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ABSTRACT

Although many mosquito species develop within agricultural landscapes where they are
potentially exposed to agricultural chemicals (fertilizers and pesticides), the effects of
these chemicals on mosquito biology remain poorly understood. This study investigated
the effects of sublethal concentrations of four agricultural chemicals on the oviposition
site selection and on life history traits of Anopheles arabiensis and Culex
quinquefasciatus mosquitoes. Field and laboratory experiments were conducted to
examine how sublethal concentrations of four agricultural chemicals: an insecticide
(cypermethrin), a herbicide (glyphosate), and two nitrogenous fertilizers (ammonium
sulfate and diammonium phosphate) alter oviposition site selection, emergence rates,
development time, adult body size, and longevity of An. arabiensis and Cx.
quinquefasciatus. Both mosquito species had preference to oviposit in fertilizer
treatments relative to pesticide treatments. Emergence rates for An. arabiensis were
significantly higher in the control and ammonium sulfate treatments compared to
cypermethrin treatment (P = 0.009), while emergence rates for Cx. quinquefasciatus
were significantly higher in the diammonium phosphate treatment compared to
glyphosate and cypermethrin treatments (P = 0.007). For both mosquito species,
individuals from the ammonium sulfate and diammonium phosphate treatments took
significantly longer time to develop compared to those from cypermethrin and
glyphosate treatments (P < 0.001). Although not always significant, males and females
of both mosquito species tended to be smaller in the ammonium sulfate and
diammonium phosphate treatments compared to cypermethrin and glyphosate
treatments. There was no significant effect of the agrochemical treatments on the
longevity of either mosquito species (An. arabiensis (P = 0.21); Cx. quinquefasciatus (P
= 0.55).These results demonstrate that the widespread use of agricultural chemicals to
enhance crop production can have unexpected effects on the spatial distribution and

abundance of mosquito vectors of malaria and lymphatic filariasis.
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CHAPTER ONE

INTRODUCTION AND BACKGROUND

1.1 Introduction

Mosquitoes are blood sucking insects that not only cause biting nuisance but also
transmit a variety of debilitating and life threatening parasites and pathogens to humans,
domestic animals, and wildlife. These include malaria, lymphatic filariasis (LF),
dengue, Rift Valley fever among others. Malaria is by far the most important vector-
borne disease, affecting more than 300 million people with 627,000 fatalities annually

(World Health Organization, 2015).

Further, despite ongoing control efforts, lymphatic filariasis (LF) continues to be a
major public health challenge in Africa, where more than 50 million cases are reported
each year, accounting for one-third of the global burden (Mbutolwe et al., 2013). Over
the past few decades, mosquito-borne viruses that were thought to be unimportant or
previously contained such as dengue, Chikungunya, West Nile and Zika viruses have

emerged to become a global public health challenge.

Agricultural intensification by use of irrigation, synthetic fertilizers, and pesticides is
considered a key factor in the changing dynamics of mosquito-borne diseases. These
agricultural activities have been shown to modify the ecology of major mosquito
vectors via diverse ecological pathways. Irrigation and use of fertilizers promote
mosquito production by creating new and suitable breeding sites for mosquitoes
(Mutero et al., 2004a, Mutero et al., 2004b, Muturi et al., 2007) while pesticide use in
agriculture may not only select for insecticide resistance in the vectors (Muller et al.,
2008) but also may enhance mosquito production by eliminating mosquito predators
and competitors (Muturi et al., 2007). Alternatively, pesticide use in agriculture may
influence disease transmission by altering the life history traits of vector mosquitoes.

1



Although many mosquito species including the primary vectors of malaria (Anopheles
gambiae and An. arabiensis) and one of the major vectors of LF and arboviruses (Culex
quinquefasciatus) are known to breed in artificial water bodies created by irrigation, and
are frequently exposed to synthetic fertilizers and pesticides, we have a limited
understanding of how these chemicals influence the life history traits of these vectors.
To address this significant knowledge gap, a series of field and laboratory experiments
were conducted to determine how Amnopheles arabiensis and Culex quinquefasciatus
mosquitoes respond to two commonly used pesticides (cypermethrin and glyphosate)

and two commonly used fertilizers (ammonium sulfate and diammonium phosphate).

This was examined by quantifying several life history traits including oviposition site
selection, development time, emergence rates, body size, and longevity. Culex.
quinquefasciatus is a major worldwide vector of LF (Muturi et al., 2006a, Muturi et al.,
2006b; Mwandawiro et al., 1997) while An. arabiensis is an important vector of both
malaria and LF and has become the most dominant malaria vector in areas where
insecticide-treated bed nets and indoor residual spraying have been implemented
(Bayoh et al., 2010; Mwangangi et al., 2013). This study tested the hypotheses that:
fertilizer and pesticide treatments alter oviposition site selection of the two mosquito
species; and agrochemical treatments would differentially affect the development time,

emergence rates, adult body size and longevity of the two mosquito species.

1.2 Statement of the problem

Given the widespread use of agricultural chemicals in irrigation agriculture, mosquito
larvae are likely to be exposed to both lethal and sublethal concentrations of insecticide
and inorganic fertilizers that may directly or indirectly affect aspects of mosquito

biology relevant to transmission of pathogens.

Already, there are concerns that repeated exposure of mosquitoes to different kinds of
insecticides is selecting for resistance among important disease vectors (Diabate et al.,

2



2002, Boyer et al., 2006) and considerable efforts have been directed at elucidating the
molecular basis of resistance mechanisms (Harris et al., 2010, Ranson et al., 2011).
There are also concerns in the short term, whether the effects of insecticides and
inorganic fertilizers alter adult mosquito fitness and oviposition biology, but this area of
research has rarely been the subject of investigation and very little is known about how

these chemicals affect vector ecology.

1.3 Justification

Agricultural activities can influence mosquito ecology and the risk of mosquito-borne
diseases by influencing the choice of mosquito oviposition sites by gravid mosquitoes
as well as subsequent development of the aquatic stages of vector mosquitoes (Muturi et
al., 2007). In such situations, a clear understanding of how agrochemicals influence
mosquito life history traits needs to be studied, because it may form a basis for
designing integrated mosquito vector control management strategies through farm-
based and possibly farmer-managed intervention strategies. For instance, it can be used
in development of “attract — and — kill vector control strategy or be used to develop
policies that enhance food production while alleviating negative impacts of agriculture

on human health.

1.4 Null Hypothesis

Sublethal concentrations of agricultural chemicals (cypermethrin, glyphosate,
diammonium phosphate and ammonium sulfate) have no effect on oviposition site

selection and on offspring history of mosquito vectors in central Kenya.



1.5 Research questions

1. What is the effect of agricultural chemicals (cypermethrin, glyphosate,
ammonium sulfate and diammonium phosphate) on oviposition site selection

by An. arabiensis and Cx. quinquefasciatus?

2. What role is played by the insecticide cypermethrin, the herbicide, glyphosate
and the inorganic fertilizers ammonium sulfate and diammonium phosphate on
the emergence rate, development time, longevity and adult size of An. arabiensis

and Cx. quinquefasciatus?

1.6 Objectives of the Study

1.6.1 General objective

To determine the effect of sublethal concentrations of agricultural chemicals
(insecticide cypermethrin, herbicide glyphosate and inorganic fertilizers ammonium
sulfate and diammonium phosphate) on the oviposition site selection and on offspring
history of mosquito vectors (Anopheles arabiensis and Culex quinquefasciatus) in

Mwea rice irrigation scheme, in central Kenya..

1.6.2 Specific objectives

1. To determine the effect of insecticide cypermethrin, herbicide, glyphosate and
inorganic fertilizers ammonium sulfate and diammonium phosphate on
oviposition site selection by An. arabiensis and Cx. quinquefasciatus.

2. To elucidate the role of insecticide cypermethrin, herbicide, glyphosate and
inorganic fertilizers ammonium sulfate and diammonium phosphate on the
emergence rate, development time, longevity and adult size of An. arabiensis

and Cx. quinquefasciatus.



CHAPTER TWO

LITERATURE REVIEW

2.1 Introduction

Mosquitoes transmit some of the most devastating infectious diseases including malaria,
lymphatic filariasis (LF), and dengue. Transmission of these diseases is largely
influenced by mosquito distribution, abundance, and fitness, which are in turn
dependent on the quality of aquatic habitats where egg hatch and larval development
occurs (Alto et al., 2005; Reiskind &Lounibos, 2009). Because mosquitoes do not
provide parental care to their offspring, natural selection should favor the ability of
gravid females to select aquatic habitats that maximize egg hatch and offspring fitness
(Reiskind &Wilson, 2004). This process requires complex integration of biological,
chemical, and physical cues by gravid females (Bentley &Day, 1989). Chemical
contaminants can potentially disrupt this process by modifying the quality and
attractiveness of the aquatic habitats and vector biologists are faced with the challenge
of determining the impact of these chemicals on mosquito ecology, behavior, and ability

to transmit pathogens.

Agrochemicals (fertilizers and pesticides) are one of the major classes of chemical
contaminants that can potentially affect mosquito oviposition behavior and offspring
fitness. Every year, an estimated 2.4 million tons of pesticides (Grube et al., 2011) and
180.1 million tons of fertilizers (Food and Agricultural Organisation (FAO), 2012) are
used worldwide to improve crop production and human health. The extensive use of
these chemicals has led to their recurrent detection in many surface waters (Bogardi et
al., 1991; Gilliom et al., 2007) increasing the potential for aquatic communities to be

exposed to these chemicals. Immature stages (larvae and pupae) of many mosquito
5



species including the vectors of malaria and LF develop in a variety of ephemeral and
permanent water bodies situated within agricultural areas where they are potentially
exposed to agrochemicals that are either applied to these farmlands or transported from
nearby farmlands through spray drift, surface runoff, and/or leaching. However, despite
the notable potential for mosquitoes to be exposed to agrochemicals, the implications of
agrochemical use on the ecology and behavior of major vectors remains poorly

understood.

2.2 Environmental impact of irrigated agriculture

2.2.1 Irrigation water

Irrigation has arguably contributed significantly to poverty alleviation, food security
and improving the quality of life for rural populations (Smith, 2004) (see figure 2.1).
However, in the past two decades the performance of irrigation projects in sub-Saharan
Africa has greatly declined (Kikuchi et al., 2005). Environmental factors and adverse
human health impacts have been a prominent cause for the dismal performance of many

schemes (Oomen et al., 1990).

The environmental and human health aspects of irrigation schemes are closely
interrelated and need to be considered in tandem. It is the changes in the environment
together with the associated socio-economic change, which results in changes in health
of the local populations. Irrigation schemes may affect the environment directly or
indirectly by; modifying the river flow regimes, depleting the groundwater,
sedimentation effects, soil salinization, waterlogging, water contamination and
biological effects (Adams, 1992; Kay, 1999). Furthermore, water- related projects may
aggravate the problem of mosquito-borne disease by increasing the number of larval
habitats and extending the duration of transmission season (Oomen et al., 1990) (see
figure 2.1). However the potential environmental impacts and healthy consequences are

rarely considered and the impacts of many thousands of water projects are unclear.
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In Cameroon, the development of hundreds of small agro-pastoral dams led to a rapid
spread of schistosomiasis (Ripert &Raccurt, 1987). Similarly, in Ethiopia, the
construction of small dams in Trigray has led to malaria outbreaks, where previously
there were none (Ghebreyesus et al,, 1999). Past literature strongly indicate that the
development, management and operation of water projects have a history of modifying
the frequency and transmission dynamics of malaria and other mosquito transmitted
pathogens in sub-Saharan Africa (Mutero et al., 2004b). This therefore urgently calls
for the need to take environmental and health considerations into account as part of

ensuring sustainable development.

*Food
security

. *Increased risk of malaria
+% and lymphaticfilariasis

*Employment

Figure 2.1: Relationship between irrigated agriculture and mosquito-borne

diseases



2.2.2 Inorganic nitrogenous fertilizers

Agricultural application of nitrogenous fertilizers is a major source of nitrate
contamination of aquatic systems. In many countries, nitrate concentration in surface
and ground water ranges from 5 mg/L to > 100 mg/L, and due to its high solubility in
water, nitrate has high mobility in the environment (Bogardi et al., 1991). High levels of
nitrates may promote mosquito production by enhancing proliferation of algal bloom
and other microbial assemblages that serve as food for mosquito larvae (Sunish et al.,

1998; Victor &Reuben, 2000).

Fertilizer application may also alter the physical and chemical properties of the aquatic
habitats making them attractive oviposition sites for mosquitoes (Mutero et al., 2004a;
Muturi et al., 2007; Sunish et al., 2003). This may explain why fertilizer application in
rice fields is often associated with dramatic increase in mosquito larval populations
(Mutero et al.,, 2004a; Muturi et al., 2007; Victor &Reuben, 2000). However,
experimental studies to decipher the impact of nitrogenous fertilizers on
epidemiologically relevant mosquito life history traits in the absence of other

confounding factors are lacking.

2.2.3 Pesticides

Pesticides may also affect mosquito populations and communities both directly and
indirectly. When initially applied, pesticides have lethal effects but can break down over
time and switch from being lethal to sublethal and eventually to having no effects
(Relyea & Hoverman, 2006). A shift in pesticide concentrations from lethal to sublethal
is clearly demonstrated by the rapid reduction in mosquito larvae and their predators
after pesticide application, followed by the resurgence of mosquito populations
thereafter since they recover faster than their predators (Roger et al., 1994; Muturi et

al.,2011a).



Lethal concentrations of pesticide may produce compensatory effects by killing a
fraction of the population and releasing the survivors from larval competition (Juliano,
2007; Muturi et al., 2010a). Conversely, insights from other aquatic insects and
amphibians suggest that sublethal concentrations of insecticides can cause
morphological, behavioral, and physiological impairments (Campero et al., 2007,
Pestana et al., 2009a; Pestana et al., 2009b; Relyea, 2012; Woodley et al., 2015) that
can become more deleterious when presented in a community context (i.e. in the
presence of other environmental stressors)(Relyea, 2003; Relyea, 2004; Woodley et al.,

2015).

Similar effects have been reported in Culex and Aedes mosquitoes where larval
exposure to certain pesticides alters their emergence rates, development time, longevity,
body size, sex ratio, and vector competence (Bara et al., 2014; Muturi & Alto, 2011;
Muturi et al., 2011a; Muturi et al., 2010a; Muturi et al., 2011b). In addition, Culex
mosquitoes preferred to oviposit in carbaryl-contaminated pools while Anopheles
mosquitoes had no preference for either control or carbaryl-contaminated treatments
(Vonesh & Buck, 2007). Despite this review of literature, a better understanding of
how anthropogenic chemical contaminants influence mosquito ecology and biology is

needed.

2.2.4 Environmental levels of agrochemicals (ammonium sulfate, diammonium

phosphate, cypermethrin and glyphosate)

Ammonium sulfate [(NH4)2SO4] and diammonium phosphate [(NH4)2HPO4] are
inorganic fertilizers that are commonly used to supplement the soil with three basic
elements that are essential for plant growth nitrogen, sulfur and phosphorus. The annual
world demand for nitrogen and phosphate fertilizers stands at 113.1 and 42.7 million
tons, respectively and is expected to increase over the next two years (Food and

Agricultural Organisation (FAO), 2015). These nutrients are important sources of
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ground and surface water pollution. Nitrate concentrations in water bodies near
intensively cultivated and fertilized areas can be greater than 100 mg/l (George, 1987)

while that of phosphate can be as high as 9.45 mg/l (Belagali, 2012).

Cypermethrin is a pyrethroid insecticide applied as an ultra-low volume spray to control
insects in both large-scale commercial agriculture and small-scale agricultural settings.
Pyrethroids are increasingly replacing organophosphates and carbamates in agriculture
because of their effectiveness, lower application rates, and lower toxicity to mammals
(Solomon et al., 2001). Up to 3,114 pg/l of permethrin have been observed in water
bodies (Norris et al., 1983).

The herbicide glyphosate is of particular interest to understanding the consequences of
pesticide use on pathogen transmission because of its widespread and abundant use
(Kelly et al., 2010). By volume, it is one of the most widely used herbicides and is
commonly used for agriculture, horticulture, viticulture and silviculture purposes, as
well as garden maintenance (Garthwaite et al., 2010). Glyphosate is absorbed through
foliage and minimally through roots and translocated throughout the plant (Franz et al.,
1997). Its primary action is blocking an enzyme that plants need to make aromatic

amino acids and proteins thus killing the plants within days (Della-cioppa et al., 1986).

Worldwide, around 650,000 tons of glyphosate products were used in 2011 (CCM,
2011). Glyphosate use has continued to increase largely due to the production of
genetically modified crops and is expected to double by 2017 (Global Industry Analyst,
2011). The maximum concentration of glyphosate observed in water bodies is 5,200

ng/l (Edwards et al., 1980).

As such, the use of chemicals in agriculture presents global alarm particularly for sub-
Saharan Africa where irrigated agriculture is rampant, this is especially so because little

is known about the effects of these chemicals on mosquito ecology and behavior.
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2.3 Mosquito lifecycle

Mosquitoes (Diptera; Culicidae) are holometabolous insects which undergo a complete
metamorphosis in their life history. They go through four separate and distinct stages of
the life cycle: Egg, Larva, Pupa, and adult (Fig. 2.2). It normally takes between 7-14
days for an egg to develop into an adult, if weather conditions are suitable for mosquito
development (Capinera, 2008). The first three stages occur in water, but the adult is an
active flying insect. Eggs are laid singly (Anopheles) or attached together to form
“rafts” (Culex, Coquillettidina) on water surface or on damp soil that will be flooded

(Becker et al., 2010).

Most eggs hatch within 48 hours. Larvae (wrigglers) lives in water and feeds on
microorganisms and organic matter. Larvae molts four times; most species surface to
breathe air (Smith et al., 2013). During the fourth molt the larva changes to pupa. The
pupal stage is a resting, non-feeding stage of development where the juvenile develops
into an adult. Pupae are mobile responding to light changes and moving with a flip of
their tails towards the bottom or protective areas. The pupal skin splits after about two
days and the adult emerges (Smith et al., 2013). The newly emerged adult rests on the
surface of the water for a short time to allow its body parts to harden. The wings have to
spread out and dry before it can fly to find food and mate. How long each stage lasts

depends on both temperature and species characteristics.

Adult mosquitoes can feed and reproduce for several weeks before dying (Le Menach et
al., 2005). During this time female mosquitoes require one or more blood meals every
2-3 days in order to mature eggs after mating (Godfray, 2013; Minakawa et al., 1999).
Male mosquitoes feed exclusively on plant sugars (Smith ez al., 2013). The requirement
for a blood meal makes the mosquitoes medically the most important group of insects
(Okwa et al., 2007; Thielman & Hunter, 2007), transmitting a number of diseases and
causing great health problems (Araujo ef al., 2012). Since survival rate of the vector is

one of the key factors for transmission dynamics, it is important to understand mosquito
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ecology and population dynamics (Smith et al, 2013). Despite intensively ongoing
research on mosquito ecology, relatively little is known about how agrochemicals

influence mosquito life history traits.

Figure 2.2: Mosquito lifecycle. Source: (Muturi et al, 2010a)

2.4 Mosquito-borne diseases

2.4.1 Malaria

Malaria is still by far the world’s most important vector-borne disease (Becker et al.,
2010), affecting more than 300 million people with 627,000 fatalities annually, more
specifically in children under age of 5 years (WHO, 2015). Nearly 40% of the world’s
population lives in regions where malaria is endemic with the highest mortality at 85-

90% occurring in the sub- Saharan Africa (Speight et al., 2008, WHO, 2015).



Human malaria is caused by a parasitic protozoan from the genus plasmodium,
(Bomblies, 2009) which are transmitted among humans by female mosquitoes of the
genus Anopheles (Muriu et al., 2013, Sinka et al, 2013). Mosquito reproductive
success is reflected by the fitness and amount of emerging adults, determining vector
density, biting rate and life expectancy (Himeidan & Kweka, 2012). These influence
vectorial capacity which determines the stability and intensity of disease transmission

(Kiszewski et al., 2004).

Substantial progress has been made globally to control and eliminate malaria, but it
continues to be a significant public health problem with roughly 3.2 billion people
worldwide at risk of the disease. To achieve sustainable control over malaria, healthcare
professionals will need a combination of new approaches and tools, and research will

play a critical role in development of those next-generation strategies.

2.4.2 Lymphatic filariasis

Lymphatic filariasis, commonly known as elephantiasis, is a neglected tropical disease.
Over 947 million people in 54 countries worldwide remain threatened this disease, and
require preventive chemotherapy to stop the spread of this parasitic infection (WHO,
2013). In 2012 over 67 million people were infected, with about 36 million disfigured
and incapacitated by the disease (WHO, 2013). Globally, an estimated 19 million men
suffer with genital disease (hydrocele) and over 15 million people , mostly women, are

afflicted with lymphedema or elephantiasis of the leg (WHO, 2013)

Lymphatic filariasis caused by infection with thread-like worms called nematodes of the
family Filarioidea: 90% of infections are caused by Wuchereria bancrofti and the
remainder by Brugia spp.(Ottesen et al., 1997). In 1995, WHO ranked LF as the second
leading cause of disability worldwide after mental illness (WHO, 1995). The parasites

are transmitted to humans through mosquitoes (Culex, Anopheles and Aedes) (Michael
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et al., 1996). Infection is usually acquired in childhood causing hidden damage to the

lymphatic system.

The most noted characteristic of this disease is the profuse enlargement of one or both
limbs, one or both breasts in women, areas of the face, and genital area due to fluid
accumulation and lodging of the parasites in the human lymphatic system (WHO,
2013). Despite ongoing control efforts, LF continues to be a major public health
challenge in Africa, where more than 50 million cases are reported each year,
accounting for one-third of the global burden (Mbutolwe et al, 2013). Eliminating
lymphatic filariasis can prevent unnecessary suffering and contribute to the reduction of

poverty.

2.5 Transmission dynamics of malaria In Sub-Saharan Africa

The observation that rice fields frequently generate large numbers of mosquitoes
suggests that malaria transmission will increase in local communities. However, there is
an increasing body of evidence that indicates that this is not the case, at least in areas of
stable transmission, where malaria may be less of a problem than in surrounding
communities outside the irrigated fields. A review of the literature shows that high
vector density does not necessarily imply an increased risk of exposure to malaria
parasites. For example, a field study to determine the association between irrigated rice
cultivation and malaria transmission in Mwea, Kenya, found no difference in malaria
transmission by An. arabiensis between irrigated and non-irrigated areas but in contrast,
found less malaria transmission by An. funestus in irrigated than in non-irrigated areas

(Muturi et al., 2008).

Elsewhere, a study of two communities in the ValleAe du Kou, Burkina Faso, revealed
that malaria prevalence varied between 35-83% in the savannah and 16-36% in the rice-
growing area (Boudin et al., 1992). Introduction of a large-scale rice irrigation scheme
in The Gambia was observed to result in less malaria near the rice field than in other
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rural communities (Lindsay et al., 1991). Irrigated rice cultivation in Mali was
associated with a reduction in the annual incidence of malaria and a 10-fold reduction in
the sporozoite rate than was found in adjacent irrigated areas (Sissoko et al., 2004).
Githeko and others reported that the sporozoite rate of Anopheles gambiae s.l was five
times lower in the Ahero rice scheme than in the neighboring sugarcane growing area

(Githeko et al., 1993).

In the Lower-Moshi rice irrigation scheme, Tanzania, the number of infective bites was
2.6 times lower in the irrigation scheme than in the control village and the malaria
prevalence was four times lower in children living near irrigated rice cultivation
compared with a nearby savannah village (Ijumba, 1997). Alternatively, in the rice-
growing area of the Rusizi valley, Burundi, the vectorial capacity of An. gambiae s. 1.
was 150 times higher in the rice irrigation scheme than in an adjacent area growing
cotton (Coosemans, 1985). Elsewhere, in the rice-growing areas of Bobo Dioulasso,
Burkina Faso, the number of infective bites received in the local community was similar
to that in the control area (Robert ef al., 1985). Introduction of irrigated rice cultivation

in the Senegal River delta did not alter malaria transmission (Faye et al., 1993).

Collectively these findings indicate that the relationship between irrigated agriculture
and malaria transmission is complex i.e. irrigation can increase, decrease or have no
effect on malaria transmission. Reason would probably be due to influence of
environmental and socio economic factors (e.g. contaminants like agricultural
chemicals) which may weigh heavily on arthropod vectors, in part because they
determine vector abundance, fitness and competence for pathogens (Gimnig et al.,
2002; Alto et al., 2005; Muturi et al., 2010a). There is need therefore to elucidate the

role of agrochemicals on malaria transmission
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Table 2.1: Effect of irrigation agriculture on transmission dynamics of malaria

No difference

Less transmission

More transmission

Robert et al., 1985 | Dolo et al, 2004 | Baldet et al, 2003
(Burkina Faso) (Mali) (Burkina Faso)
Audibert et al., | Sissoko et al., 2004 | Coosemans et al.,
1990 (Cameroon) (Mali) 1985 (Burundi)
Couprie et al, | [jumba et al., 2002a | Robert et al, 1992
1985 (Cameroon) (Tanzania) (Cameroon)

Faye et al., 1995 | Boudin et al, 1992 | Oomen et al., 1988
(Senegal) (Burkina Faso) (Sudan)

Faye et al., 1993 | Thomson et al, | Githeko et al, 1993
(Senegal) 1994 (Gambia) (Kenya)

Muturi et al., 2008 | Mutero et  al., | Yohannes et al., 2005

2004b (Kenya)

(Ethiopia)

(Kenya)

2.6 “Paddies paradox”

An interesting phenomenon that is possible where higher vector densities in irrigated
rice agro ecosystems are associated with lower risk of malaria transmission compared to
adjacent non-irrigated agro ecosystems (Mutero et al., 2004a; Mutero et al., 2009;
[jumba et al., 2002a; [jumba & Lindsay, 2001). [jumba and Lindsay (2001) coined the

term “paddies paradox” to refer to this phenomenon.

Several theories have been advanced in an attempt to explain this paradox. For instance,
the irrigation schemes generate short-lived mosquitoes due to density-dependent

mechanisms at larval stage level. The basis for this theory would be that density-
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dependent competition during larval stages may lead to smaller-sized adult mosquitoes
with lower longevity, thus compromising their vectorial capacity (Ameneshewa &

service, 1996; Bruce-chwatt, 1993).

Another school of thought is that, An. arabiensis in irrigated villages tends to feed
overwhelmingly on cattle (Mutero er al., 1999). It has also been suggested that
communities living within the schemes are economically empowered from rice farming
proceeds as compared to those outside the schemes and as such can afford bed nets,
better nutrition, adequate living standards and a better medical care (Ijumba & Lindsay,
2001). However, the underlying mechanisms still remains widely unknown and a proper

understanding of the factors contributing to this paradox is therefore urgently needed.

2.7 Oviposition

In the nature, mosquito oviposition or egg-laying is intimately related to the search for
aquatic habitats where immature stages (larvae and pupae) can develop to adulthood.
The choice of an appropriate oviposition site has significant impact on the fitness of
progeny, distribution of larvae, population dynamics and the overall maternal
reproductive fitness and success (Gimnig et al., 2002; Alto et al., 2005; Muturi et al.,
2010b). Different environmental cues may elicit oviposition behaviors beginning with
the initial orientation towards a potential oviposition site and culminating in the
deposition of eggs. The selection of oviposition sites by many mosquito species is

greatly influenced by both physical and chemical stimuli.

Physical stimuli may include surface reflectance (Bentley and Day, 1989), water color
(Beehler & DeFoliart 1990; Beehler et al., 1993; Isoe et al., 1995; Li et al., 2009) and
presence or absence of vegetation. Chemical factors mediating oviposition may result
from the previous presence of conspecific pupae and larvae (Bentley Day, 1989), or
from eggs which in several Culex species contain an apical droplet of pheromone
(Laurence and Picket, 1985). Some mosquito species are known to select breeding sites

that enable them to avoid competitors. For example, Culex pipiens oviposition is
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competitively inhibited in habitats where Daphnia magna is already established
(Duquesne et al., 2011) while Culiseta longiareolata avoids to oviposit in aquatic
habitats where insect predators such as dragonfly larvae and backswimmers are present

(Stav et al., 1999; Blaustein et al., 2004; Arav & Blaustein, 2006).

Pesticides also influence oviposition site selection. For example, many insect repellents
that were tested in laboratory trials effectively deterred oviposition by the mosquito
Aedes (Stegomyia) albopictus (Xue et al., 2001, 2006). Extracts of Solanum trilobatum
also prevented oviposition by Anopheles stephensi (Rajkumar &Jebanesan, 2005).
However, unlike strong avoidance behavior imposed on ovipositing gray tree frogs
(Hyla chrysoscelis), Culex mosquitoes were found to be attracted to and oviposit in
pools treated with carbaryl (Vonesh &Buck, 2007). Elsewhere, An. gambiae sensu
stricto, were two times likely to lay in lake water infused with the chemical cedrol than
in lake water alone (Lindh et al., 2015). In addition, a wide range of mosquito species,
including An. arabiensis and Culex spp. (Mutero et al., 2004b), Cx. pipiens pipiens
(Olayemi et al., 2012), Cx. vishnui and An. vagus (Mogi &Miyagi, 1990), Cx.
tritaeniorhynchus, Cx. pseudovishnui, Cx. vishnui, An. subpictus and An. vagus (Victor

&Reuben, 2000) are known to be attracted to inorganic nitrogenous fertilizers.

Overall, while major efforts have been directed towards the understanding of
environmental cues that influence oviposition site selection by mosquitoes, little is
known about how widely used agricultural chemicals affect oviposition site selection
by the primary vector mosquitoes in Africa including An. arabiensis and Cx.

quinquefasciatus.
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2.8 Oviposition theories

2.8.1 Optimum oviposition theory

The key processes influencing successful development of mosquito larvae are
considered to be site selection of gravid females and the survival of the larvae (Fillinger
et al., 2009). Both of them depend on the suitability and productivity of the habitat
(Kenea et al., 2011). Mosquitoes are thought to actively select suitable habitats rather
than randomly colonize them (Minakawa et al., 2004) in order to maximize offspring
survival and fitness (Yoshioka et al., 2012). Organisms that are actively selecting
habitat must rely on environmental cues to help them identify high quality habitat
(Bentley & Day, 1989). As such, they avoid ovipositing in habitats with potentially
lethal chemicals as explained by optimal oviposition theory, which suggests that gravid
insects lay their eggs in habitats that maximize the performance of their offspring
(Scheirs & De Bruyn, 2002). If this hypothesis is correct, egg laying females are thus
expected to select the most suitable sites for their offspring based on reliable cues of

habitat quality (Craig et al., 1989; Mayhew, 1997).

Previous examination of oviposition preference has shown that A. albopictus and A.
triseriatus oviposit in water infused with oak leaves in preference to water without
leaves (Trexeler etal., 1998). In addition, a wide range of mosquito species, are known
to be attracted to inorganic nitrogenous fertilizers (Victor & Reuben, 2000; Mutero et
al., 2004b; Olayemi et al, 2012; Mogi, & Miyagi, 1990). Probably because the high
levels of nitrates may promote mosquito production by enhancing proliferation of algal
bloom and other microbial assemblages that serve as food for mosquito larvae (Sunish

et al., 1998; Victor & Reuben, 2000).

Gravid mosquitoes use chemosensory (olfactory, gustatory, or both) cues to select
oviposition sites suitable for their offspring (Bentley & Day, 1989). In nature, these

cues originate from plant infusions, microbes, mosquito immature stages and predators
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(Lawrence & Picket, 1985; Stav et al., 1999; Blaustein et al., 2004). While attractants
and stimulants are cues that could show the availability of food and suitable conditions,
repellents and deterrents show the risk of predation, infection with pathogens, or strong

competition.

Gravid females are thus expected to preferentially oviposit in containers with a superior
performance agricultural chemical (higher survivorship, faster larval growth, greater
adult size and longer lifespan), relative to containers with no agricultural chemical or
with inferior performance agricultural chemical (low survivorship, slow larval growth,
smaller adult size and shorter lifespan). This therefore, calls for a better understanding
of agricultural practices that could influence habitat quality and habitat selection by

major mosquito vectors.

2.8.2 Ecological trap theory

Understanding altered ecological and evolutionary dynamics in novel environments is
vital for predicting species responses to rapid environmental change. One concept
relevant to such dynamics is the ecological trap, which arises from rapid anthropogenic
change. Ecological traps occur when formerly adaptive habitat preferences become
maladaptive because the cues individuals preferentially use in selecting habitats lead to
lower fitness than other alternatives (Crespi, 2000). Evidence for ecological traps has
primarily been found in habitats modified by human activities (e.g. agricultural
activities) (Battin, 2004). Thus although the female’s prime goal may be to choose an
oviposition site that maximizes offspring survival and performance, the outcome is not

necessarily a perfect match between site selected and larval performance.

Many studies have demonstrated a good correspondence between preference and

performance (e.g. Via, 1986; Craig et al., 1989; Hanks et al., 1993; Nylin & Janz, 1993;

Barker & Maczka, 1996). However, an equally large number of studies found no

correlation (e.g. Penz & Araujo, 1990; Valladares & Lawton, 1991; Underwood, 1994;
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Larsson et al., 1995). For instance, Culex mosquitoes were found to be attracted to and
oviposit in pools treated with carbaryl (Vonesh & Buck, 2007). From the above
examples it is clear that environmental cues, especially those that are anthropogenic in
nature make ecological traps and those ecological traps can trigger extinction if all
individuals of a population or a species are driven into them (Kokko & Sutherland,

2001).

Past literature has it that; ecological traps are ‘attractive sinks’ because they absorb
immigrants but produce zero emigrants (Delebes et al., 2001). This therefore, calls for a
better understanding of role of agricultural chemicals in influencing habitat quality and
habitat selection by major mosquito vectors. This understanding is needed to effectively
model and map vector populations and develop suitable and cost-effective insect

management strategies.

2.9 Vectorial capacity

Vectorial capacity of mosquitoes; is the daily rate at which future inoculations arise
from a currently infective case (Smith & Mackenzie, 2004). It was originally devised by
MacDonald in 1957 for malariologists, as a measure of the transmission potential of a
vector borne pathogen within a susceptible population. (MacDonald, 1957; Smith &
Mackenzie, 2004; Dye, 1992). It is directly related to man-biting rate, feeding habits
and life expectancy of the mosquito. It is usually measured by collecting mosquitoes
during an entire night using human bait. It represents several components and is given

by the calculation below;

VC= ma’p"b

-In (p)

Where a is the man biting rate and m is the mosquito density; these parameters are

measures of contact between the vector and vertebrate hosts (Smith and Mackenzie,
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2004). The probability of daily survival p is a measure of the mortality rate of the vector
(Smith & Mackenzie, 2004). The extrinsic incubation period (EIP) N is the time, in
days; it takes for a pathogen to infect the mosquito and disseminate to the salivary
glands where it can be transmitted (Smith & Mackenzie, 2004). Also included is a
transmission capability parameter, Vector competence b, which is the ability of an
arthropod to transmit an infectious agent following exposure to that agent (Dye, 1986;
Black et al., 1996; Dye et al., 1995; Hardy, 1988). Both vector competence and
extrinsic incubation period have been used to evaluate differences in pathogen strains
(Moudy et al., 2007; Armstrong et al., 2001, 2003). This formula expresses the
capacity of a vector population to transmit malaria based on the potential number of
secondary inoculations originating per day from an infective person (Smith

&Mackenzie, 2004).

The prolonged exposure of mosquito immatures to agricultural chemicals may
eventually modify these components. Insecticides have been shown to modify vector
density by killing a fraction of the immature stages in the aquatic habitats, and this can
in turn enhance survival of the remaining individuals resulting in more vectors than
before exposure, especially when resources are limiting (Boone & semlitsch, 2001,
Muturi et al., 2010a). Recently, synthetic nitrogenous fertilizers were found to be
responsible for a significant increase in anopheline and culicine larval populations in
rice fields, which translates into a higher biting rate and probably increased pathogen

transmission (Victor & Reuben, 2000; Mutero et al., 2004b).

Pesticides may also initiate a trophic cascade or a release from competition by
decimating or impairing the sensitive species (e.g. kill predators that feed on larvae or
change community structure and abundance that mosquitoes feed on. The resulting
individuals may be bigger and more competent in pathogen transmission (Fleeger et al.,
2003; Juliano et al., 2004). For instance, Service observed a resurgence of mosquito
larvae after initial control with insecticides due to slow rebounding of predator

populations (Service, 1993). In Korea, agricultural pesticide application reduced the
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density of the Japanese encephalitis vector Culex tritaeniorhyncus in rice-growing areas
but had no effect on the main malaria vector Anopheles sinensis (Shim, et al., 1995a,
1995b). It has been shown that individuals that survive exposure to low concentrations
of pesticide benefits in terms of size due to release from competition or selection against

weaker individuals (Antonio et al., 2008; Muturi et al., 2011a) .

Larger mosquitoes are associated with higher fecundity and longer adult life spans
(Hawley 1985; Blackmore and Lord 2000; Briegel & Timmermann 2001) and may also
be more or less competent for pathogens (Muturi et al., 2011a). Elsewhere,
immunotoxicological studies have shown that pesticides can reduce fitness of an
organism by causing structural and functional alterations to its immune system (e.g.
elevating levels of cytochrome P450) that way compromising its vectorial capacity
(Blankley et al., 1999a, 1999b). Pesticides have also been shown to change the
physiology of mosquitoes (e.g. reduce food intake) which may interfere with the life
history traits like adult size, longevity and fecundity, which impacts on vectorial
capacity (Ribeiro et al., 2001). Pesticides may also cause a diversion of energy to
maintenance and/or modification of the level and activity of target biomolecules (e.g.
inhibition of enzyme activity) (Campero et al., 2007). Akogbeto and others suggested
that insecticides inhibit hatching rate and development of larvae of An. gambiae

(Akogbeto et al., 2006).

These examples highlight the diversity of processes that should be considered when
determining the overall consequences of cypermethrin, Glyphosate, Diammonium
phosphate and ammonium sulfate treatment. This study will show that a better
understanding of the ecological impacts of chemical disturbances is needed to facilitate
development of effective strategies to control harmful species. Such knowledge will

have direct benefits in designing mosquito control strategies.
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CHAPTER THREE

MATERIALS AND METHODS

3.1 Study area

This study was conducted at the Mwea Irrigation and Agricultural Development
(MIAD) experimental station and at Kangichiri and Kariua villages in the Mwea rice
irrigation scheme, 100 km North East of Nairobi, in Mwea Division, Kenya. Mwea
occupies the lower altitude zone of Kirinyaga County in an expansive low-lying area
mainly characterized by black cotton soils. The mean annual rainfall is 950 mm with
maximum amount falling in April/May (long rains) and October/November (short
rains). The average maximum temperatures are in the range of 16-26.5 °C. Relative
humidity varies from 52-67%. According to the 2009 national census, Mwea Division
has approximately 150,000 persons in 25,000 households. The Mwea Rice Irrigation
Scheme is located in the west central region of Mwea Division and covers an area of
about 13,640 ha. More than 50% of the Scheme area is used for rice cultivation. The

remaining area is used for subsistence farming, grazing and community activities.

3.2 Sampling sites

Two villages Kangichiri and Kariua were selected for the study. They both lie within
the irrigation scheme and were selected based on the presence of large populations of
An. arabiensis (Mwangangi et al., 2013, Sinka et al., 2016).and Cx. quinquefasciatus

(Mutero et al., 2000) and on their close proximity to MIAD experimental station.

The two villages are 500m apart and are located at the west central region of the
scheme. They have 150 and 222 homesteads, respectively, with 650 residents in each
village. Cows, goats, chickens, and donkeys are the primary domestic animals in the
two villages. These animals are kept within Sm of most houses. More than 90% of the
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houses have mud walls with iron roofing. More than 75% of each village land is under
rice cultivation, whereas people occupy the remaining area with 10% used for

vegetables and bananas.
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Fig. 1. A map of Kenya showing the sampling sites.

Figure 3.1: A map of Kenya showing the sampling sites. (Source; Muturi et al.,

2008 )

3.3 Study design

This was an experimental study where microcosms (laboratory-based experiments) and
mesocosms (field-based experiments) were established and manipulated with the
insecticides (alpha-cypermethrin), the herbicide (glyphosate) and the inorganic
fertilizers (ammonium sulfate and diammonium phosphate) both under laboratory and
field conditions. The study was conducted during the interphase of long rains and short
rains (August and November) 2014.
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3.4 Study Population

3.4.1 Sample size

The study group population for laboratory oviposition experiment were gravid females
of both Anopheles arabiensis and Culex quinquefasciatus; the sample size for the
laboratory experiment was 9 (An. arabiensis) and 15 (Cx. quinquefasciatus) insect
rearing cages (30 x 30 x 30 cm) each with 20 gravid females. The field experiment had
5 plastic buckets containing the oviposition substrates replicated 5 times; while the
survivorship experiment had 6 replicates of the 5 treatments and control in tripour
beakers each with 20 first instar larvae. A preliminary survey was conducted prior to
embarking on the research work, and the information collected used to determine the
choice of sampling size. For instance; mosquito abundance, environmental factors
surrounding the houses (e.g. number of sleepers and presence of livestock), size of the
village, consent by the leader of the home, large enough samples to draw a conclusion,

availability of labour and economic implications.

3.4.2 Sampling techniques

Blood-engorged females of An. arabiensis and Cx. quinquefasciatus were captured
inside human dwellings (bedrooms and latrines) using manual aspirators in Kangichiri
and Kariua villages in Mwea. The mosquitoes were collected from their resting and
hiding places, under the beds, thatched roofs, upper regions of mud walls, dark and
dump corners and ceilings, cracks and crevices. They were then transferred into cages,
fed with 10% sucrose solution using pieces of cotton wool and transported to MIAD

Centre.
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3.4.3 Mosquito Identification

Gravid mosquitoes were collected inside human dwellings using manual aspirators, and
taken to the laboratory where culicines and anophelines were separated, sorted into
subfamily and subsequently identified morphologically to species (Edwards 1941,
Gillies & Coetzee 1987). They were identified as gravid by examining the abdominal

appearance.

3.5 Procedures of data collection

3.5.1 Laboratory studies on the effect of agricultural chemicals on oviposition site

selection by An. arabiensis and Cx. quinquefasciatus

Blood-engorged females of An. arabiensis and Cx. quinquefasciatus were collected
inside human dwellings in Kangichiri and Kariua villages using manual aspirators. At

MIAD, 20 randomly
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Figure 3.2: The laboratory experiment set-up

selected females of either species were transferred into one of 9 (An. arabiensis) and 15
(Cx. quinquefasciatus) insect rearing cages (30 x 30 x 30 cm) and provided continuous
access to 10 % sucrose. For Cx. quinquefasciatus oviposition, each cage was

provisioned with five Petri dishes containing either 50 ml of rain water (control) or 50
27



ml of agrochemical-spiked water generating four treatments with a final concentration
of 0.1 mg/l a-cypermethrin, 0.5 mg/l glyphosate, 845 mg/l ammonium sulfate, or 845
mg/l diammonium phosphate. These pesticide concentrations are within the range that is
commonly found in aquatic habitats (Norris et al., 1983; Edwards et al., 1980). In
contrast, the fertilizer concentrations used in this study are much higher than observed
in nature (George, 1987; Belagali, 2012). Because fertilizer application in rice fields
within the study sites and other parts of Africa is done manually through broadcasting,
it is expected that some parts of the rice fields receive high doses of fertilizers similar to
those used in this study. Therefore this study sought to determine how potentially higher
doses of fertilizers may affect mosquito ecology. A similar setup was used for An.
arabiensis except that the Petri dishes were lined with filter papers moistened with
respective agrochemical treatments. A single Petri dish was placed on each corner of a
cage and the fifth one was placed in the middle of the cage. The treatments were rotated
daily to eliminate positional bias. The number of eggs laid in each Petri dish were
counted and recorded every day for 31 days and their sums computed. Agrochemical-

treated filter papers were replaced each day.

3.5.2 Field studies on the effect of agricultural chemicals on oviposition site

selection by Cx. quinquefasciatus

This experiment was conducted between 1% August, 2014 and 20™ September, 2014
under field conditions since Culex egg rafts are easy to monitor compared to Anopheles
eggs that are laid individually. The experiment was conducted in five randomly selected
homesteads in Kangichiri village. In each homestead, five 20-litre plastic buckets
containing either 3 liters of fermented grass infusion (control) or 3 liters of fermented
grass infusion spiked with one of four agrochemicals for a final concentration of 1 mg/L

a-cypermethrin, 2 mg/L. glyphosate, 845 mg/L. ammonium sulfate, or 845 mg/L
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diammonium phosphate served as the artificial oviposition sites. Each bucket had a top
lid and large openings on their upper halves to facilitate access by mosquitoes. The
infusion was prepared by mixing 1 kg of fresh grass with 100 litres of water and leaving
it to ferment for 5 days. The homesteads were at least 60 meters apart and the buckets
within a homestead were 2 meters apart. The buckets within each homestead were
rotated daily to eliminate spatial effects. Every day, egg rafts were collected, counted,
and transported to the laboratory in petri dishes lined with moist filter papers. The

infusion was replaced every three days and 13 oviposition trials were conducted.

Figure 3.3: Field experiment set-up

3.5.3 Effect of agrochemicals on emergence rate, development time, adult wing

length and longevity of An. arabiensis and Cx. quinquefasciatus

In this experiment, 20 first instar larvae (24 hours old) of either An. arabiensis or Cx.
quinquefasciatus obtained by hatching eggs from control treatments of oviposition
experiments were added into tripour beakers containing either 350 ml of rain water
(control) or 350 ml of rain water spiked with one of four agrochemical treatments at the
following final concentrations: 0.004 mg/L a-cypermethrin, 0.05 mg/L glyphosate, 845
mg/L ammonium sulfate, or 845 mg/LL diammonium phosphate. Each treatment was

replicated 6 times for a total 60 containers. The larvae were replenished with 0.05 g
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ground Tetraming baby fish food once per week. Containers were examined daily until
all individuals had either pupated or died. Pupae were removed daily and placed in
plastic vials with a small volume of water until eclosion. The date and sex of newly
eclosed adults in each replicate were recorded. The adults were held individually in 75
mm X 20 mm plastic cups covered by nylon net and provided continuous access to 10%
sucrose solution. All cages were maintained at approximately 25-27 °C, with 65-75%
relative humidity (RH) and a 12:12 Light: Day photoperiod. Each individual adult
mosquito was monitored daily until death. Dead adults (both males and females) were
preserved in plastic vials and transported to the Eastern and Southern Africa Centre of
International Parasite Control (ESACIPAC), Kenya Medical Research Institute
(KEMRI) where their wings were removed and mounted on microscope slides. The
wings were scanned and measured from the tip (excluding the fringe) to the distal end
of the allula, using VHX KEYENCE digital microscope at the Department of

Entomology, Nairobi National Museum.

3.6 Data management and analyses

Collected data was recorded in special designed data sheets and entered into computer
using Microsoft-Excel software. Data was also recorded in the laboratory and field

work books respectively and was backed up in Compact discs, flash discs and hard disc.

Data analyses was conducted using SPSS version 23 (IBM SPSS) and SAS 9.4 (SAS
Institute) statistical packages. Data were checked for normality and homogeneity of
variances using Kormogorov-Smirnov test. Oviposition data was log transformed (log +
1) to normalize the distribution. The means of each replicate of a treatment were
compiled for each life-history trait and statistical analyses were based on these means.
For each mosquito species, univariate analysis of variance (ANOVA) was used to
determine the effect of agrochemical treatments on oviposition site selection, hatching
rates, and emergence rates (males and females combined). In the field oviposition

experiment, agrochemical treatment was used as a fixed factor while trial number was
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used as a random factor. Multivariate analysis of variance (MANOVA) was used to
determine the effect of agrochemical treatments on both male and female development
time, wing length, and longevity. Standardized canonical coefficients were used to
describe the relative contribution of development time, wing length, and longevity to
the significant treatment effects. When significant effects were obtained in both
ANOVA and MANOVA tests, pair wise differences between treatment means were

compared using a Tukey-Kramer adjustment test.

3.7 Study Approvals

The proposal was submitted for review and approval to KEMRI and JKUAT. Both

scientific and ethical approvals were sought from these institutions.

3.8 Ethical Considerations

Free and informed written consent for participation were sought beforehand from the
household heads in both villages, after meeting the criteria for participation in this
study. The benefits and risks associated with participating in the study were explained,
and privacy and confidentiality assured to participants in advance of seeking their
consent. Ethical clearance was sought from the Ethical Review Committee (ERC),
Kenya Medical Research Institute beforehand. The participants were given an
opportunity to ask questions and seek clarifications on issues not well understood on the
study, if they had additional questions or concerns about the study later, the participant
were free to contact the researcher in charge of the study Tabitha W. Kibuthu, Cell no.,

0725 978508 or through the email address tabwamboi@yahoo.com. If they had

questions or concerns about their rights as a participant in the study, they were free to
contact: The Secretary, KEMRI Ethics Review Committee, P.O. Box 54840-00200,
Nairobi, Telephone numbers: 020-2722541, 0722205901, 0733400003; Email address :
ERCadmin@kemri.org
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CHAPTER FOUR

RESULTS

4.1 Effect of agrochemicals on oviposition site selection by An. arabiensis and Cx.

quinquefasciatus

Agrochemical treatments had significant effects on oviposition site selection by An.
arabiensis (F = 24.02, df = 4, 40, P < 0.001). The number of An. arabiensis eggs
deposited were highest in DAP and ammonium sulfate treatments, intermediate in

control treatment and lowest in cypermethrin and glyphosate.

Similarly, results of both laboratory (F = 25.18, df = 4, 70, P < 0.001) and field
experiments (F = 126.62, df =4, 48.30, P < 0.001) revealed that Cx. quinquefasciatus
egg rafts were highest in DAP and ammonium sulfate treatments, intermediate in

control treatment, and lowest in cypermethrin and glyphosate treatments (Fig 4.1B and

4.1C).
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Figure 4.1: Mean number (+ SE) of A) An. arabiensis eggs and B,C) Cx.
quinquefasciatus egg rafts laid in different agrochemical treatments. B and C are
results for laboratory and field experiments, respectively. Different lower case

letters indicate significant differences between treatments.

4.2 Effect of agrochemicals on emergence rate, development time, wing length and

longevity of An. arabiensis and Cx. quinquefasciatus

Agrochemical treatments had significant effects on emergence rates of An. arabiensis (F
=4.28, df =4, 25, P = 0.009), but not on those of Cx. quinquefasciatus (F = 4.54, df =
4, 25, P = 0.07. Emergence rates for An. arabiensis in cypermethrin treatment were
significantly lower compared to those of control and ammonium sulfate but not
glyphosate and DAP (Fig 4.2A). Emergence rates for Cx. quinquefasciatus in
cypermethrin and glyphosate treatments were significantly lower than those of DAP but

not control and ammonium sulfate treatments (Fig 4.2B).
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Figure 4.2: Emergence rates (+ SE) of A) An. arabiensis and B) Cx.
quinquefasciatus mosquitoes in different agrochemical treatments. Different lower

case letters indicate significant differences between treatments.

For both mosquito species and sexes, multivariate analysis of variance revealed a
significant effect of agrochemical treatment on development time to adulthood, wing
length, and longevity with development time followed by wing length accounting for
most variation (Table 4.1). An. arabiensis females from control, DAP, and ammonium

sulfate treatments had significantly longer development times compared to those from
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glyphosate, and cypermethrin treatments (F = 17.71, df = 4, 25, P < 0.001; Fig. 4.3A).
However, agrochemical treatment had no significant effect on An. arabiensis female
wing length (F = 3.2, df =4, 25, P = 0.30; Fig 4.3A) and longevity (F = 1.6, df =4, 25,
P = 0.21). An. arabiensis males from DAP and ammonium sulfate treatments had
significantly longer development times compared to those from control, glyphosate, and
cypermethrin treatments (F = 16.36, df = 4, 25, P < 0.001; Fig. 4.3B). Anopheles
arabiensis males from ammonium sulfate treatment were significantly smaller
compared to those from control, glyphosate, and cypermethrin treatments but not DAP
treatment (F = 6.32, df = 4, 25, P = 0.001; Fig. 4.3B). In addition, males from DAP
treatment were significantly smaller than those from cypermethrin treatments (Fig.

4.3B).

There were no significant effects of agrochemical treatment on An. arabiensis male
longevity (F = 1.05, df = 4, 25, P = 0.40). Culex quinquefasciatus females from control,
DAP, and ammonium sulfate treatments took longer to develop compared to those from
glyphosate and cypermethrin treatments (F = 39.24, df = 4, 25, P < 0.001; Fig 4.4A).
Culex quinquefasciatus females from DAP and ammonium sulfate treatments were
significantly smaller compared to those from glyphosate and cypermethrin treatments
but not control (F = 10.01, df = 4, 25, P < 0.001; Fig 4.4A). Females from control
treatments were also significantly smaller than those from cypermethrin but not
glyphosate treatment (Fig 4.4A). There were no significant effects of agrochemical
treatment on Cx. quinquefasciatus female longevity (F = 0.77, df = 4, 25, P = 0.55).
Culex quinquefasciatus male development time was longest in DAP and ammonium
sulfate treatments, intermediate in control treatments, and shortest in glyphosate and
cypermethrin treatments (F = 84.99, df = 4, 25, P < 0.001; Fig 4.4B). Males from DAP
treatment were significantly smaller than those from glyphosate and cypermethrin
treatments but not control and ammonium sulfate treatments (F = 7.99, df = 4, 25, P <
0.001; Fig 4.4B). In addition, males from control treatment were significantly smaller

than those from cypermethrin treatment (Fig 4.4B).
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Table 4.1: MANOVA results on the effect of agrochemical treatments on

development time to adulthood, wing length, and longevity of An. arabiensis and

Cx. quinquefasciatus mosquitoes. Standardized canonical coefficients (SCC)

describe the relative contribution of each response variable to significant

treatment effects. Negative associations are denoted by (-).

Standardized canonical
coefficients
Mosquito species  Sex Df Pillai's P DT WL LG
trace
Femal 12, -0.06
An. arabiensis es 75 0.90 0.005 1.68 -0.44
Males 12, 0.000 0.16
75 1.07 4 -1.67 1.13
Cx. Femal 12, -0.38
quinquefasciatus  es 75 0.96 0.002 -2.55 0.63
Males 12, <0.00 0.15
75 1.22 1 -3.36 0.56

DT - Development time to adulthood

WL - Wing length of adult

LG - Longevity
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Figure 4.3: Mean wing length (+ SE) and development time (+ SE) of An.
arabiensis A) females and B) males in different agrochemical treatments. Lower
case and upper case letters are used to compare treatment differences in
development times and wing lengths, respectively. For each of the two life history

traits, different letters indicate significant differences between treatments.
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quinquefasciatus A) females and B) males in different agrochemical treatments.
Lower case and upper case letters are used to compare treatment differences in
development times and wing lengths, respectively. For each of the two life history

traits, different letters indicate significant differences between treatments.
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CHAPTER FIVE

DISCUSSION, CONCLUSION AND RECOMMENDATIONS

5.1 Discussion

Results for this study show that agrochemicals can alter the attractiveness and quality
of An. arabiensis and Cx. quinquefasciatus larval habitats. When presented with a
choice of fertilizer and pesticide-treated oviposition substrates, gravid females of both
mosquito species preferentially oviposited in fertilizer-treated substrates. Fertilizer
treatments were also associated with higher emergence rates, longer development times,
and smaller adults relative to pesticide treatments. These findings are partially
consistent with the optimal oviposition theory which predicts that egg laying females
should select oviposition sites that maximize the probability for their offspring to reach
adulthood and reproduce (Craig et al., 1989, Blaustein & Kotler 1993). Looking at past
literature, this is the first study to investigate how commonly used agrochemicals affect
oviposition site selection and offspring survival of two of the most important mosquito

vectors of human pathogens in sub-Saharan Africa.

The impact of fertilizers on mosquito larval populations is well documented.
Application of nitrogenous fertilizers in rice fields is often associated with dramatic
increase in larval populations of Anopheles and Culex mosquitoes (Sunish et al., 1998,
Mutero et al., 2000, Victor &Reuben 2000, Mutero et al., 2004a, Muturi et al., 2007).
Similarly, fertilizer-enriched mesocosms and wetlands had higher populations of
mosquito larvae compared to control treatments (Duguma & Walton 2014, Young et al.,
2014). However, the mechanisms underlying fertilizer-mediated increase in mosquito
larval populations are poorly understood. The results for this study suggest that
fertilizer-mediated enhancement of habitat attractiveness and quality may be two of the
major factors that account for dramatic increase in mosquito larval populations

following application of nitrogenous fertilizers. Fertilizer application promotes
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microbial growth, which provide chemical cues that aid gravid females to locate
suitable oviposition sites (Ponnusamy et al., 2008, Ponnusamy et al., 2010), stimulate
egg hatch (Ponnusamy et al. 2011), and serves as food for mosquito larvae (Merritt et

al., 1992).

Avoidance of pesticide-treated oviposition substrates by the two mosquito species was
expected as pesticides could be detrimental for egg and larval survival. However,
previous studies have documented both positive and negative effects of pesticides on
oviposition site selection by mosquitoes. Aedes aegypti avoided ovipositing in grass
infusion treated with microbial larvicide Bacillus thuringiensis var. israelensis but did
not discriminate between tap water or untreated grass infusion (Santos et al., 2003).
Gravid females of Aedes aegypti were attracted to spinosad-treated oviposition
substrates but avoided temephos-treated substrates (Quiroz-Martinez et al., 2012).
Similarly, Eugenol, citronellal, thymol, pulegone, rosemary oil, and cymene acted as
oviposition deterrents for Ae. aegypti while borneol, camphor and B-pinene acted as
oviposition attractants for this mosquito species (Waliwitiya et al., 2009). Carbaryl-
treated pools were more attractive oviposition sites for Culex mosquitoes but had no
effect on oviposition behavior of Anopheles mosquitoes (Vonesh & Buck 2007). In
addition, An. gambiae s.s, were two times likely to lay in lake water infused with the
chemical cedrol than in lake water alone (Lindh et al, 2015). Collectively, these
findings suggest that pesticides can alter oviposition behavior of mosquitoes but the
direction of the response is pesticide-specific. Further studies are needed to establish
how a variety of mosquito species respond to different types of commonly used

pesticides.

In general, mosquitoes from control and fertilizer treatments took longer to develop and
were smaller compared to those from pesticide treatments. Given that pesticide
treatments had lower emergence rates compared to control and fertilizer treatments, this
could be due to random elimination of some larvae by pesticides which may have

released the survivors from larval competition thereby promoting faster development
40



and larger mosquitoes. It is also possible that pesticides may have selectively favored
the survival of larger individuals with rapid growth and development. Both mechanisms
have been used to explain why Aedes and Culex mosquitoes from experimental
microcosms exposed to low concentrations of pesticides develop faster and are larger
compared to those from control treatments (Muturi et al., 2010a; Muturi et al., 2011a;,
Muturi, 2013). However, this study design could not allow one to determine which of
the two mechanisms was responsible for the observation and further research is needed

on this topic.

Mosquito body size and age are commonly used as a proxy for mosquito fitness and
vector potential. Large mosquitoes consume bigger blood meals and lay more eggs
compared to small mosquitoes (Briegel, 1990). Large mosquitoes also have longer life
spans (Reiskind & Lounibos 2009), and are more likely to survive through the extrinsic
incubation period of the pathogen compared to smaller mosquitoes (Bara et al., 2015).
On the other hand, younger mosquitoes have been associated with higher oviposition
rates than older mosquitoes (Agyapong et al., 2014). Thus, although fertilizer
application may lead to production of large numbers of adult mosquitoes, this may not
necessarily translate to increased risk of pathogen transmission since the majority of

adults may be small and short-lived.

This may be one of the many factors explaining why rice cultivation in East Africa is
often associated with large populations of malaria vectors but lower risk of malaria
transmission compared to adjacent non-irrigated agroecosystems (Ijumba and Lindsay
2001; Ljumba et al., 2002a; Ijumba et al., 2002b; Mutero et al., 2004b). However,
nosignificant effect of agrochemical treatments on adult mosquito life span was
observed. Moreover, both fertilizers and pesticides are used simultaneously in many
agroecosystems and the large mosquitoes resulting from pesticide treatments may have
higher fecundity (Muturi, 2013) and longevity both of which may increase the risk of

pathogen transmission.
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However, although exposure of mosquitoes to sublethal concentrations of pesticides is
known to enhance arbovirus transmission (Muturi & Alto 2011, Muturi et al., 2011b),
their impact on malaria and LF transmission is poorly understood. Studies using
insecticide-resistant and insecticide-susceptible strains of mosquitoes suggest that
exposure to pesticides may reduce the ability of the vector to transmit malaria and LF
(McCarroll & Hemingway 2002; Ferguson et al., 2012; Alout et al., 2014) but
additional studies are needed to assess how short-term exposure of mosquitoes to
sublethal pesticide concentrations affect vector susceptibility to malaria and LF

parasites.

5.2 Conclusion

In conclusion these results demonstrate that the extensive and widespread use of
agricultural chemicals to promote agricultural production can influence where
mosquitoes lay eggs, how long they take to complete their development, how many
adult mosquitoes are produced, and how big the resulting adults will be. In turn, these
traits can influence the spatial and temporal distribution and abundance of mosquito

populations and associated pathogens.

5.3 Recommendations

1. These findings may be used to develop policies that enhance food production while

alleviating negative impacts of agriculture on human health. For instance;

e [t can form a basis for designing integrated mosquito vector control
management strategies through farm-based and possibly farmer-managed
intervention strategies.

¢ The findings that some agricultural chemicals are favorable for mosquito
production can be used in development of “attract — kill” vector control

strategy.
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2. Further studies are needed to examine how;

Simultaneously applied agricultural chemicals affect the ecology of a variety of
vector mosquitoes to illuminate its potential impact on human and wildlife
health and inform the appropriate management options.

A variety of mosquito species respond to different types of commonly used
pesticides.

Short-term exposure of mosquitoes to sub-lethal pesticide concentration affects

vector susceptibility to malaria and LF parasites.

43



REFERENCES

Adams, W.M. (1992). Wasting the rain: rivers, people and planning in West Africa.

London: Earthscan,

Agyapong, J., Chabi, J., Alblorde, A., Kartey, W., Osei, J., De Souza, D., &
Dadzie, S., (2014). Ovipositional behavior of Anopheles gambiae
mosquitoes. Trop Med Health, 42(4), 187-190.

Akogbeto, M.C., Djouaka, R.F. & Kinde- Gazard, D.A. (2006). Screening of
pesticide residues in soil and water samples from agricultural settings.

Malar. J, 5, 22.

Alout, H., Djegbe, 1., Chandre, F., Djogbenou, L.S., Dabire, R.K., Corbel, V. &
Cohuet, A. (2014). Insecticide exposure impacts vector-parasite interactions

in insecticide-resistant malaria vectors. Proc Roy Soc B-Biological Scie,

281.

Alto, B.W., Lounibos, L.P., Higgs, S. & Juliano, S.A. (2005).Larval competition
differentially affects arbovirus infection in Aedes mosquitoes. Ecology , 86,

3279-3288.

Ameneshewa, B. & Service, M.W. (1996). The relationship between female body size
and survival rate of the malaria vector, Anopheles arabiensis in Ethiopia.

Med Vet Entomol, 10, 170-172.

Antonio, G.E., Sanchez, D., Williams, T. & Marina, C.F. (2008). Paradoxical effects
of sublethal exposures to the naturally derived insecticide spinosad in the

dengue vector mosquito, Aedes aegypti. Pest Manag. Sci, 65, 323-326.

Araijo, M., Gil, L. & De-Almeida, A. (2012). Larval food quantity affects

development time, survival and adult biological traits that influence the
44



vectorial capacity of Anopheles darlingi under laboratory conditions. Malar.

J, 11,261.

Arav, D. & Blaustein, L. (2006). Effects of Pool Depth and Risk of Predation on
Oviposition Habitat Selection by Temporary Pool Dipterans. Journal of

Medical Entomol, 43, 443-497.

Armstrong, P.M. & Rice-Hesse, R. (2001). Differential susceptibility of Aedes aegypti
to infection by the American and Southeast Asian genotypes of Dengue type

2 virus. Vector Borne Zoonotic Dis, 1,159-168.

Armstrong, P.M. & Rico-Hesse, R. (2003). Efficiency of dengue serotype 2 virus
strains to infect and disseminate in Aedes aegypti. Am J Trop Medhyg, 68,
539-544.

Audibert, M., Josseran, R., Josse, R. & Adjidji, A. (1990). Irrigation, schistosomiasis
and malaria in the Logone Valley, Cameroon. Am J Trop MedHyg, 42
,550- 560.

Bara, J., Rapti, Z., Caceres, C.E. & Muturi, E.J. (2015). Effect of Larval
Competition on Extrinsic Incubation Period and Vectorial Capacity of

Aedes albopictus for Dengue Virus. PLoS ONE, 10.

Bara, J.J., Montgomery, A., Muturi, E.J. (2014). Sublethal effects of atrazine and
glyphosate on life history traits of Aedes aegypti and Aedes albopictus
(Diptera: Culicidae). Parasitology Research, 113, 2879-2886.

Barker, A.M. & Maczka, C.J.M. (1996). The relationships between host selection and
subsequent larval performance in three free-living graminivorous sawflies.

Ecol. Entomol, 21, 317-327

45



Battin, J. (2004). When good animals love bad habitats; Ecological traps and the

conservation of animal populations: Conservation Biology, 18 , 1482-1491.

Bayoh, M.N., Mathias, D.K., Odiere, M.R., Mutuku, F.M., Kamau, L., Gimnig,
J.E., ... & Walker, E.D. (2010). Anopheles gambiae: historical population
decline associated with regional distribution of insecticide-treated bed nets

in western Nyanza Province, Kenya. Malar J, 9, 62.

Becker, N., Petric, D., Zgomba, M., Boase, C., Madon, M., Dahl, C. & Kaiser, A.
(2010). Biology of Mosquitoes. In Mosquitoes and Their Control (pp. 9—
24). Berlin, Heidelberg: Springer Berlin Heidelberg.

Beehler, J.W., & DeFoliart, G.R. (1990). A field evaluation of two suggested Aedes

triseriatus oviposition attractants. J Am Mosq Control Assoc, 6,720-722.

Beehler, J.W., Millar, J.G. & Mulla, M.S. (1993). Synergism between chemical
attractants and visual cues influencing oviposition of the mosquito, Culex

quinquefasciatus (Diptera: Culicidae). J. Chem. Ecol, 19, 635-644.

Belagali, D.J. (2012). Impact of chemical fertilizers on water quality in selected
agricultural areas of Mysote district, Karnataka, India. Inter. J. Envtal. Scie,

2, 1450-1458.

Bentley, M.D. & Day, J.F. (1989) .Chemical ecology and behavioral aspects of
mosquito oviposition. . Ann. Rev. Entomol, 34, 401-421.

Black, W.I. & Moore, C.G. (1996). Population biology as a tool for studying vector-
borne diseases. In : Beaty B, Marquardt W, eds. The biology of disease
vectors. Pp 393-416. Niwot, CO: University Press of Colorado.

Blackmore, M. & Lord, C. (2000). The relationship between size and fecundity in

Aedes albopictus. J. Vector Ecol, 25, 212-217.
46



Blakley, B.R., Yole, M.J., Brousseau, P., Boermans, H. & Fournier, M. (1999).
Effect of chlorpyrifos on immune function in rats. Vet. Hum. Toxicol, 41,

140-144.

Blaustein, L. & Kotler, B. (1993). Oviposition habitat selection by the mosquito,
Culiseta longiareolata: Effects of conspecifics, food and green toad

tadpoles. Ecological Entomology, 18, 104-108.

Blaustein, L., Kiflawi, M., Eitam, A., Mangel, M. & Cohen, J.E. (2004). Oviposition
habitat selection in response to risk of predation: Mode of detection and

consistency across experimental venue. Oecologia, 138, 300-305.

Bogardi, 1., Kuzelka, R.D., & Ennenga, W.G. (1991). Nitrate contamination:

exposure, consequence, and control, New York, NY.

Bomblies, A. (2009). The Hydrology of Malaria : Field Observations and Mechanistic
Modeling of the Malaria Transmission Response to Environmental and
Climatic Variability by The Hydrology of Malaria : Field Observations and
Mechanistic Modeling of the Malaria Transmission Res. Massachusetts:

Massachusetts Institute of Technology.

Boone, M.D. & Semlitsch, R.D. (2001). Interactions of an insecticide with larval
density and predation in experimental amphibian communities.

Conservation Biology, 15, 228-238.

Boudin, C., Robert, V., Carnevale, P. & Thomas, P.A. (1992). Epidemiology of
Plasmodium falciparum in a rice field and a savannah area in Burkina Faso.
Comparative study on the acquired immunoprotection in native populations.

Acta Tropica, 51, 103-111.

47



Boyer, S., Serandour, J., Lemperiere, G., Raveton, M. & Ravanel, P. (2006).
Herbicide treatments reduce the sensitivity of mosquito larvae to

insecticide? Chemosphere, 65, 721- 724.

Briegel, H. & Timmermann, S.E. (2001). Aedes albopictus (Diptera: Culicidae):

physiological aspects of development and reproduction. J. Med. Entomol,

38, 566-571.

Briegel, H. (1990). Metabolic relationship between female body size, reserves and

fecundity of Aedes aegypti. J. Insect Physiology, 36,165-172.
Bruce-Chwatt, L.J. (1993). Essential Malariology, (3“l ed.). London: Heinemann,.

Campero, M., Slos, S., Ollevier, F. & Stoks, R. (2007). Sublethal pesticide
concentrations and predation jointly shape life history: behavioral and

physiological mechanisms. Ecol Appl, 17, 2111-2122.
Capinera, J.L. (2008). Encyclopedia of Entomology (2™ ed.). London: Springer.

CCM International, (2011). Outlook for China glyphosate Industry 2012-2016.
China: CCM International,

Coosemans, M. H. (1985). Comparison of malarial endemicity in a rice-growing area
and a cotton-growing area of the Rusizi Plain, Burundi. Ann Soc Belg Med

Trop, 65, 187-200.

Craig, T.P., Itami, J.K. & Price, P.W. (1989). A strong relationship between
oviposition preference and larval performance in a shoot-galling sawfly.

Ecology, 70,1691-1699

Crespi, B. J. (2000). The evolution of maladaptation. Heredity, 84, 623-629.

48



Darriet, F., Rossignol, M. & Chandre, F. (2012). The combination of NPK fertilizer
and deltamethrin insecticide favours the proliferation of pyrethroid-resistant
Anopheles gambiae (Diptera; Culicidae). Parasites & Vectors, 19(2), 159-
164.

Delebes, M., Ferreras, P. & Gaona, P. (2001). Attractive sinks or how individual
behavioral decisions determine source-sink dynamics. Ecology letters, 4,

401-403.

Della-Cioppa, G., Bauer, S.C., Klein, B.K., Shah, D.M., Fraley, R.T. & Kishore,
G.M. (1986). Translocation of the precursor of 5-enolpyruvylshikimate-3-
phosphate synthase into chloroplasts of higher plants in vitro. Proc. Natl.
Acad. Sci. USA, 83, 6873-6877.

Diabaté, A., Baldet, T., Chandre, F., Guiguemde, T.R., Guillet, P., Hemingway, J.
& Hougard, J.M. (2002). First report of the kdr mutation in Anopheles
gambiae M form from Burkina Faso, West Africa. Parassitologia, 44, 157-
158.

Dolo, G., Briet, O.J., Dao, A., Traore, S.F., Bouare, M., Sogoba, N., ... & Toure,
Y.T. (2004). Malaria transmission in relation to rice cultivation in the irri-

gated Sahel of Mali. Acta Trop, 89, 147 — 159.

Duguma, D. & Walton, W.E. (2014). Effects of nutrients on mosquitoes and an
emergent macrophyte, Schoenoplectus maritimus, for use in treatment

wetlands. Journal of Vector Ecology, 39, 1-13.

Duquesne, S., Kroeger, 1., Kutyniok, M. & Liess, M. (2011). The potential of
Cladocerans as con-trophic competitors of the mosquito Culex pipiens. J.

med. Entomol, 48, 554-560.

49



Dye, C. (1986). Vectorial capacity: must we measure all its components? Parasitol

Today, 2, 203-2009.

Dye, C. (1992). The analysis of parasite transmission by bloodsucking insects. Annu

Rev Entomol, 37, 1-19.

Dye, C. (1995). Non-linearities in the dynamics of indirectly-Transmitted infections
(or- Does having a Vector make a difference?). In: Grenfell BT DA, ed.
Ecology of infectious Diseases in Natural Populations. Cambridge, UK:

Cambridge University Press. Pp 260-279.

Edwards, F. W. (1941). Mosquitoes of the Ethiopian region. IIl. - Culicine adults and

pupae. London: British Museum.

Edwards, W.M., Triplett, G.B. & Kramer, R.M. (1980). A watershed study of
glyphosate transport in runoff. J Environ Qual, 9, 661-665.

FAOQ, (2012). Current world fertilizer trends and outlook to 2016 Food and Agriculture
Organization of the United Nations, Rome, Italy: FAO.

FAO, (2015). World fertilizer trends and outlook to 2018. Rome, Italy: FAO.

Faye, O., Fontenille, D. & Gaye, O. (1995). Malaria and rice growing in the Senegal
River delta (Senegal). Ann Soc Belg Med Trop, 75, 179—-189.

Faye, O., Gaye, O., Herve, J.P., Diack, P.A. & Diallo, S. (1993). Malaria in the
Sahelian zone of Senegal. Parasitic indices. Annales de la Socie te” Belge

de Me decine Tropicale, 73, 31-36.

Ferguson, H.M., Maire, N., Takken, W., Lyimo, L.N., Briet, O., Lindsay, S.W. &
Smith, T.A. (2012). Selection of mosquito life-histories: a hidden weapon

against malaria? Malar J, 11, 106.

50



Fillinger, U., Sombroek, H., Majambere, S., van Loon, E., Takken, W., & Lindsay,
S.W. (2009). Identifying the most productive breeding sites for malaria

mosquitoes in The Gambia. Malaria Journal, 8, 62.

Fleeger, J.W., Carman, K.R. & Roger, M. (2003). Indirect effects of contaminants in

aquatic ecosystems. The science of the Total Environment, 317, 207-233 .

Franz, J.E., Mao, M.K. & Sikorski, J.A. (1997). Glyphosate: A Unique Global
Herbicide. American Chemical Society, 4, 65-97.

Garthwaite, D.G., Barker, 1., Parrish, G., Smith, L., Chippindale, C. & Petravalle,
S. (2010). Arable crops in The United Kingdom 2010 Pesticide Usage
Survey Reports, DEFRA, 235.

George, H.R. (1987). The impacts of agricultural chemicals on ground water quality.

Geojournal, 15(3), 283-295.

Ghebreyesus, T.A., Haile, M., Witten, K.H., Getachew, A., Yohannes, A.M.,
Yohannes, M., ... & Byass, P., (1999). Incidence of malaria among
children living near dams in northern Ethiopia: Community based incidence

survey. British Medical Journal, 319, 663-666.

51



Gillies, M.T. & Coetzee, M. (1987). A Supplement to the Anophelinae of Africa South
of the Sahara (Afro-Tropical Region). Johannesberg, South Africa:
Publication of the South African Institute of Medical Research, 55, 141-
143.

Gilliom, R.J., Barbash, J.E., Crawford, C.G., Hamilton, P.A., Martin, J.D.,
Nakagaki, N., ... & Wolock, D.M. (2007). The quality of our nation’s
waters—pesticides in the nation’s streams and ground water, 1992-2001.

US Geological Survey circular, 1291.

Gimning, J.E., Ombok, M., Otieno, S., Karfman, M.G., Vulule, J.M. & Walker,
E.D. (2002). Density-dependent development of Anopheles gambiae
(Diptera: Culicidae) larvae in artificial habitats. Journal of Medical

Entomology, 29, 162—172.

Githeko, A.K., Service, M.W., Mbogo, C.M., Atieli, F.K. & Juma, F.O. (1993).
Plasmodium falciparum sporozoite and entomological inoculation rates at
the Ahero irrigation scheme and the Miwani sugar-belt in western Kenya.

Annals of Tropical Medicine and Parasitology, 87, 379-391.

Global Industry Analyst, (2011). Global Glyphosate Market to reach 1.35 metric tons
by 2017; According to a new report by global industry Analysts. Inc. Press
Release 10 October.

Godfray, H.C. (2013). Mosquito ecology and control of malaria. The Journal of
Animal Ecology, 82(1), 15-25.

Grube, A., Donaldson, D., Kiely, T. & Wu, L. (2011). Pesticide industry sales and
usage: 2006 and 2007 market estimates Biological and Economic Analysis

Division, U.S. Environmental Protection Agency, Washington, DC.

52



Hanks, L.M., Paine, T.D. & Millar, J.G. (1993). Host species preference and larval
performance in the wood-boring beetle Phoracantha semipunctata.

Oecologia, 95, 22-29

Hardy, J. (1988). Arboviruses: Epidemiology and Ecology. In: TPM, ed. Susceptibility

and resistance of vector mosquitoes, Boca Raton: CRC Press.

Harris, A.F., Rajatileka, S. & Ranson, H. (2010). Pyrethroid resistance in Aedes
aegypti from Grand Cayman. Am. J. Trop. Med. Hyg, 83, 277-284.

Hawley, W.A. (1985). The effect of larval density on adult longevity of a mosquito,
Aedes sierrensis: epidemiological consequences. J. Anim. Ecol, 54, 955-

964.

Himeidan, Y.E. & Kweka, E.J. (2012). Malaria in East African highlands during the
past 30 years : impact of environmental changes. Frontiers in Physiology,

3(August), 1-11.

Ijumba, J. & Lindsay, S. (2001). Impact of irrigation on malaria in Africa: paddies
paradox. Medical and Veterinary Entomology, 15, 1-11.

Ijumba, J., Mosha, F. & Lindsay, S. (2002a). Malaria transmission risk variations
derived from different agricultural practices in an irrigated area of northern

Tanzania. Medical and Veterinary Entomology, 16, 28-38.

Ijumba, J.N. (1997). The impact of rice and sugar-cane irrigation on malaria
transmission in the Lower Moshi area in northern Tanzania. Unpublished

PhD thesis, Denmark: University of Copenhagen,

53



Ijumba, J.N., Shenton, F.C., Clarke, S.E., Mosha, F.W. & Lindsay, S.W. (2002b).
Irrigated crop production is associated with less malaria than traditional
agricultural practices in Tanzania. Transactions of the Royal Society of

Tropical Medicine and Hygiene, 96, 476-480.

Isoe, J., Beehler, J.W., Millar J.G. & Mulla M.S. (1995). Oviposition response of
Culex tarsalis and Culex quinquefasciatus to aged Bermuda grass infusions.

J. Am. Mosgq. Control Assoc, 11, 39-44.

Juliano, S.A. (2007). Population dynamics. J. Am. Mosq. Control Assoc, 23, 265-275.

Juliano, S.A., Lounibos, L.P. & O’Meara, G.F. (2004). Afield test for competitive
effects of Aedes albopictus on Aedes aegypti in South Florida: differences

between sites of co-existence and exclusion? Oencologia, 139, 583-593.

Kay, B.H. (1999). Water resources: Health, environment and development. New York,
NY, USA: E and FN Spon Ltd.

Kelly, D.W., Poulin, P., Tompkins, D.M. & Townsend, C.R. (2010). Synergistic
effects of glyphosate formulation on parasite infection on fish

malformations and survival. J. Appl. Ecology, 47, 498-504.

Kenea, O., Balkew, M. & Gebre-Michael, T. (2011). Environmental factors
associated with larval habitats of anopheline mosquitoes (Diptera:
Culicidae) in irrigation and major drainage areas in the middle course of the
Rift Valley, central Ethiopia. Journal of Vector Borne Diseases, 48(2), 85—
92.

54



Kikuchi, M., Inocencio, A., Tonosaki, M., Merrey, D., de Jong, 1., & Sally, S.
(2005). Cost of Irrigation Projects: A Comparison of sub-Saharan Africa
and Other Developing Regions and Finding Options to Reduce Costs.
Report for the World Bank as part of the Investment in agricultural water
management in Sub- Saharan Africa: Diagnosis of trends and opportunities.

Pretoria, South Africa, IWMI. May 2005

Kiszewski, A., Mellinger, A., Spielman, A., Malaney, P., Sachs, S.E. & Sachs, J.
(2004). A global index representing the stability of malaria transmission.

The American Journal of Tropical Medicine and Hygiene, 70(5), 486-98.

Kokko, H. & Sunderland, W.J. (2001). Ecological traps in changing environments:
Ecological and evolutionary consequences of a behaviorally mediated

effect. Evolutionary Ecology Research, 3, 537-551.

Larsson, S., Glynn, C. & Hoglund, S. (1995). High oviposition rate of Dasineura
marginemtorquens on Salix viminalis genotypes unsuitable for offspring

survival. Entomol. Exp. Appl, 77, 263-270

Laurence, B.R. & Pickett, J.A. (1985). An oviposition attractant pheromone in Culex
quinquefasciatus (Diptera: Culicidae). Bull. Entomol. Res, 75, 283- 90.

Le Menach, A., McKenzie, F.E., Flahault, A. & Smith, D.L. (2005). The unexpected
importance of mosquito oviposition behaviour for malaria: non-productive
larval habitats can be sources for malaria transmission. Malaria Journal,

4(1), 23.

Li, H., Handsaker, B., Wysoker, A., Fennell, T., Ruan, J., Homer, N., ... & 1000
Genome Data Processing Subgroup, (2009). The sequence alignment/

map format and SAM tools. Bioinformatics, 25,2078.

55



Lindh, J., Okal, M., Herrera-Varela, M., Borg-Karlson, A.K., Torto, B., &
Lindsay, S., (2015). Discovery of an oviposition attractant for gravid
malaria vectors of the Anopheles gambiae species complex. Malar J,

14,119.

Lindsay, S.W., Wilkins, H.A., Zieler, H.A., Daly, R.J., Petrarca, V. & Byass, P.
(1991). Ability of Anopheles gambiae mosquitoes to transmit malaria during
the dry and wet seasons in an area of irrigated rice cultivation in The

Gambia. Journal of Tropical Medicine and Hygiene, 94, 313-324.

Macdonald, G. (1957). The epidemiology and control of malaria. London, NewY ork:
Oxford University Press.

Mayhew, P.J. (1997). Adaptive patterns of host plant selection by phytophagous
insects. Oikos, 79, 417-428.

Mbutolwe, E.M., Mwelecele, N.M., Erling, M.P., Franklin, W.M. & Paul, E. S.
(2013). Urban lymphatic filariasis in the Metropolis of Dares salaam,

Tanzania. Parasit Vectors, 6, 286.

McCarroll, L. & Hemingway, J. (2002). Can insecticide resistance status affect
parasite transmission in mosquitoes? Insect Biochem Mol Biol, 32, 1345—

1351.

Merritt, R.W., Dadd, R.H. & Walker, E.D. (1992). Feeding behavior, natural food,
and nutritional relationships of larval mosquitoes. Annu Rev Entomol, 37,

349-376.

Michael, E., Bundy, D.A. & Grenfell, B.T. (1996). Re-assessing the global prevalence
and distribution of lymphatic filariasis. Parasitol, 112, 409-428.

56



Minakawa, N., Mutero, C.M., Githure, J.I., Beier, J. C. & Yan, G. (1999). Spatial
distribution and habitat characterization of anopheline mosquito larvae in

Western Kenya. Am J TropMedHyg, 61(6), 1010-6.

Minakawa, N., Sonye, G., Mogi, M. & Yan, G. (2004). Habitat characteristics of
Anopheles gambiae s.s. larvae in a Kenyan highland. Med Vet Entomol,

18(3), 301-5.

Mogi, M. & Miyagi, I. (1990). Colonization of rice fields by mosquitoes (Diptera
Culicidae) and larvivorous predators in synchronous rice cultivation areas in

the Philippines. J Med Entomol, 27, 530-536.

Moudy, R.M., Meola, M.A., Morine, L.L., Ebel, G.D. & Kramer, L.D. (2007). A
newly emergent genotype of west Nile virus is transmitted earlier and more

efficiently by Culex mosquitoes. Am J Trop Med Hyg, 77, 365-370.

Muller, G.C., Junnila, A., Kravchenko, V.D., Revay, E.E., Butler, J.M., Orlova,
0.B., Weiss, R.W. & Schlein, Y. (2008b). Ability of essential oil candles
to repel biting insects in high and low biting pressure environments. J Amer

Mosq cont Assoc, 24,154-160.

Muriu, S.M., Coulson, T., Mbogo, C.M. & Godfray, H.C. (2013). Larval density
dependence in Anopheles gambiae s.s., the major African vector of malaria.

The Journal of Animal Ecology, 82(1), 166-74.

Mutero, C., Blank, H., Konradsen, F. & Hoek, W. (2000). Water management for
controlling the breeding of Anopheles mosquitoes in rice irrigation schemes

in Kenya. Acta trop, 76, 253-256.

57



Mutero, C., Kabutha, C., Kimani, V., Kabuage, L., Gitau, G., Ssennyonga, J., ... &
Oganda, M. (2004b). A transdisciplinary perspective on the links between

malaria and agroecosystems in Kenya. Acta Trop, 89, 171-186.

Mutero, C., Mosha, F., Odulaja, A., Knols, B., Bos, R., (1999). Livestock
management and malaria prevention in irrigation schemes. Parasit. Today,

15, 394-395.

Mutero, C., Ng'ang'a, P., Wekoyela, P., Githure, J. & Konradsen, F. (2004a).
Ammonium sulphate fertiliser increases larval populations of Anopheles

arabiensis and culicine mosquitoes in rice fields. Acta Trop, 89,187—-192.

Muturi, E.J. & Alto, B.W. (2011). Larval environmental temperature and insecticide

exposure alter Aedes aegypti competence for arboviruses. Vector Borne

Zoonotic Dis, 11, 1157-1163.

Muturi, E.J. (2013). Larval rearing temperature influences the effect of Malathion on
Aedes aegypti life history traits and immune responses. Chemosphere, 92,

1111-1116.

Muturi, E.J., Costanzo, K., Kesavaraju, B. & Alto, B.W. (2011a). Can pesticides and
larval competition alter susceptibility of Aedes mosquitoes (Diptera:

Culicidae) to arbovirus infection? J Med Entomol, 48, 429-236.

Muturi, E.J., Costanzo, K., Kesavaraju, B., Lampman, R. & Alto, B.W. (2010a).
Interaction of a pesticide and larval competition on life history traits of

Culex pipiens. Acta Trop, 116, 141-146.

58



Muturi, E.J., Kim ,C.H., Baliraine, F.N., Musani, S., Jacob, B., Githure, J. &
Novak, R. (2010b). Population genetic structure of Anopheles arabiensis
(Diptera: Culicidae) in a rice growing area of central Kenya. J Med

Entomol, 47, 144-151.

Muturi, E.J., Lampman, R., Costanzo, K. & Alto, B.W. (2011b). Effect of
temperature and insecticide stress on life-history traits of Culex restuans and

Aedes albopictus (Diptera: Culicidae). J Med Entomol, 48, 243-250.

Muturi, E.J., Mbogo, C.M., Mwangangi, J.M., Ng'ang'a, Z.W., Kabiru, E.W.,
Mwandawiro, C. & Beier, J.C. (2006b). Concomitant infections of
Plasmodium falciparum and Wuchereria bancrofti on the Kenyan coast.

Filaria Journal, 5, 8.

Muturi, E.J., Muriu, S., Shililu, J., Mwangangi, J., Jacob, B., Mbogo, C., Githure,
J. & Novak, R. (2008). Effect of rice cultivation on malaria transmission in

central Kenya. Am J. Trop. Med. Hyg., 78(2), 270-275.

Muturi, E.J., Mwangangi, J.M., Shililu, J., Muriu, S., Jacob, B., Kabiru, E.W., Gu,
W., Mbogo, C., Githure, J. & Novak, R. (2007). Mosquito species
succession and the physiochemical factors affecting their abundance in rice

fields in Mwea Kenya. J. Med. Entomol, 44, 336-344.

Muturi, J., Shililu, J., Jacob, B., Githure, J., Gu, W. & Novak, R. (2006a).
Mosquito species diversity and abundance in relation to land use in a

riceland agroecosystem in Mwea, Kenya. J Vector Ecol, 31, 129-137.

Mwandawiro, C., Fujimaki, Y., Mitsui, Y. & Katsivo, M. (1997). Mosquito vectors
of bancroftian filariasis in Kwale district Kenya. East Afri Med J, 74, 288-
293.

59



Mwangangi, J.M., Mbogo, C.M., Orindi, B.O., Muturi, E.J., Midega, J.T., Nzovu,
Jey ... & Beier, J.C. (2013). Shifts in malaria vector species composition
and transmission dynamics along the Kenyan coast over the past 20 years.

Malar J, 12, 13.

Norris, L.A., Lorz, HW. & Gregory, S.V. (1983). Influence of forest and range land
management on anadromous fish habitat in western North America: forest
chemicals. PNW-GTR-149. Gen. Tech. Rep. USDA. Forest service, Pacific

northwest forest and Range Experiment Station, 95pp.

Nylin, S. & Janz, N. (1993). Oviposition preference and larval performance in
Polygonia calbum (Lepidoptera: Nymphalidae): the choice between bad and
worse. Ecol. Entomol, 18,394-398.

Okwa, O., Rasheed, A., Adeyemi, A., Omoyeni, M., Oni, L., Fayemi, A., &
Ogunwomoju, A. (2007). Anopheles species abundances, composition and
vectoral competence in six areas of Lagos : Nigeria. Journal of Cell and

Animal Biology, 1(2), 19-23.

Olayemi, I.K., Maduegibuna, E.N., Ukubuiwe A.C. & Chukwuemeka, V.I. (2012).
Laboratory studies on developmental responses of the filarial vector

mosquito, Culex pipiens pipiens (Diptera:Culicidae), to Urea fertilizer. J

Med sci, 12,175-181.

Oomen, J., De Wolf, J. & Jobin, W. (1988). Health and Irrigation: Incorporation of
Disease-Control Measures in Irrigation, a Multi- Faceted Task in Design,
Construction, Operation. Wageningen, The Netherlands: International

Institute for Land Reclamation and Improvement.

60



Oomen, J.M.V., de Wolf, J. & Jobin, W.R. (1990). Health and irrigation:
incorporation of disease-control measures in irrigation, a multi-faceted task

in design, construction and operation. Wageningen, The Netherlands: ILRI.

Ottesen, E.A., Duke B.O., Karam, M. & Behbehani, K. (1997). Strategies and tools
for the control/elimination of lymphatic filariasis. Bull World Health Org,
75, 491- 503.

Penz, C.M. & Araigjo, A.M. (1990). Interaction between Papilio hectorides
(Papilionidae) and four host plants (Piperaceae) in a southern Brazilian

population. J. Res. Lepid, 29,161-171

Pestana, J.L., Alexander, A.C., Culp, J.M., Baird, D.J., Cessna, A.J. & Soures,
A.M. (2009a). Structural and functional responses of benthic invertebrates
to imidacloprid in outdoor stream mesocosms. Environ Pollut, 157, 2328-

2334.

Pestana, J.L., Loureiro, S., Baird, D.J. & Soares, A.M. (2009b). Fear and loathing in
the benthos: Responses of aquatic insect larvae to the pesticide imidacloprid
in the presence of chemical signals of predation risk. Aquat Toxicol, 93,

138-149.

Ponnusamy, L., Boroczky, K., Wesson, D.M., Schal, C. & Apperson, C.S. (2011).
Bacteria stimulate hatching of yellow fever mosquito eggs. PLoS ONE, 6,
€24409.

Ponnusamy, L., Wesson, D.M., Arellano, C., Schal, C. & Apperson, C.S. (2010).
Species composition of bacterial communities influences attraction of

mosquitoes to experimental plant infusions. Microb Ecol, 59, 158-73.

61



Ponnusamy, L., Xu, N., Nojima, S., Wesson, D.M., Schal, C. & Apperson, C.S.
(2008). Identification of bacteria and bacteria-associated chemical cues that
mediate oviposition site preferences by Aedes aegypti. Proc Natl Acad Sci U

S A, 105, 9262-7.

Quiroz-Martinez, H., Garza-Rodriguez, M.I., Trujillo-Gonzalez, M.I., Zapeda-
Cavazos, I.G., Siller-Aguillon, I., ... & Rodriguez-Castro, V.A. (2012).
Selection of oviposition sites by female Aedes aegypti exposed to two

larvicides. J Am Mosq Control Assoc, 28, 47-9.

Rajikumar, S. & Jebanesan, A. (2005). Scientific note: Oviposition deterrent and skin
repellent activities of Solanum trilobatum leaf extract against the malarial

vector Anopheles stephensi. j insect sci, 5, 15.

Ranson, H., N’Guessan, R., Lines, J., Moiroux, N., Nkuni, Z. & Corbel, V. (2011).
Pyrethroid resistance in African anopheline mosquitoes: what are the

implications for malaria control? Trends Parasitol, 27, 91- 98

Reiskind, M.H. & Lounibos, L.P. (2009). Effects of intraspecific larval competition
on adult longevity in the mosquitoes Aedes aegypti and Aedes albopictus.

Med Vet Entomol, 23, 62-68.

Reiskind, M.H. & Wilson, ML.L. (2004). Culex restuans (Diptera: Culicidae)
oviposition behavior determined by larval habitat quality and quantity in

southeastern Michigan. J Med Entomol, 41, 179-186.

Relyea, R. & Hoverman, J.T. (2006). Assessing the ecology in ecotoxicology: a

review and synthesis in freshwater systems. Ecol Lett, 9, 1157-1171.

Relyea, R.A. (2003). Predator cues and pesticides: A double dose of danger for
amphibians. Ecological Applications, 13, 1515-1521.

62



Relyea, R.A. (2004). Synergistic impacts of Malathion and predatory stress on six
species of North American tadpoles. Environ Toxicol Chem, 23, 1080-1084.

Relyea, R.A. (2012). New effects of Roundup on amphibians: predators reduce
herbicide mortality; herbicides induce antipredator morphology. Ecol Appl,
22, 634-647.

Ribeiro, S., Sousa, J.P., Nogueira, A.J. & Soares, A.M. (2001). Effect of endosulfan
and parathion on energy reserves and physiological parameters of the

terrestrial isopod Porcellio dilatatus. Ecotoxicol Environ Saf, 49,131-138.

Ripert, C.L. & Raccurt, C.P. (1987). The impact of small dams on parasitic diseases
in Cameroon. Parasitology Today, 3(9), 287-289.

Robert, V., Gazin, P., Boudin, C., Molez, J.F., Oudreaogo, V. & Carnevale, P.
(1985). La Transmission du paludisme en zone de savane arboree et en zone
rizicole des environs de Bobo Dioulasso (Burkina Faso). Annales de la

SocieAteA Belge de MedeAcine Tropicale, 65 (Suppl. 2), 201-214.

Robert, V., Van den Broek, A., Stevens, P., Slootweg, R., Petrarca, V., Coluzzi, M.,
.. & Carnevale, P. (1992). Mosquitoes and malaria transmission in
irrigated rice-fields in the Benoue valley of northern Cameroon. Acta Trop,

52,201-204.

Roger, P.A., Simpson, L., Oficial, R., Ardales, S. & Jimenez, R. (1994). Effects of
Pesticides on Soil and Water Microflora and Mesofauna in Wetland
Ricefields - a Summary of Current Knowledge and Extrapolation to

Temperate Environments. Australian Journal of Experimental Agriculture,

34, 1057-1068.

63



Santos, S.R.A., Melo-Santos, M.A.V., Regis, L. & Albuquerque, C.M.R. (2003).
Field evaluation of ovitraps consociated with grass infusion and Bacillus
thuringiensis var. israelensis to determine oviposition rates of Aedes

aegypti. Dengue Bulletin, 27, 156-162.

Scheirs, J. & DeBruyn, L. (2002). Integrating Optima Faraging and Optimal
Oviposition theory in plant-insect research. Oikos, 96, 187-191.

Shim, J.C., Hong, H.K. & Lee, D.K. (1995a). Susceptibilities of Culex
tritaeniorhynchus larvae (Culicidae, Diptera) to insecticides. Korean

Jjournal of entomology, 25, 13-20.

Shim, J.C., Hong, H.K. & Lee, D.K. (1995b). Susceptibilities of Anopheles sinensis
larvae (Culicidae, Diptera) to various insecticides. Korean journal of

entomology, 25, 69-76.

Sinka, M. E. (2013). Global Distribution of the Dominant Vector Species of Malaria. In
Anopheles mosquitoes - New insights into malaria (Vol. 813, p. 813).
InTech.

Sinka. MLE., Golding, N., Massey, N.C., Wieba, A., Huang, Z., Hay, S.I. & Moyes,
C.L. (2016). Modelling the relative abundance of the primary African
vectors of malaria before and after the implementation of indoor,

insecticide-based vector control. Malar J, 15, 142.

Sissoko, M. S., Dicko, A., Briet, O. J., Sissoko, M., Sagara, 1., Keita, H. D., Sogoba,
M., Rogier, C., Toure, Y. T. & Doumbo, O. K. (2004). Malaria incidence
in relation to rice cultivation in the irrigated Sahel of Mali. Acta Trop, 89,

161-170.

64



Smith, D.L. & McKenzie, F.E. (2004). Statistics and dynamics of malaria infection in

Anopheles mosquitoes. Malar. J, 3, 13

Smith, L.E.D. (2004). Assessment of the contribution of irrigation to poverty reduction
and sustainable livelihoods. International Journal of Water Resources

Development, 20, 243-257.

Smith, M. W., Macklin, M. G., & Thomas, C. J. (2013). Hydrological and
geomorphological controls of malaria transmission. Earth-Science Reviews,

116, 109-127.

Solomon, K.R., Giddings, J.M. & Maund, S.J. (2001). Probabilistic risk assessment
of cotton pyrethroids: Distributional analyses of laboratory aquatic toxicity

data. Environ Toxicol Chem, 20, 652-659.

Speight, M. R., Hunter, M. D., & Watt, A. D. (2008). Ecology of Insects: Concepts
and Applications. (S. Ed.) (p. 640). New York: Wiley-Blackwell.

Stav, G., Blaustein, L. & Margalith, J. (1999). Experimental evidence for predation
risk sensitive oviposition by a mosquito, Culiseta longiareolata. Ecol.

Entomol, 24, 202-207.

Sunish, LI.P., Raghunatha, R.D. & Gajanana, A. (1998). Nitrogenous fertilizers, neem

and vectors of Japanese encephalitis virus. Current Science, 75, 1107.

Sunish, I.P., Rajendran, R. & Reuben, R. (2003). The role of urea in the oviposition
behaviour of Japanese encephalitis vectors in rice fields of South India.

Mem Inst Oswaldo Cruz, 98, 789-791.

Thielman, A. C., & Hunter, F. F. (2007). A Photographic Key to Adult Female
Mosquito Speices of Canada (Diptera: Culicidae). Canadian Journal of

Arthropod Identification, 4, 117.
65



Trexeler, J.D., Apperson, C.S. & Schal, C. (1998). Laboratory and field evaluations
of oviposition responses of Aedes albopictus and Aedes triseriatus (Diptera:

Culicidae) to oak leaves infusions. J. Med. Entomol, 35, 967-976

Underwood, D.L.A. (1994). Intraspecific variability in host plant quality and
ovipositional preferences in Eucheira socialis (Lepidoptera: Pieridae). Ecol.

Entomol, 19, 245- 256

Valladares, G. & Lawton, J.H. (1991). Host-plant selection in the holly leaf-miner:
does mother know best? J. Anim. Ecol, 60, 227-240

Via, S. (1986). Genetic covariance between oviposition preference and larval

performance in an insect herbivore. Evolution, 40, 778-785

Victor, T.J. & Reuben, R. (2000). Effects of organic and inorganic fertilizers on
mosquito populations in rice fields of southern India. Med Vet Entomol, 14,

361-368.

Vonesh, J.R. & Buck, J.C. (2007). Pesticide alters oviposition site selection in gray
treefrogs. Oecologia, 154, 219-226.

Waliwitiya, R., Kennedy, C.J. & Lowenberger, C.A. (2009). Larvicidal and
oviposition-altering activity of monoterpenoids, trans-anithole and rosemary
oil to the yellow fever mosquito Aedes aegypti (Diptera: Culicidae). Pest
Manag Sci, 65, 241-8.

Woodley, S.K., Mattes, B.M., Yates, E.K. & Relyea, R.A. (2015). Exposure to
sublethal concentrations of a pesticide or predator cues induces changes in

brain architecture in larval amphibians. Oecologia, 179, 655-665.

66



World Health Organisation, (1995). Vector Control for Malaria and Other Mosquito-
borne Diseases. Report of a WHO Study Group. WHO Technical Report
Series. No. 857. Geneva: World Health Organization.

World Health Organisation, (1995). World Health Report 1995: Bridging the Gaps.
Geneva, Switzerland: WHO.

World Health Organisation, (2013). Practical entomology in the global programme to
eliminate lymphatic filariasis: A handbook for national elimination

programmes, Geneva: World Health Organization.

World Health Organization, (2015). World Malaria report. World Health
Organization, Malar j, 12, 213.

Xue, R.D., Barnard, D.R. & Ali, A. (2001). Laboratory and field evaluation of insect
repellents as oviposition deterrents against the mosquito Aedes albopictus.

Med Vet Entomol, 15, 126- 131.

Xue, R.D., Kline, D.L. Ali, A. & Barnard, D.R. (2006). Application of boric acid
baits to plant foliage for adult mosquito control. J Am Mosq Control Assoc,

22,497-500

Yohannes, M., Haile, M., Ghebreyesus, T., Witten, K., Getachew, A., Byass, P. &
Lindsay, S.W. (2005). Can source reduction of mosquito larval habitat
reduce malaria transmission in Tigray, Ethiopia? Trop Med Int Health, 10,

1274-1285.

Yoshioka, M., Couret, J., Kim, F., McMillan, J., Burkot, T.R., Dotson, E.M. et al.
(2012). Diet and density dependent competition affect larval performance
and oviposition site selection in the mosquito species Aedes albopictus

(Diptera: Culicidae). Parasites Vectors, 5.

67



Young, G.B., Golladay, S., Covich, A. & Blackmore, M. (2014). Nutrient enrichment
affects immature mosquito abundance and species composition in field-

based mesocosms in the coastal plain of Georgia. Environ Entomol, 43, 1-8.

68



APPENDICES

Appendix 1: Approval Letter by the SSC KEMRI

KENYA MEDICAL RESEARCH INSTITUTE

P.O. Box 54840-00200, NAIROBI, Kenya
Tel (254) (020) 2722541, 2713349, 0722-205901 0733-400003; Fax: (254) (020) 2720030

E-mail: directol i.org ir i.org W ite:www.kemri.org
KEMRI/SSC/102820 27 May, 2014
Tabitha Wambui
Thro’ 20!

%,V\‘. Director, ESACIPAC % QMO 5/( 2
NAIROBI OLAUA A

REF: SSC No. 2828 (Revised) — Effect of Sublethal Concentrations of
Agricultural Chemicals on Selected Life History Traits of
Anopheles arabiensis and Culex quinquefasciatus in Mwea Rice
Irrigation Scheme, Central Kenya

Thank you for your letter dated 234 May, 2014 responding to the
comments raised by the KEMRI SSC

I am pleased to inform you that your protocol now has formal
scientific approval from SSC.

The SSC however, advises that work on the proposed study can
only start after ERC approval.

A&
Sammy Njenga, PhD
- SECRETARY, SSC

Encl(s)

In Search of Better Health

69



Appendix 2: Approval Letter by the ERC KEMRI

KENYA MEDICAL RESEARCH INSTITUTE

P.O. Box 54840-00200, NAIROBI, Kenya
Tel (254) (020) 2722541 2713349, 0722-205901 0733-400003; Fax: (254) (020) 2720030
E-mail: director@kemri.org info@kemri.org Website:www.kemri.org

KEMRI/RES/7/3/1 August 1, 2014

TO: TABITHA WAMBUI
PRINCIPAL INVESTIGATOR

THROUGH: DR. SAMMY NJENGA, F—g vworeecl. (et Log

DIRECTOR, ESACIPAC,

NAIROBI k@

RE: SSC PROTOCOL NO. 2828 (RESUBMISSION): EFFECT OF SUBLETHAL
CONCENTRATIONS OF AGRICULTURAL CHEMICALS ON SELECTED LIFE
HISTORY TRAITS OF ANOPHELES ARABIENSIS AND CULEX
QUINQUEFASCIATUS IN MWEA RICE IRRIGATION SCHEME, CENTRAL KENYA

Dear Madam,

Reference is made to your letter dated 30" July, 2014. The ERC Secretariat acknowledges receipi' *

of the revised study protocol on July 31, 2014.

This is to inform you that the Ethics Review Committee (ERC) reviewed the documents submitted
and is satisfied that the issues raised at the 228™ meeting of the KEMRI ERC on 24" June, 2014
have been adequately addressed.

The study is granted approval for implementation effective this 15* August, 2014. Please note
that authorization to conduct this study will automatically expire on July 31, 2015. If you plan
to continue with data collection or analysis beyond this date, please submit an application for
continuing approval to the ERC Secretariat by June 19, 2015.

Any unanticipated problems resulting from the implementation of this protocol should be brought
to the attention of the ERC. You are also required to submit any proposed changes to this
protocol to the SSC and ERC prior to initiation and advise the ERC when the study is completed
or discontinued.

You may embark on the study

Yours faithfully,

PROF. ELIZABETH BUKUSI,
ACTING SECRETARY,
KEMRI/ETHICS REVIEW COMMITTEE

In Search of Better Health

70



Appendix 3: Published Manuscript in Parasite and Vectors Journal

Kibuthu et al. Parasites & Vectors (2016) 9:500
DOI 10.1186/513071-016-1788-7

Parasites & Vectors

RESEARCH Open Access

Agricultural chemicals: life changer for v
mosquito vectors in agricultural
landscapes?

Tabitha W. Kibuthu'" Sammy M. Njenga?, Amos K. Mbugua® and Ephantus J. Muturi®”*
Jeng

-
Abstract

Background: Although many mosquito species develop within agricultural landscapes where they are potentially
exposed to agricultural chemicals (fertilizers and pesticides), the effects of these chemicals on mosquito biology
remain poorly understood. This study investigated the effects of sublethal concentrations of four agricultural

. chemicals on the life history traits of Anopheles arabiensis and Culex quinquefasciatus mosquitoes.

Methods: Field and laboratory experiments were conducted to examine how sublethal concentrations of four
agricultural chemicals: an insecticide (cypermethrin), a herbicide (glyphosate), and two nitrogenous fertilizers
(ammonium sulfate and diammonium phosphate) alter oviposition site selection, emergence rates, development
time, adult body size, and longevity of An. arabiensis and Cx. quinquefasciatus.

Results: Both mosquito species had preference to oviposit in fertilizer treatments relative to pesticide treatments.
Emergence rates for An. arabiensis were significantly higher in the control and ammonium sulfate treatments
compared to cypermethrin treatment, while emergence rates for Cx. quinquefasciatus were significantly higher in
the diammonium phosphate treatment compared to glyphosate and cypermethrin treatments. For both mosquito
species, individuals from the ammonium sulfate and diammonium phosphate treatments took significantly longer
time to develop compared to those from cypermethrin and glyphosate treatments. Although not always significant,
males and females of both mosquito species tended to be smaller in the ammonium sulfate and diammonium
phosphate treatments compared to ¢ypermethrin and glyphosate treatments. There was no significant effect of the
agrochemical treatments on the longevity of either mosquito species.

Conclusions: These results demonstrate that the widespread use of agricultural chemicals to enhance crop
production can have unexpected effects on the spatial distribution and abundance of mosquito vectors of malaria
and lymphatic filariasis.

Keywords: Agricultural chemicals, Sublethal concentrations, Life history traits, Anopheles arabiensis, Culex
quinquefasciatus

Background

Mosquitoes transmit some of the most devastating
infectious diseases including malaria, lymphatic filaria-
sis (LF), and di Transmission of these di is
largely influenced by mosquito distribution, abun-
dance and fitness, which are in turn dependent on the

quality of aquatic habitats where egg hatch and larval
development occurs [1, 2]. Because mosquitoes do not
provide parental care to their offspring, natural selec-
tion should favor the ability of gravid females to select
aquatic habitats that maximize egg hatch and offspring
fitness [3]. This process requires complex integration
of biological, chemical and physical cues by gravid
females [4]. Chemical contaminants can potentially
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disrupt this process by modifying the quality and

__attractiveness of the aquatic habitats and vector

‘biologists are faced with the challenge of determining
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