 3,col = "red")
axis(l,xlim=c({0,554)}
legend ("topleft”, legend=c{"Rain", "Vector density"),
bty="n", inset=0.01, cex=.9,
Iey=c{l,2),lwd=c(l,1),
col=c{"black", "red"})

par(mar=c(4,4,4,3})
plot {1:MDAY0D, water, type="1", axes=FALSE,col="black",lwd=l, vlim=c({0,130), xlim=c{0,>54),xlab="Days", ylab="Rainfall density in mm"}
title{main = list{"Correlation between Rainfall and Vector Density", font=l, cex=1.2, col="red"})
axis(Z,vlim=c({C,150)}
box()
rpar (new=TRUE)
plot (1:MDAYO, RAdults w, type="1", col="red", ylab="", xlab="" lty=2, 1lwd=l,axez = FALSE)
axis(4,vlim=c(C0,270),col="red", xlim=c{0,554),col.axia="red"})
mrext{"Vector Density",zide = 4,1line = 3,col = "red")
axis(l,xlim=c(0,554))
legend ("topleft”, legend=c("Rain", "Vector density"),
bty="n", inset=0.01, cexr=.9,
lty=c{l,2),lwd=c(l,1),
col=c("black", "red"))
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#2 axis suitability vs vector density-rainfall

$two axes
par (mar=c(%,4,4,5))|

plot (1:MDAYO,Adults/1000, type="1", axes=FALSE,col="black",lwd=l,xlab="Davy", ylab="Vector density

Sl rl}

titlef{main = list("Correlation between Suitability(Rain) and Vector Density", font=l, cex=1.2, col="red"})

axis (2, ylim=c({0,370}}

box ()

par (new=TRUE)

plot (1:MDAYD, pb, type="1", col="red", ylab="" xlab="", 1ty=2, lwd=1,axes = FALSE)

axis(4,ylim=c(0,1}),col="red",xlim=c(0,554),col.axis="red")

mtext {"Suitability Index (Rainfall)",side = 4,line = 3,col = "red")

axis(l,xlim=c({0,554})

legend ("top", legend=c{"Vector", "Sutability™},
bty="n", inset=0.01, cex=.%9,
lty=c(l,2),lwd=c(l,1),
col=c{"black", "red"})

#Sensitivity Analysis

#¥1. SENSITIVITY RNALYSIS FOR ADULTS
VAR A = c(0.01,0.1,3eq({0.25,1.5,by=0.25)):
ANS & = matrix (0, nrow=MDAY0,ncol=length (VAR A)};

for(i in Zl:length(VAR A)){

Senk = Population Dynamics(E,L,P,VAR A[i],Beta,pb,De,dl,dp,me,ml,np, ma, MM, MMmin, CC) ;

BNS A[,1] = (Senk[[<]]1/5H) *pinfec.h¥prev.c*gono.c; $EIR
# ((Adults/SH)*pinfec.h*prev.c*gono.c);

}
AN5 B = data.frame (ANS A&);
names (RNS RA) = as.character (VAR A); # Naming the columns

#1. BENSITIVITY ANALYSIS FOR ADULTS

VAR R = zeg{0.25,1.5,by=0.25);
EIRsen A = matrix(0,nrow=MDAY0,ncol=length(VAR &4)):

for(i in l:length (VAR A)){

Sen 4 = Population Dynamics(E,L,FP,A* (VAR A[i]),Beta,pk,De,dl,dp,me, ml, mp, ma, NM, Mmin, CC) ;

EIEsen_A[,i] = {Sen_A[[é]]ISH}*pinfec.h*prev.c*gunn.c;
}
EIRzen A = data.frame(EIRsen R):
names (EIRsen A) = as.character (VAR RL): # Naming the columns
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$plot for sensitivity Analysis= Adults

plot (1:MDRYO EIRsen B[, €], type="1",lty=l, xlab="Days" col="red", ylab="Riszk of WNV (EIR)"};

title (main=list("Sensitivity Analysis for Initial NHumber

of Adult Mosquitoes" ,font=1l,col="red",cex=1.2 )):

lines (1:MDAY(,EIRsen A[,5], lty=l, col="blua");

lines (1L:MDAYO,EIRsen A[,¢], lty=l, lwd=Z, col="black");

lines (l:MDAY0,EIRsen A[,:], lty=l,col="green");

lines (lL:MDAY0,EIRsen A[,2], lty=l, col="orange");

legend ("toplefc™, c{"150%","125%", "Baseline", "0.75%","0.53"),inset=0.01,1wd= c(1,1,2,1,1),1ty=c(L,1,1,1,1},
col=c{"red", "blue", "black", "green", "orange"),bty = 'n', cex=0.7);

$#2. SENSITIVITY ANALYSIS FOR LARVAE
VAR L = seq{0.25,1.5,by=0.25);
EIRzen L = matrix(0,nrow=MDRYO, ncol=length(VAR L});

for(i in l:length(VAR L)){

Sen L = Population Dynamics(E,L+* (VAR L[i]),P, A, Beta,pb,De,dl,dp,me, ml, mp,ma, NM, MMmin, CC) ;
EIRzen L[,i] = {Sen_L[[%]]ISH}*pinfec.h*prev.c*gonn.c; $EIR
}
EIRsen L = data.frame(EIRsen L};
names (EIRzen L) = as.character (VAR L); $# Naming the columns

#plot for sensitivity Analysis= Larvae

plot (1:MDAY0,EIRsen L[, 5], type="1",lty=l, xlab="Days",col="red", ylab="Risk of WNV (EIR]");

title (main=list("Sensitivity Analyzis for Initial Number

of Larvae" ,font=1,col="red",cex=1.2 }};

lines (l:MDAY0,EIRsen L[,:], lty=l, col="blue");

lines (l:MDAY0,EIRsen L[,<], lty=l, 1lwd=Z, col="black");

lines (1:MDAY(,EIRsen L[,3], lty=l,col="green"):

lines (lL:MDAYQ,EIRsen L[,Z], lty=l, col="orange");

legend ("topleftc", c{"150%","125%","Baseline", "0.75%","0.53"),inset=0.01,wd=c(1,1,2,1,1),lty=c(l,1,1,1,1),
col=c{"red", "blue", "black", "green", "orange") bty = 'n', cex=0.7);

$3. SENSITIVITY RNALYSIS FOR CARRING CAPACITY (CC)
VAR CC = seq(0.25,1.5,by=0.25);
EIRsen CC = matrix(0,nrow=MDAY0,ncol=length(VAR CC));

for(i in l:length(VAR CC)){

Sen CC = Population Dynamics(E,L,F,A Beta,pb,De,dl,dp,me, ml, op,ma, N, Mmin, CC¥ (VAR CC[i]));
EIR=zen CC[,1i] = {Sen_CC[[%]]ISH}*pinfec.h*prev.c*gonn.c; $EIR
}
EIRzen CC = data.frame (EIRsen CC);

names (EIRzen CC)

az.character (VAR CC);
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$plot for sensitivity Analysis= Carrying Capacity

plot {1:MDRYO,EIRsen CC[,6], type="1",1ty=1l, xlab="Dayz",col="red", ylab="Risk of WNV (EIR}");
title (main=list("Sensitivity Analysiz for the Carryving Capacity" ,font=l,col="red",cex=1.2 }};
lines (1:MDAY0,EIRzen CC[,:], lty=l, col="blue"});

lines (1:MDAYQ,EIRzen CC[,4], lty=l, 1lwd=2, col="black");

lines (1:MDAY0,EIRzen CC[,3], lty=l,col="green");

lines (1:MDAYO,EIRzen CC[,2], lty=l, col="orange");

$4. SENSITIVITY ANALYSIS FOR BITING RATE (gono.c)
VAR gono = geq{0.25,1.5,by=0.25});
EIRzen gono = matrix(0,nrow=MDAY0,ncol=length(VAR gono}):

for(i in l:length (VAR gono)){
Sen_gono = Population Dynamics(E,L,P, 4, Beta,pb,De,dl,dp,me,nl, mp, ma, N, MMmin, CC) ;
EIRzen gonol[,i] = {Sen_gnnn[[é]]ISH}*pinfec.h*prev.c*gnnu.c*{VhR_gunu[i]j; $EIR

}

EIRzen gono data.frame (EIRzen gono);
names (EIRsen gono) = as.character (VAR gono);

$plot for sensitivity Analysis= Biting Rate

plot {1:MDRYO,EIR=en gono[,€], type="1",1ty=l, xlab="Dayz",col="red", ylab="Rizk of WNV (EIR)");
title (main=list("Sensitivity Analysiz for the Mosquitoe Biting Rate" ,font=l,col="red",cex=1.2 })}):
lines (1:MDAYO,EIRzen gono[,5], lty=l, col="blue");

lines (1:MDAYQ,EIRzen gono[,<], lty=l, lwd=Z, col="black");

lines (1:MDAYO,EIRzen gono[,3], lty=l,col="green");

lines (1:MDAY0,EIRzen gono[,2], lty=l, col="orange");

$5. SENSITIVITY ANALYSIS FOR PROBABILITY OF INFECTION (pinfec.h)
VAR pinfec = geq{0.25,1.5,by=0.25});
EIRzen pinfec = matrix(0,nrow=MDAYO0,ncol=length (VAR gona));

for(i in l:length (VAR pinfec)){
Sen pinfec = Population Dynamics(E,L,P,R, Beta,pb,De,dl,dp,me, nl,mp, na, MM, HMmin, CC) ;
EIRzen pinfec[,i] = {Sen_pinfec[[é]]ISH}*pinfec.h*{VAR_pinfec[i]}*prev.c*gunu.c; $EIR
}
EIRzen pinfec data.frame (EIRzen pinfec);
names (EIRsen pinfec) = as.character (VAR pinfec);
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$plot for sensitivity Analysis= Probability of Infection

plot (1:MDAY0,EIRsen pinfec[,©], type="1",1lty=l, xlab="Days",col="red", ylab="Risk of WHV (EIR)"}:

title (main=lizt("Sensitivity Analysis for the Probability

of Infection in Humans" ,font=1,col="red",cex=1.2 }});

lines (1:MDAYQ,EIRsen pinfec[,5], 1lty=l, col="blue");

lines (1:MDAYQ,EIRsen pinfec[,2], lty=l, lwd=Z, col="black");

lines (1:MDAYO,EIRsen pinfec[,3], lty=l,col="green"};

lines (1:MDAY0,EIRsen pinfec[,2], lty=l, col="orange");

legend ("topleft™, c("150%","125%","Baseline", "0,75%","0.5%"),inset=0.01,wd=c(1,1,2,1,1},1ty=c(L,1,1,1,1},
col=c{"red", "blue", "black", "green", "orange"),bty = 'n', cex=0.7);

#xxx:-rxxxxx#xxxxxxx#xxxxx#xxxxxxxxxxxxx#xxxxxx#xxxxx:-r:-rxxxxxx#xxxxx#xxxxxx#xxxxxxxxxxxx#xxxxxx#xxxxxx#x

#KKK!{#KKKK!{##KKKK!{#KKKKK!{#KKKKK!{#KKKKK!{#KKKK!{##KKKK!{#KKKKK!{#KKKKK!{#KKKKK!{#KKKKK!{#KKKKKKKKKKKKKKKKKKKK

$43#44484  ANALYSIS OF EFFICASY OF CONTROL INTERVENTIONS  $iid#diiiididis
$ 1. ANALYSIS OF EFFICASY OF ADULTICIDES

VAR ma = seq(0.016667,1,length.out = 100});

EIR ma = matrix (0, nrow=MDAY0, ncol=1ength (VAR ma)):

EIR 2 = rep(C,length(VAR ma));
[Ffor(i in Lilength (VAR ma)) {
EIR maD = Population Dynamics(E,L,P,R, Beta,pk,De,dl, dp,me, ml, mp, VAR ma[i], N, MMmin, CC);
EIR ma [ ,i] = {{EIR_maD[[%]]fSH}*pinfec.h*prev.c*gono.c}; $EIR

EIR 2[i] = auc(l:554, (EIR ma [ ,i])/554);

-}
nead (EIR 2);

plot{EIR 2,type = "1", 1ty=_,col="red", 1wd=2,ylab = "Risk of West Nile Virus (EIR)",xlab = " Percentage Adulticide Usage
title(main =list("Efficacy of Adulticides in Controlling WHV",col="red",font=1,cex=1.2})

# 2. BNALYSIS OF EFFICASY OF LARVICIIES

VAR ml = geqg(0.1,1,1length.out = 100);
EIR ml = matrix (0, nrow=MDAY0, ncol=1ength (VAR ml)};
EIR 3 = rep(0,length (VAR ml));

for(i in l:length(VAR ml)){
EIR miD = Population Dynamics(E,L,P,A,Beta,pb,De,dl, dp,me, VAR mi[i],op,ma, N, Hdmin, CC) ;
EIRml [ ,i] = {{EIR_mlD[[%]]KSH)*pinfec.h*prev.c*gana.c}; $EIR
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EIR 3[i] = aue(l:354, (EIR ml [ ,i])/554);

}
nead (EIR 3);

plot(EIR 3,type = "1",col="blue",xlab = "Percentage Larvicidal Usage",ylab = "Risk of West Nile Virusz (EIR)"})
title{main=list ("Efficacy of Larvicides on Risk of WHV",col="red", font=1,cex=1.2})

abline(aa,col="kblue", lwd=2);
% 3. LNALYSIS OF EFFICASY OF REPELLENTS

VAR _gono = seq(0.33333,0,length.out = 100};
EIR gono = matrix (0, nrow=MDAY0, ncol=length (VAR gono));
EIR 4 = rep(C,length(VAR gono));

Flfor(i in Zilength (VAR gono)){

EIR gono [ ,i] = ((AdultsfSH}*pinfec.h*prev.c*VAR_gono[i]}: $EIR

EIR 4[i] = auc(l:554, (EIR gono [,i])/354);

-1

nead (EIR_4);

plot (EIR 4, type="1", xlab=" Percentage Repellent usage (%)",col="red", lwd=2,ylab="Risk of WV, (EIR)"):
title(main=list ("Efficacy of Repellent on Risk of WHV" ,font=1,col="red",cex=1.2 }};

# Comparing the efficasy of control interventions
plot (EIR 4, type="l", xlab="Percentage usage of Control Interventionsz (%)",1lwd=2,col="green",ylab="Risk of WV, (EIR)"};
title(main=list ("Comparative Efficacy of Control Interventions
in Rainfall Situation" ,font=1,col="red",cex=1.2 ));
linez (EIR 2, lty=l,lwd=2, col="r=d")
lines(EIR 3, lty=l, col="blue"}

aa = Im(EIR 3~ c(1:100)); #Linear Model function to create a Regressin Model
abline(aa,col="kblue", lwd=2); # Drawing a regression line
legend("topright™, c({"Repellent™,"Adulticide","Larvicide™),inset=0.01, lwd=c(2,Z,2),

col=c("red", "green”, "blue"), lty=c(l,1,1),bty = 'n', cex=0.8});
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Appendix Il: R Function: Load_Data

[HLoad Data = function(Dpath){

#Volume of irrigation water
$»» generating months

$CONSTANTS-DEFINATICN WRT - IRRIGATICH WATER

mon = zeq(l,lZ);

no.days = c{31,28,31,30,31,30,3L,3L,30,31,30,31L); # Nurber days in a month

acreage = ; $ Acreage under irrigation in Bura

squm_acre = 422.40; $ agmm in 1 acre for conversion

m3 m3 = # Convert m3 to mm3

lozs =1; # Imount of water lost after pumping

discharge = 2.7; $c(2.7,2.7,2.7,2.7,2.7,2.7,2.7,2.7,2.7,2.7,2.7,2.7) $43/ 2
hrs ran = c(306,59%,459,0,260,154,237,176,220,325,448,5 # number of hrs on operation

vol m3 = discharge¥hrs ran*3600;

vol mn3 = vol m3*m3 mm3#*loss;
water,land= an_mme{acreage*sqmm_acre};

%1 = read.csv(Dpath, header=TRUE) ;
%2 = x1[match(as.vector (unigue (x18date)),x18date), ] # get only unique days of the year without redundancy
3= chind(day=_:dim(x2)[1],%2);

# UPDATE DATA W.r.t MONTHS OF THE YEAR

date? = mdy(x3§date);
month = month(date?);
3 = chind(x3,month);

print (x3[1:5,1):

# IRRIGATICN WATER AND ALL WATER STATISICS
ir.water = water,land/no.days;

irrig = as.data.frame(ckind(mon,ir.water));
X3 = merge (x3,irrig, by.x="month", by.y="mon"); H
X3 = x3[order (x38day),1;

all.water = as.vector (x38rain) + as.vector(x3§ir.water);

$cat("\n I AM HERE",length(ir.water),"\n\n");
x3<-cbind(x3,all.water);

head(x3); # Print to screen

- return(x3);
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Appendix I11: R Code: Initialize_Parameters

#Initialize_Parameters = funetion () {
#initialisation of vector states

MDLYD = max (x34day)

MDAY1 = MDAYOD-1

#max (x3%day)= 554;

adult.init = 100000;

E =Ew = rep(50,MDRAYD); $ Initial number of eggs

L =Lw = rep(lz0,MDAY0); % Initial number of Larvas

P =Bw = rep(s0, MDRYOD); % Initial number of pupae

L =1Lkw = rep(adult.init, MDAYD):

EIR = EIRw = rep(0,MDRYD);

M =L+ P+ &

MMmin = I0;

# parameters -- culex mosguito population dynamics

Beta = 40 % number of egg3 laid by mosquito per day

De = 0.33; £ eqg hatching rate

me = 0.0 £ per capita daily mortalicy rate of eggs

dl = 0.0 £ development rate of larva

ml = 0.5 £ per capita daily mortality rate of larvae

dp = 0.2; £ pupa development rate

np = Jd; £ per capita daily mortality rate of pupae

ma = 1fe0; # adult mortality rate

cc = 5000000; £ larvas carying capacity

gono.c = 1f3: # culex feeding interval

pinfec.h = 0.28; $ probability of an infection in humanz following infectious bite
pinfec.b 0.88; $ probability of infection in birds following infectious bite
pculex.h 0.125; # probability of infection in culex following bite on infectious human
pculex.b 0.125; $ probability of infection in culex following bite on infectious bird
incub.c = 1/3; $ incubation rate in culex

i.h = 1/3; $ incubation rate in humans

r.h = 1/14; $ recorvery rate in humans

g.h = 1f&0; # rate of lozz of immunity in humans

i.b = 1f14; $ incubation rate in birds

r.b = 1f30; # recorvery rate in birds

g.b = 1f90; $ rate of loss of immunity in birds

gona.c = 1/3; # culex feeding interval

prev.c 0.18 % prevalence of WNV in moaquitoes

SH = 100000;

i
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Appendix IV: R Function: Population_dynamics

Population Dynamics = function(E,L,P,&,Beta,pb,De,dl,dp,me,ml,mp,ma, MM, NMmin, CC) {

-] for (i in 1:MDAEY1){

E[i+1] = E[1i] + (Beta*A[il+*pb[i]*(1-(L[i1/CC))) - (De*E[i]) - (me*(l-pb[i])*E[i]):
L[i+1] = L[i] + (De*E[i]) - (dI*L[i]) - (ml*({1-pb[i])}*L[i]):

F[i+l] = P[i] + (d1*L[i]) - (dp*F[i]) - (mp*(l-pb[i])*F[i]):

A[i+l] = A[i] + (dp*P[i]*C.3)— (ma*h[i]):

MM[i+1]=L[i+1]+P[i+114+A[i+1];

= 1f (MM[i+1]<WNMmin){
LIi+1]=L[i]:
P[i+1]=B[i]:
B[i+1]1=A[il:

POBDYNA = 1list(E,L,B,A,ml,ma,CC);

L return (POBDYHL) ;
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Appendix V: Cumulative_Rainfall

B Cummulative Rainfall = function(x3){

$Fuzzy distribution model rainfall
ul < 0; # lower threshold of unsuitable rainfall conditions (fuzzy distribution model

3 <= 40 # most suitable rainfall conditions (fuzzy distribution model
u <= # upper threshold of unsuitable rainfall conditions (fuzzy distribution model

pb < 0;
pb.adj <- 0;
MORYD = dim(x3)[1]:

Index = %;
Rainfall = rep(0,dim(x3) [11): $ Initialization
= for (i in (Index+l):(lencth(Rainfall)-1)){
Rainfall[i] = sum(as.vector(x38rain) [(i-Index):i]); $ Lzsignment
-}
cat(paste("\n\nTotal length of the rainfall wvector\t - \t",length(Rainfall),™\n\n"));

- for (1 in 1:MDAYO){

E if{ ul<Rainfall[i] & Rainfall[i]<s }{ $fuzzy distribution to determine suitability index(pb)
pb[i] <- (I-{cos(((Rainfall[i])/(=-ul))*(2.14/2))*2))

} else if( (s <= Rainfall[i]) & (Rainfall[i]<= ul) ) {
pb[i] <- cos{((Rainfall[i])/(u2-s))*(3.14/2))*2;

} else {
pb[i] <- 0;

- }

-}

water = rep(C,dim(x3) [1]1); $ Initialization

= for (i in (Index+.):(length(x38all.water)-1)){

water[i] = sum(a3.vector (x38all.water) [ (i-Index):i]): # L=signment
B 1

$Fuzzy model for combined irrigation water and rainfall

= for (1 in 1:MDRYO){

E if{ ul<water[i] & water[i]<s ){ $fuzzy distribution to determine suitability index(pb)
phhadi[i] <- (I-(cos(((water[i])/(s-ul))*(2.14/2))%2))

} else if| (3 < water[i]} & (water[il<u2} ) {
pb.adj[i] <- cos(((water[i])/(uZ-s))*(3.14/2))*%;

} else {
pb.adj[i] <- 0;

-
RPER = list(Rainfall,water,ph,pb.adj);
return (RPER);

-1
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Appendix VI: Meteorology Data. Source: Bura Irrigation scheme

date out_temp  |rain
6/20/2013 26.22 0.2
6/21/2013 26.325 0
6/22/2013 26.325 0
6/23/2013 23.375 4.6
6/24/2013 24.875 0.2
6/25/2013 249917 |0
6/26/2013 27.0889 0.2
6/27/2013 26.3 0
6/28/2013 26.1667 0.2
6/29/2013 25.8917 0
6/30/2013 25.75 0
7/1/2013 25.8333 0
7/2/2013 26.375 0
7/3/2013 25.975 0
7/4/2013 26.225 0
7/5/2013 25.175 0
7/6/2013 25.6917 0
7/7/2013 25.6333 0
7/8/2013 255083 0
7/9/2013 25.4917 0
7/10/2013 249083 0
7/11/2013 24.5667 |0
7/12/2013 24.8833 0
7/13/2013 24.7833 0
7/14/2013 25.05 0
7/15/2013 25.6583 0
7/16/2013 25.75 0
7/17/2013 26.0833 0
7/18/2013 25.8917 0
7/19/2013 25.4417 0
7/20/2013 24.975 0
7/21/2013 25.275 0
7/22/2013 25.5167 |0
7/23/2013 26.075 0
7/24/2013 25.8417 0
7/25/2013 25.0818 0
7/26/2013 25.15 0
7/27/2013 24.6333 0
7/28/2013 259583 |0
7/29/2013 26.3083 0
7/30/2013 25.7167 0.2
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7/31/2013 25.375 0
8/1/2013 25.7917 0
8/2/2013 24.375 0
8/3/2013 24.4917 0.2
8/4/2013 248636 |0
8/5/2013 22.72 0
8/20/2013 29.7429 0
8/21/2013 26.5833 |0
8/22/2013 25.1333 5.2
8/23/2013 26.025 0
8/24/2013 26.15 0
8/25/2013 26.1083 0
8/26/2013 26.3417 0
8/27/2013 25.7667 0
8/28/2013 25.1667 0
8/29/2013 25.4083 0.8
8/30/2013 25.7167 0.2
8/31/2013 26.6455 |0
9/1/2013 28.5714 0.4
9/2/2013 26.275 0
9/3/2013 26.1583 0
9/4/2013 26.3667 0
9/5/2013 26.075 0
9/6/2013 26.65 0
9/7/2013 25.8833 1.6
9/8/2013 26.0417 0
9/9/2013 26.575 0.2
9/10/2013 26.3417 0.6
9/11/2013 258125 |0
9/12/2013 26.3364 |0
9/16/2013 29.3286 |0
9/17/2013 27.71 0
9/18/2013 26.1917 0
9/19/2013 26.225 0
9/20/2013 26.6167 0
9/21/2013 26.9333 |0
9/22/2013 27.1 1
9/23/2013 26.9083 0
9/24/2013 26.45 3.4
9/25/2013 26.825 0
9/26/2013 27.525 0
9/26/2013 27.525 0




9/26/2013 27.525 0
9/26/2013 27.525 0
9/26/2013 27.525 0
9/26/2013 27.525 0
9/26/2013 27.525 0
9/26/2013 27.525 0
9/27/2013 272583 0
9/27/2013 27.2583 0
9/27/2013 27.2583 0
9/27/2013 27.2583 0
9/27/2013 27.2583 0
9/27/2013 27.2583 0
9/27/2013 27.2583 0
9/27/2013 27.2583 |0
9/27/2013 27.2583 |0
9/28/2013 27.075 0
9/28/2013 27.075 0
9/28/2013 27.075 0
9/28/2013 27.075 0
9/28/2013 27.075 0
9/28/2013 27.075 0
9/28/2013 27.075 0
9/28/2013 27.075 0
9/28/2013 27.075 0
9/28/2013 27.075 0
9/28/2013 27.075 0
9/29/2013 27.5667 0
9/29/2013 27.5667 0
9/29/2013 27.5667 0
9/29/2013 27.5667 0
9/29/2013 27.5667 0
9/29/2013 27.5667 0
9/29/2013 27.5667 0
9/29/2013 27.5667 0
9/29/2013 27.5667 0
9/29/2013 27.5667 0
9/29/2013 27.5667 0
9/30/2013 28.5083 0
9/30/2013 28.5083 0
9/30/2013 28.5083 0
9/30/2013 28.5083 0
9/30/2013 28.5083 0
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9/30/2013 28.5083 0
9/30/2013 28.5083 0
10/1/2013 28.4417 3
10/1/2013 28.4417 3
10/1/2013 28.4417 3
10/1/2013 28.4417 3
10/1/2013 28.4417 3
10/1/2013 28.4417 3
10/1/2013 28.4417 3
10/1/2013 28.4417 3
10/1/2013 28.4417 3
10/1/2013 28.4417 3
10/1/2013 28.4417 3
10/2/2013 27.9167 0.4
10/2/2013 27.9167 0.4
10/2/2013 27.9167 0.4
10/2/2013 27.9167 0.4
10/2/2013 27.9167 0.4
10/2/2013 27.9167 0.4
10/2/2013 27.9167 0.4
10/2/2013 27.9167 0.4
10/2/2013 27.9167 0.4
10/2/2013 27.9167 0.4
10/2/2013 27.9167 0.4
10/2/2013 27.9167 0.4
10/2/2013 27.9167 0.4
10/2/2013 27.9167 0.4
10/3/2013 25.5667 4.6
10/4/2013 26.1333 2.2
10/5/2013 26.6083 0
10/6/2013 27.5667 0
10/7/2013 26.9417 0
10/8/2013 27.475 0
10/9/2013 28.1333 0
10/10/2013 27.875 0
10/11/2013 27.1 0.4
10/12/2013 27.9667 0
10/13/2013 28.4583 0
10/14/2013 28.5083 0
10/15/2013 28.05 0
10/16/2013 27.8417 0
10/17/2013 27.9667 0




10/18/2013 28.0917 0
10/19/2013 28.025 0
10/20/2013 27.6833 0
10/21/2013 28.2 0
10/22/2013 28.6083 0
10/23/2013 29.0333 0
10/24/2013 28.9273 1.4
10/25/2013 28.4417 0
10/26/2013 28.4167 0
10/27/2013 28.7333 0
10/28/2013 28.525 0
10/29/2013 28.4083 0
10/30/2013 28.6273 0.2
10/31/2013 28.6636 |0
11/1/2013 29.45 0
11/2/2013 293182 0
11/3/2013 28.8273 0
11/4/2013 28.825 0.8
11/5/2013 28.9667 1
11/6/2013 27.9083 0.4
11/7/2013 26.2917 114
11/8/2013 27.1833 6.2
11/9/2013 28.275 0
11/10/2013 28.3833 0.8
11/11/2013 29.3182 1.4
11/12/2013 29.4167 0
11/13/2013 28.825 0
11/14/2013 29.2083 0
11/14/2013 29.2083 0
11/14/2013 29.2083 0
11/14/2013 29.2083 0
11/14/2013 29.2083 0
11/14/2013 29.2083 0
11/14/2013 29.2083 0
11/14/2013 29.2083 0
11/14/2013 29.2083 0
11/14/2013 29.2083 0
11/14/2013 29.2083 0
11/14/2013 29.2083 0
11/14/2013 29.2083 0
11/15/2013 29.1167 0
11/15/2013 29.1167 0
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11/15/2013 29.1167 0
11/15/2013 29.1167 0
11/15/2013 29.1167 0
11/15/2013 29.1167 0
11/15/2013 29.1167 0
11/15/2013 29.1167 0
11/15/2013 29.1167 0
11/15/2013 29.1167 0
11/15/2013 29.1167 0
11/15/2013 29.1167 0
11/15/2013 29.1167 0
11/15/2013 29.1167 0
11/15/2013 29.1167 0
11/15/2013 29.1167 0
11/16/2013 30.41 0
11/16/2013 30.41 0
11/16/2013 30.41 0
11/16/2013 30.41 0
11/16/2013 30.41 0
11/16/2013 30.41 0
11/16/2013 30.41 0
11/16/2013 30.41 0
11/16/2013 30.41 0
11/17/2013 28.8917 0.8
11/17/2013 28.8917 0.8
11/17/2013 28.8917 0.8
11/17/2013 28.8917 0.8
11/17/2013 28.8917 0.8
11/17/2013 28.8917 0.8
11/17/2013 28.8917 0.8
11/17/2013 28.8917 0.8
11/17/2013 28.8917 0.8
11/18/2013 29.675 0
11/18/2013 29.675 0
11/18/2013 29.675 0
11/18/2013 29.675 0
11/18/2013 29.675 0
11/18/2013 29.675 0
11/18/2013 29.675 0
11/18/2013 29.675 0
11/18/2013 29.675 0
11/19/2013 27.88 0.8




11/19/2013 27.88 0.8
11/19/2013 27.88 0.8
11/19/2013 27.88 0.8
11/19/2013 27.88 0.8
11/19/2013 27.88 0.8
11/19/2013 27.88 0.8
11/19/2013 27.88 0.8
11/19/2013 27.88 0.8
11/19/2013 27.88 0.8
11/20/2013 29.85 0
11/20/2013 29.85 0
11/20/2013 29.85 0
11/20/2013 29.85 0
11/20/2013 29.85 0
11/20/2013 29.85 0
11/20/2013 29.85 0
11/20/2013 29.85 0
11/20/2013 29.85 0
11/20/2013 29.85 0
11/21/2013 29.15 0
11/22/2013 26.85 0
11/28/2013 29.2625 0
11/29/2013 27.3167 4.6
11/30/2013 27.725 1.6
12/1/2013 28.3417 0
12/2/2013 28.5333 |0
12/3/2013 25.7125 0.6
12/4/2013 26.4083 |0
12/5/2013 26.81 0.2
12/6/2013 27.93 0
12/7/2013 28.2333 |0
12/8/2013 29.5714 0
12/9/2013 26.7 0.2
12/10/2013 28.1167 0
12/11/2013 28.1583 |0
12/12/2013 28.3333 |0
12/13/2013 28.2583 |0
12/14/2013 28.25 0
12/15/2013 28.3333 |0
12/16/2013 28.0917 0
12/17/2013 28.5417 0
12/18/2013 28.7833 |0
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12/19/2013 24.68 0
12/20/2013 31.8167 0
12/21/2013 28.8917 0
12/22/2013 28.5083 0
12/23/2013 29.1333 0
12/24/2013 28.7917 0
12/25/2013 29.1833 0
12/26/2013 28.775 0
12/27/2013 28.5083 0
12/28/2013 28.9167 0
12/29/2013 28.8417 0
12/30/2013 28.1083 0
12/31/2013 28.475 0
1/1/2014 28.9917 0
1/2/2014 29.3667 0
1/3/2014 29.1083 0
1/4/2014 29.5917 0
1/5/2014 29.0917 0
1/6/2014 28.9833 0
1/7/2014 29.3083 0
1/8/2014 29.3917 0
1/9/2014 29.5583 0
1/10/2014 28.7583 0
1/11/2014 28.7417 0
1/12/2014 28.5167 0
1/13/2014 29.0417 0
1/14/2014 29.5083 0
1/15/2014 28.975 0
1/16/2014 28.1 0
1/17/2014 28.85 0
1/18/2014 28.9833 0
1/19/2014 28.7333 0
1/20/2014 28.725 0
1/21/2014 28.7 0
1/22/2014 28.15 0
1/23/2014 28.7583 0
1/24/2014 27.9917 0
1/25/2014 27.925 0
1/26/2014 28.4333 0
1/27/2014 25.9625 0
1/28/2014 28.8083 0
1/29/2014 28.9833 0




1/30/2014 294917 0
1/31/2014 29.1167 0
2/1/2014 28.325 0
2/2/2014 29.0917 0
2/3/2014 28.7917 0
2/4/2014 29.5 0
2/5/2014 27.7091 0
2/6/2014 29.3833 0
2/7/2014 29.1083 0
2/8/2014 29.9167 0
2/9/2014 29.3417 0
2/10/2014 29.65 0
2/11/2014 30.1167 |0
2/12/2014 29.5167 |0
2/13/2014 29.8917 0
2/14/2014 299333 0
2/15/2014 29.8417 0
2/16/2014 28.8833 0
2/17/2014 279083 |0
2/18/2014 29.2833 0
2/19/2014 30.0917 |0
2/20/2014 29.3833 0
2/21/2014 29.1727 0
2/22/2014 29.65 0
2/23/2014 29.05 0
2/24/2014 29.55 0
2/25/2014 29.0909 0
2/26/2014 20.7917 0
2/27/2014 29.6083 0
2/28/2014 29.9667 0
3/1/2014 30.1818 0
3/2/2014 30.0667 0
3/3/2014 30.1667 0
3/4/2014 30.5 0
3/5/2014 30.8333 0
3/6/2014 30.3583 0
3/7/2014 29.3 13.4
3/8/2014 29.375 0
3/9/2014 29.6583 0
3/10/2014 283111 0
3/11/2014 30.475 0
3/12/2014 29.35 0
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3/13/2014 29.8917 0
3/14/2014 28.425 10.6
3/15/2014 27.9083 3
3/16/2014 28.8273 0.6
3/17/2014 28.0583 2.6
3/18/2014 27.55 1
3/19/2014 29.2417 0
3/20/2014 29.2333 0
3/21/2014 29.8583 0
3/22/2014 30.2083 0
3/23/2014 30.925 0
3/24/2014 30.9083 0
3/25/2014 30.55 0
3/26/2014 27.3583 10
3/27/2014 27.575 0.2
3/28/2014 29.45 0
3/29/2014 29.4 0
3/30/2014 29.0923 0
3/31/2014 29.4 0.4
4/1/2014 29.2818 0
4/2/2014 31.6667 0
4/3/2014 29.7833 0
4/4/2014 31.51 0
4/5/2014 30.7 0
4/6/2014 29.6636 0
4/7/2014 27.0667 3.4
4/8/2014 28.8 0.4
4/9/2014 28.6083 0
4/10/2014 28.2 2
4/11/2014 28.4917 0
4/12/2014 28.4083 3.4
4/13/2014 27.8333 5.2
4/14/2014 27.7333 3.6
4/15/2014 28.3 0
4/16/2014 28.6417 0
4/17/2014 27.2917 0
4/18/2014 28.325 0
4/19/2014 27.2167 0.8
4/20/2014 29.325 0
4/21/2014 29.6583 0
4/22/2014 30.1167 0
4/23/2014 28.2417 11.4




4/24/2014 28.7667 0
4/25/2014 29.6667 0
4/25/2014 29.6667 0
4/25/2014 29.6667 0
4/25/2014 29.6667 0
4/25/2014 29.6667 0
4/25/2014 29.6667 0
4/25/2014 29.6667 0
4/25/2014 29.6667 0
4/26/2014 29.6583 0
4/26/2014 29.6583 0
4/26/2014 29.6583 0
4/26/2014 29.6583 |0
4/26/2014 29.6583 |0
4/26/2014 29.6583 |0
4/26/2014 29.6583 |0
4/26/2014 29.6583 |0
4/26/2014 29.6583 |0
4/26/2014 29.6583 |0
4/26/2014 29.6583 |0
4/26/2014 29.6583 |0
4/26/2014 29.6583 |0
4/26/2014 29.6583 |0
4/26/2014 29.6583 0
4/26/2014 29.6583 0
4/26/2014 29.6583 0
4/26/2014 29.6583 0
4/26/2014 29.6583 0
4/26/2014 29.6583 0
4/26/2014 29.6583 0
4/27/2014 29.675 0
4/27/2014 29.675 0
4/27/2014 29.675 0
4/27/2014 29.675 0
4/27/2014 29.675 0
4/27/2014 29.675 0
4/28/2014 29.7 0
4/28/2014 29.7 0
4/28/2014 29.7 0
4/28/2014 29.7 0
4/28/2014 29.7 0
4/28/2014 29.7 0
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4/28/2014 29.7 0
4/28/2014 29.7 0
4/28/2014 29.7 0
4/28/2014 29.7 0
4/28/2014 29.7 0
4/28/2014 29.7 0
4/28/2014 29.7 0
4/29/2014 29.8455 0
4/29/2014 29.8455 0
4/29/2014 29.8455 0
4/29/2014 29.8455 0
4/29/2014 29.8455 0
4/29/2014 29.8455 0
4/29/2014 29.8455 0
4/29/2014 29.8455 0
4/29/2014 29.8455 0
4/29/2014 29.8455 0
4/29/2014 29.8455 0
4/29/2014 29.8455 0
4/29/2014 29.8455 0
4/29/2014 29.8455 0
4/29/2014 29.8455 0
4/30/2014 30.7778 0
4/30/2014 30.7778 0
4/30/2014 30.7778 0
4/30/2014 30.7778 |0
4/30/2014 30.7778 |0
4/30/2014 30.7778 0
4/30/2014 30.7778 |0
4/30/2014 30.7778 0
4/30/2014 30.7778 |0
4/30/2014 30.7778 0
4/30/2014 30.7778 |0
5/1/2014 29.45 0
5/2/2014 25.3 2
5/3/2014 28.1 0
5/4/2014 28.7917 0
5/5/2014 27.65 0
5/6/2014 25.0083 1.
5/7/2014 27.4 0
5/8/2014 28.3083 0
5/9/2014 27.2167 0




5/10/2014 27.875 0
5/11/2014 28.725 0
5/12/2014 28.2143 |0
5/13/2014 28.46 0
5/14/2014 26.8 0
5/15/2014 26.4875 0
5/16/2014 27.91 0
5/20/2014 27.94 0
5/21/2014 27.2167 0
5/22/2014 27.05 0
5/23/2014 27.55 0
5/24/2014 27.375 0
5/25/2014 26.4083 0
5/26/2014 25.775 0
5/27/2014 27.3333 0
5/28/2014 27.5083 0
5/29/2014 27.1 0
5/30/2014 27.2833 0
5/31/2014 27.3083 0
6/1/2014 27.475 0
6/2/2014 28.2167 0
6/3/2014 28.375 0
6/4/2014 25.6667 0.
6/5/2014 26.7167 0
6/6/2014 27.35 0
6/7/2014 26.425 0.
6/8/2014 26.7083 |0
6/9/2014 27.05 0
6/10/2014 26.7417 0
6/11/2014 27.2167 0
6/12/2014 24.8 0
6/13/2014 27.9571 0
6/14/2014 26.3833 |0
6/15/2014 26.85 0
6/16/2014 26.95 0
6/17/2014 27.2667 0
6/18/2014 26.75 0
6/19/2014 26.35 0
6/20/2014 26.7 0
6/21/2014 26.3583 0
6/22/2014 25.4833 0.4
6/23/2014 254583 |14

6/24/2014 24.8 1.4
6/25/2014 25.8667 |0
6/26/2014 26.4083 |0
6/27/2014 26.7917 |0
6/28/2014 27.0417 |0
6/29/2014 26.05 0
6/30/2014 26.3917 |0
7/1/2014 26.2083 |0
7/2/2014 26.65 0
7/3/2014 26.4 0
7/4/2014 26.1083 |0
7/5/2014 26.0167 |0
7/6/2014 26.325 0
7/7/2014 26.7333 0
7/8/2014 26.425 0
7/9/2014 26.075 0
7/10/2014 26.3667 0
7/11/2014 25.3833 0
7/12/2014 25.9 0
7/13/2014 25.9167 0
7/14/2014 25.8083 0
7/15/2014 26.25 0
7/16/2014 25.9667 0
7/17/2014 25.8417 0
7/18/2014 25.8917 0
7/19/2014 26.7 0
7/20/2014 26.85 0
7/21/2014 26.4833 |0
7/22/2014 26.6333 |0
7/23/2014 26.6917 0
7/24/2014 26.575 0
7/25/2014 26.2333 0
7/26/2014 25.8583 0
7/27/2014 25.95 0
7/28/2014 26.3667 |0
7/29/2014 26.6 0
7/30/2014 26.3 4.2
7/31/2014 23.5417 10
8/1/2014 25.1083 |0
8/2/2014 25.9917 0
8/3/2014 25.7417 0
8/4/2014 26.25 0




8/5/2014 25.975 0
8/6/2014 25.325 0
8/7/2014 25.6583 0.6
8/8/2014 26.0667 0
8/9/2014 25.875 0
8/10/2014 26.1 0
8/11/2014 26.25 0
8/12/2014 25.7667 1.4
8/13/2014 25.8 0
8/14/2014 264917 0
8/15/2014 26.9889 0
8/16/2014 26.525 0
8/17/2014 25.05 0
8/18/2014 259583 0
8/19/2014 26.2417 0.6
8/20/2014 26.2917 |0
8/21/2014 26.6583 |0
8/22/2014 26.9917 |0
8/23/2014 26.9167 |0
8/24/2014 26.65 0
8/25/2014 26.9167 |0
8/26/2014 27.0667 |0
8/27/2014 27.3083 |0
8/28/2014 27.375 0
8/29/2014 27.8167 0
8/30/2014 27.325 1.4
8/31/2014 26.625 0
9/1/2014 26.825 0
9/2/2014 27.0667 0
9/3/2014 26.55 0
9/4/2014 26.8667 0
9/5/2014 25.7417 0.4
9/6/2014 24.0917 4.2
9/7/2014 26.6917 0
9/8/2014 26.25 1
9/9/2014 26.75 0
9/10/2014 255333 0
9/11/2014 283111 0
9/12/2014 27.0667 0
9/13/2014 272333 |0
9/14/2014 275833 0
9/15/2014 249667 |4
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9/16/2014 265583 |0
9/17/2014 26.425 |0
9/18/2014 265917 |0
9/19/2014 26675 |0
9/20/2014 26.725 |0
9/21/2014 26.9083 |0
9/22/2014 26.6667 |0
9/23/2014 27.0083 |0
9/24/2014 26375 |0
9/25/2014 26975 |0
9/26/2014 271667 |0
9/27/2014 272 0
9/28/2014 27.9083 |0
9/29/2014 28.1 0
9/30/2014 27.8 0
10/1/2014 27825 |0
10/2/2014 285833 |0
10/3/2014 28.8167 |0
10/4/2014 28.6083 |0
10/5/2014 273833 |0
10/6/2014 259417 0.8
10/7/2014 247583 1.2
10/8/2014 272583 0.2
10/9/2014 28525 |0
10/10/2014 283167 |0
10/11/2014 281833 [0
10/12/2014 27.75 0
10/13/2014 28.15 0
10/14/2014 281333 [
10/15/2014 283833 |0
10/16/2014 28.75 0
10/17/2014 293333 |0
10/18/2014 204167 |0
10/19/2014 26.7083 208
10/20/2014 282833 [0.2
10/21/2014 283833 |0
10/22/2014 28675 [0
10/23/2014 287833 [0
10/24/2014 284833 [0
10/25/2014 20375 [
10/26/2014 200833 [0
10/27/2014 28.8917 |0




10/28/2014 29 0
10/29/2014 28.125 0
10/30/2014 29.0667 0
10/31/2014 29.7833 0
11/1/2014 29.175 0.2
11/2/2014 27.0833 0.6
11/3/2014 27.8417 23.4
11/4/2014 28.9333 0
11/5/2014 28.5083 0
11/6/2014 28.7083 0
11/7/2014 28.7083 0
11/8/2014 28.7333 0
11/9/2014 28.4333 0
11/10/2014 28.35 0
11/11/2014 27.325 0
11/12/2014 28.27 0
11/13/2014 28.525 49.8
11/14/2014 26.2 38
11/15/2014 24.16 0
11/16/2014 26.1 0
11/17/2014 27.5 1.8
11/18/2014 28.4 0
11/19/2014 26.4889 3.2
11/20/2014 28.27 0
11/21/2014 24.8778 66.6
11/22/2014 26.1222 0
11/23/2014 27.93 0
11/24/2014 28.05 0
11/24/2014 28.05 0
11/24/2014 28.05 0
11/24/2014 28.05 0
11/24/2014 28.05 0
11/24/2014 28.05 0
11/24/2014 28.05 0
11/24/2014 28.05 0
11/24/2014 28.05 0
11/24/2014 28.05 0
11/24/2014 28.05 0
11/24/2014 28.05 0
11/24/2014 28.05 0
11/24/2014 28.05 0
11/24/2014 28.05 0
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11/25/2014 28.8091 0
11/25/2014 28.8091 0
11/25/2014 28.8091 0
11/26/2014 25.3 0
11/26/2014 25.3 0
11/26/2014 25.3 0
11/26/2014 25.3 0
11/27/2014 27.35 0
11/27/2014 27.35 0
11/27/2014 27.35 0
11/27/2014 27.35 0
11/27/2014 27.35 0
11/27/2014 27.35 0
11/27/2014 27.35 0
11/28/2014 27.94 0
11/28/2014 27.94 0
11/28/2014 27.94 0
11/28/2014 27.94 0
11/28/2014 27.94 0
11/28/2014 27.94 0
11/28/2014 27.94 0
11/28/2014 27.94 0
11/28/2014 27.94 0
11/28/2014 27.94 0
11/28/2014 27.94 0
11/28/2014 27.94 0
11/28/2014 27.94 0
11/28/2014 27.94 0
11/28/2014 27.94 0
11/28/2014 27.94 0
11/29/2014 27.75 0
11/29/2014 27.75 0
11/29/2014 27.75 0
11/29/2014 27.75 0
11/29/2014 27.75 0
11/29/2014 27.75 0
11/29/2014 27.75 0
11/29/2014 27.75 0
11/29/2014 27.75 0
11/30/2014 26.9333 0
11/30/2014 26.9333 0
11/30/2014 26.9333 0




11/30/2014 269333 o
11/30/2014 269333 o
11/30/2014 269333 o
11/30/2014 269333 0
11/30/2014 269333 o
12/1/2014 305 0
12/1/2014 305 0
12/1/2014 305 0
12/1/2014 305 0
12/1/2014 305 0
12/1/2014 305 0
12/1/2014 305 0
12/1/2014 305 0
12/2/2014 26.85 1.8
12/2/2014 26.85 1.8
12/2/2014 26.85 1.8
12/2/2014 26.85 1.8
12/2/2014 26.85 1.8
12/2/2014 26.85 1.8
12/2/2014 26.85 1.8
12/2/2014 26.85 1.8
12/2/2014 26.85 1.8
12/2/2014 26.85 1.8
12/3/2014 26.1 0.6
12/412014 239333 o
12/5/2014 30.1333 |
12/6/2014 265 0
12/7/2014 26.2222  [1.8
12/8/2014 27.9 0
12/9/2014 274 0
12/10/2014 26.7 0
12/11/2014 269091 1.8
12/12/2014 27 0.4
12/13/2014 278286 |0
12/14/2014 26.6375 |0
12/15/2014 24.38 0
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12/16/2014 23 0
12/17/2014 27.5 0
12/18/2014 28.75 0
12/19/2014 0
12/20/2014 29.75 0
12/21/2014 0
12/22/2014 29.95 0
12/23/2014 28.1571 0
12/24/2014 27.37 0
12/25/2014 27.84 0
12/26/2014 28.5583 0
12/27/2014 28.525 0
12/28/2014 28.6583 0
12/29/2014 27.0917 0
12/30/2014 26.82 0
12/31/2014 26.84 0
1/1/2015 26.56 0
1/2/2015 22.9333 0
1/6/2015 29.125 0
1/7/2015 27.8417 0
1/8/2015 27.8 0
1/9/2015 28.7333 0
1/10/2015 27.875 0
1/11/2015 28.0917 0
1/12/2015 29.7833 0
1/13/2015 28.6917 0
1/14/2015 285833 0
1/15/2015 28.2 0
1/16/2015 28.375 0
1/17/2015 28.5 0
1/18/2015 28.2583 0
1/19/2015 28.2917 0
1/20/2015 27.9 7
1/21/2015 28.0083 |0
1/22/2015 24.5 0




