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ABSTRACT

Cutaneous leishmaniasis (CL), a neglected tropical disease caused by Leishmania
parasites and transmitted by sandfly vectors, is a significant health concern in Bungoma
County, and other Kenyan leishmaniasis-endemic counties. The present study aimed to
characterize the distribution and ecological attributes of habitats of sandfly vectors and
reservoir hosts of CL. The research objectives included: determining sandfly species
diversity and abundance in identified sandfly habitats, evaluating the effects of
temperature, relative humidity, and altitude on sandfly occurrence, analyzing soil
characteristics in sandfly habitats for their physical and chemical properties,
determining the association of sandfly populations and plant species populations in the
study area, and evaluating the relationship between potential vertebrate reservoir hosts
populations and sandfly populations in the study area. Sandflies were collected from
their habitats using CDC light traps, dissected and identified morphologically between
January 2021 and December 2022. Species diversity and evenness was analyzed using
the Shannon-Weinner’s diversity index. A total of 6,156 sandflies were captured, with
Phlebotomus pedifer accounting for 94%, P. elgonensis 0.5%, and Sergentomyia
species 5.5%of the collections. Environmental factors, including temperature (21—
29°C), relative humidity (75-90%) and altitude (1,506—3,100 masl), were significant (P
< 0.05) determinants of sandfly distribution. The correlation between soil properties
and sandfly abundance was non-significant. Plant species diversity index (3.14 H’) and
vertebrate diversity index (2.06 H’) indicated strong association with sandfly
abundance, highlighting ecological drivers of the vector populations. The study
concluded that Phlebotomus pedifer is the dominant sandfly vector species of CL in
Bungoma County; while it is the people who go to the vector habitats (caves) who get
bitten and become infected with CL. These findings underscore the need for habitat-
specific interventions, such as environmental management to control sandfly
populations in caves to reduce the transmission of CL in the study area and other similar
regions.
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CHAPTER ONE

INTRODUCTION

1.1 Background and Scope of Study

Leishmaniasis is a vector-borne protozoan disease caused by obligate intra-
macrophagic parasite species of genus Leishmania (family Trypanosomatidae)
(Akhoundi ef al., 2016). Leishmaniasis manifests in three clinical forms which include
the most common cutaneous leishmaniasis (CL) which causes skin lesions mainly
ulcerous on exposed parts of the body, the most serious is visceral leishmaniasis (VL)
which is also known as kala-azar that affects the liver, spleen and the bone-marrow,
and the muco-cutaneous leishmaniasis (MCL) that partially or totally destroys the
mucus membranes of the nose, throat or mouth (WHO, 2023). The clinical disease
forms that is manifested is dependent on the species of the infecting parasite and the
respective vector species as well as the availability of suitable reservoir vertebrate hosts

endemic to a given localized region at any specific time (CDC, 2023).

According to Jones and Welburn, (2021), the prevalence of VL in Kenya is so high and
is characterized by epidemic episodes across the arid and semi-arid counties including
Baringo, West Pokot, Turkana, Isiolo, Samburu, Garissa, Marsabit, Kitui, Machakos,
Meru, Wajir and Mandera. Kenya is amongst the top ten countries with the highest
prevalence records of VL that is ever increasing since 2018 that recorded 607 reported
cases, 2019 had 1463 cases, while 2021 reported 1746 cases. The incidence rate for
Kenya currently stands at 2.96/10000 persons in highly endemic counties, with over 5
m people being at risk (Grifferty et al., 2023). The prevalence of CL in Kenya is patchy

due to insufficient documentation of research activities around this form of disease that



is endemic in some counties of Kenya including Bungoma, Trans Nzoia, Baringo,

Nakuru and Laikipia (Ngere et al., 2020).

The disease has complex and diverse transmission modes comprising of over 20 species
of different Leishmania parasites and over 90 sandfly vectors of the genera Lutzomyia
and Phlebotomus that are known to affect humans in the New World and Old World
respectively (WHO, 2023). Leishmaniasis affects large areas in the tropical, sub-
tropical and the Mediterranean regions where most of the poorest and most vulnerable
communities live and it has been described as a neglected tropical disease. Humans
together with some other vertebrates serve as reservoir hosts in the transmission of
leishmaniasis (Alten et al., 2016). The reservoir hosts get infected when infected female
phlebotomine sandflies bite the hosts for blood meals, which are essential for
development of the vectors’ reproductive cycle (Moncaz et al., 2012). The disease is

passed to humans as an anthroponosis and/or a zoonosis (Alten et al., 2016).

In Kenya, sandfly vectors which transmit visceral leishmaniasis have been commonly
associated with lowlands including the Rift Valley basin, the Eastern region and the
North-Eastern region; whereas cutaneous leishmaniasis has been confirmed to occur in
the highland regions like along the slopes of Mt. Elgon, the Aberdares range and at the
Rift Valley plateaus (Anjili et al., 2011; Dulacha ef al., 2019). Some of the specific
habitats for vector sandflies in Kenya have been identified as rock crevices, mountain
caves, under the dense forest covers, tree holes, decomposing waste debris, in corners
of domestic animal shelters, inside animal burrows or nests, termite mounds, and even
in the open crevices of human shelter walls as well as at the roofs of grass-thatched

houses (Ngere et al., 2020, Mukhwana ef al., 2018).



Successful establishment of leishmaniasis endemicity at any given place requires
widely varied vector habitats and factors which are determined by favorable climatic
conditions, availability of suitable reservoir vertebrate host, the vector sandfly species,
as well as the infective Leishmania parasites (Oryan and Akbari, 2016). Favorable
habitats for Leishmania vectors are therefore diverse as they have been confirmed to
range between the warm and humid tropical climates, dry semi-arid places, vegetative
and dry arid climates, to a few species of vectors and parasites which survive in the

temperate ecological zones (Akhoundi et al., 2016; Koch et al., 2017).

Sandflies do not only have rural and peri-urban preferences for habitats, but they also
colonize urbanized places due to massive movement of people who readily provide
blood meal sources for these vectors (Mukhwana, 2018; Ngere ef al., 2020; Santamaria
et al.,2020; WHO, 2023). The rural and peri-urban habitation of sandflies also ensures
ease of access to reservoir hosts which include wild and domestic animals as well as
humans by the female vectors for easily accessible blood meals (Munoz et a/, 2018).
Sandflies’ eggs need humid microclimate to develop to larvae which in turn require
cool, moist habitats that is rich in decaying matter to be able to develop to adult forms
(Feliciangeli, 2004). The adult sandflies often inhabit caves, rock crevices, rodent
burrows, tree holes and termite mounds (Moncaz et al., 2012; Munstermann 2019;
Wijerathna and Gunathilaka 2020). Adult sandflies that inhabit domestic and peri-urban
settings shelter in the cool, dark and humid corners of animal shelters and human

dwellings respectively (Koch et al, 2017).

1.2 Statement of the Problem
According to the World Health Organization, over 350 million people are at risk of
acquiring leishmaniasis, with estimated annual new cases of about 700,000 to 1 million

being actively recorded worldwide (WHO, 2023). In Kenya, leishmaniasis endemicity



is estimated to affect over 30 counties (Anjili ef al., 2011). This is indicated by active
human cases being reported every year and the presence of different species of sandfly
vectors and reservoir hosts but the distribution of their known and unknown habitats
has not been characterized (Njau, 2010; Anjili et al., 2011; Dulacha et al., 2018).
Therefore, proper understanding of the epidemiological determinants of this disease,
the distribution of the suspected vector sandflies, the potential reservoir hosts and
characterization of their habitats will help to generate helpful policies aimed at
formulating effective intervention measures towards leishmaniasis disease prevention,

control and management.

Previously, research studies on leishmaniasis transmission in the western Kenya region
only focused on sandfly vectors found in a few volcanic caves in Mt. Elgon Sub-
County. There has been no documentation of evidence of previous research activities
on leishmaniasis reported in the other Sub-Counties of Bungoma County, despite the
availability of wide habitat ecology suitable for sandfly habitation with features similar
to those found in the Mt. Elgon Sub-County. This study therefore aimed at confirming
and characterizing suspected leishmaniasis vectors and reservoir hosts habitats in more
sub-counties in Bungoma County, which included suspected habitats in Bungoma West
(Sirisia constituency), Bungoma Central (Kabuchai constituency), Bungoma South
(Kanduyi constituency) and Webuye East constituency. These sub-counties have not
been assessed for existence of habitats of sandflies and reservoir hosts of leishmaniasis

before.

In Kenya, Baringo County in the Rift valley, is the only known leishmaniasis focus
where both VL and CL form of the disease co-occur (Tonui, 2006). However, Kenya’s
Ministry of Health guidelines to prevention, diagnosis and treatment of visceral

leishmaniasis (MoH, 2017), reports that there are many cases of visceral leishmaniasis



around the western Kenya region, but logistical and expansive problems have been a
major impediment to carrying out effective epidemiological research to ascertain this.
The geographical location of Bungoma County and other counties (including Busia,
Trans Nzoia, West Pokot, Turkana), which are along the Kenya—Uganda border, calls
for further research investigations to characterize sandfly and reservoir species and their
habitats to better understand the extent of potential transmission of CL and VL
leishmaniasis in the region. The expansiveness of Bungoma County, existence of
different physical features therein and varied climatic conditions (from cool and wet
highlands in the slopes of Mt. Elgon to relatively warm and dry low lands of Bumula
and Kanduyi Sub-Counties) also presents the opportunity for potential habitats for
vector and reservoir host species of leishmaniasis in the wider Bungoma County which

needed to be investigated.

Sandflies oviposit in the crevices and holes in the ground, inside houses, in caves, in
animal burrows and in tree holes since the eggs require highly moist micro-climate to
hatch (Nguyen et al, 2021). Larvae too, need moist, cool microclimate rich in
decomposing organic matter such as fungi, animal feces, decaying leaves and
arthropods to develop and grow (Peterkova-Koci ef al., 2012 and Marayati et al., 2015).
Therefore, the biological, physical and chemical constituents of the soils in suspected
sandfly habitats needed to be analyzed to determine the soil characteristics that are

suitable for sandfly development.

Over the years, the understanding of the sandfly vector-parasite-host interactions has
considerably improved. Therefore, there is need to understand the sandfly vector and
reservoir host habitat characteristics in the leishmaniasis foci. The mean temperature
and relative humidity of habitats should also be assessed to determine the suitable niche

conditions for the sandflies. Adult male and female sandflies feed on plant sugars



(Abbasi et al., 2018) although the females additionally require vertebrate blood meal
for successful reproduction. Therefore, the plants associated with confirmed sandfly
habitats should be investigated to determine which ones provide the sugar meals for the
vector (Hassaballa et al., 2021a). Furthermore, phytochemicals from the plants are
considered attractants or repellents to the vectors (Lorenz ef al., 2013). These habitat
characteristics can be used to predict potential sites for targeting in leishmaniasis

vectors and reservoir hosts’ control.

1.3 Objectives
1.3.1 Broad Objective
To investigate the distribution and characteristics of habitats of sandfly vectors and

reservoir hosts of leishmaniasis in Bungoma County, Kenya

1.3.2 Specific Objectives

i To determine sandfly species diversity, their spatial and temporal distribution
in their habitats in Bungoma County

i To assess the impact of temperature, relative humidity and altitude on the
occurrence and abundance of sandflies in the identified habitats in Bungoma
County

il To determine the physical and chemical characteristics of soil in the habitats of
sandflies and reservoir hosts of leishmaniasis in Bungoma County

v To assess the sandfly—plant species association in habitats of sandflies in
Bungoma County

v To evaluate the relationship between the occurrence of vertebrate hosts in
proximity of sandfly habitats, and the occurrence and abundance of the sandflies

in the habitats in Bungoma County



1.4 Research Alternate Hypotheses

Hal Sandfly species inhabit locations with diverse characteristics in Bungoma
County

Ha2  Temperature, relative humidity and altitude influence the occurrence and
abundance of sandflies in different habitats in Bungoma County

Ha3  Suspected sandfly vectors and vertebrate potential reservoir hosts of
leishmaniasis are found in habitats with different physical and chemical
characteristics of the soil in Bungoma County

Ha4  Plant species distribution and abundance influence sandfly species distribution
and abundance in Bungoma County

Ha5 Sandfly populations are influenced by the presence of different types of

vertebrates found in the sandfly habitats

1.5 Justification for the Study

Cases of CL have been reported in the Mt. Elgon region (Kung’u ef al., 1972; Sang et
al., 1993; Mukhwana et al., 2018; Ombaka et al., 2023). Sandfly vectors and
leishmaniasis reservoir hosts have also been identified in Mt. Elgon region, albeit the
previous studies being restricted to a few characteristic caves in Mt. Elgon Sub-County
(Mutinga 1975; Makwali, 2021; Ombaka et al., 2023). However, caves with similar
features exist in other Sub-Counties in Bungoma County but there is no documented
data to show that these caves have sandfly vectors and reservoir hosts habitation.
During preliminary visits to these other sites, individuals presenting with chronic skin
lesions, ulcerative wounds and diffuse face rashes similar to the symptoms of CL

described by Mukhwana et al., 2018 and Ngere et al., 2020, were observed.

Despite leishmaniasis affecting millions of people worldwide; causing significant

morbidity and mortality, the ecology that includes vector habitat characteristics, and



behavior of its vectors and reservoir hosts are not fully understood. There is therefore
need to further conduct research in this area (Killick-Kendrick & Ward, 1981; Lessa et
al., 2007; Aoun & Bouratbine, 2014; Bailey et al., 2017). Additionally, the current
effect of climate change is expected to impact on the distribution and abundance of not
only sandfly species and reservoir hosts, but also associated infective pathogens that
include Leishmania parasites (Githeko et al., 2000; Gage et al., 2008; Almeida et al.,
2015; Daoudi et al., 2022). The chemical and physical characteristics of soil have also
been confirmed in other places that they significantly influence the vector and reservoir
hosts populations (Basimike, 1988; Abdullah et al., 2017). For these reasons,
understanding the ecology of these organisms is akin to predicting future leishmaniasis
transmission dynamics, and thus will inform planning and implementation of effective
control measures. There is urgent need of coming up with a comprehensive approach
to controlling zoonotic diseases including CL by incorporating the diverse determinant
risk factors ranging from human, other animals and the environmental variables so as
to easily identify obvious/ specific risk factors for transmission of such diseases (Hong

et al., 2020; de Thoisy et al., 2021; Valero et al., 2021).

To determine the trend that would help in understanding the actual spatial distribution
of the vectors, this research was conducted to establish the relationship between the size
of the cave habitats and the sandfly numbers captured in each. The presence of caves
that serve as habitats for sandflies was used to predict potential sandfly existence in the

study area. This needed to be confirmed by extensive field surveys.

Adult male and female sandflies feed on plant sugars although the females require
vertebrate blood meal for successful reproduction. Therefore, there was need to assess
the plant species that are associated with sandfly habitats to also assist in prediction of

priority areas to be targeted for sandfly vector control.



CHAPTER TWO

LITERATURE REVIEW

2.1 Nature and Global Burden of Leishmaniasis

Leishmaniasis is a protozoan disease that is caused by single-celled obligate
intracellular parasites belonging to the genus Leishmania (Order: Kinetoplastida)
transmitted via bites of infected female sandflies of the genus Phlebotomus and

Lutzomyia in the Old World and New World respectively (WHO 2023).

The disease is caused by infection with over twenty species of the Leishmania parasites
(Colmenares et al., 2002; Peacock et al., 2007 and Akhoundi et al., 2016). It has been
confirmed that over ninety sandfly species are the vectors responsible for the
transmission of Leishmania parasites causing visceral leishmaniasis (VL), cutaneous
leishmaniasis (CL) and muco-cutaneous leishmaniasis (MCL) (Killick-Kendrick et al.,
1999; Warburg et al., 2011; Bates et al., 2015; and Almeida et al., 2015). Visceral
leishmaniasis is also known as kala-azar and is the most fatal form of the disease since
about 95% of the cases normally die if they are left untreated (CDC, 2020). VL is
characterized by enlarged spleen and liver, anemia, loss of weight and irregular bouts
of fever (Sakkas et al., 2016; Goto et al., 2017; CDC, 2020). It is estimated that only
less than 45% of VL cases comprising of about 50,000 to 90,000 new cases every year
are reported to the WHO globally (Alvar ef al., 2012; Torres-Guerrero et al., 2017,
WHO 2023). VL is one of the top parasitic disease forms with the highest potential of
outbreaks and mortality (Desjeux, 2004; des Boer et al., 2009). Most VL cases are
usually reported in Brazil, East Africa and India. WHO (2023) reported that 90% of
new cases in the year 2020 alone were reported in Brazil, China, Ethiopia, Somalia,

South Sudan, Sudan and Yemen. In Africa and South Asia, L. donovani is the only
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etiological agent for VL whereas L. infantum is responsible for VL in India, Middle

East, the Mediterranean, Latin America and some parts of Asia (WHO 2023).

Cutaneous leishmaniasis (CL) is described as the most common form of the disease
characterized by skin lesions and/or ulcers on the exposed part(s) of the body that leaves
permanent scars which may lead to serious disability or stigma (Ngure et al., 2009;
Honorio et al., 2016).1t is estimated that between 700,000 to 1.2 million new cases of
CL are reported worldwide every year with about 95% of the cases occurring in the
Americas, the Mediterranean basin, the Middle East and Central Asia (Alvar et al.,

2012; Ramirez et al., 2016).

Muco-cutaneous leishmaniasis (MCL) is another form of leishmaniasis which is so
disfiguring in that it may lead to partial or total destruction of mucus membranes of the
nose, mouth and throat (Bittencourt & Barral 1991; David and Craft, 2009; Goto and
Lindoso, 2010). It is estimated that over 90% of the MCL cases occur in Bolivia, Brazil,
Ethiopia and Peru (Alvar ef al., 2012). There is also another form of leishmaniasis that
is called post kala-azar dermal leishmaniasis (PKDL) which normally presents with
general skin rash and it comes as a sequel of most recent infection and recovery from

VL (Desjeux et al., 2013 and Zijlstra 2016).

2.2 Infection and Transmission of Leishmaniasis

Infected female sandflies transmit Leishmania parasites that cause leishmaniasis to
humans as they bite humans for blood meals that are required for eggs development
(Williams and Coelho 1978; Bates, 2007). The infective stage of the Leishmania
parasites called promastigotes are injected from the infected sandflies’ proboscis during
blood meal feeding into the host’s skin (Teixeira ef al., 2013). These promastigotes then

get phagocytosed by the host’s macrophages and other types of mononuclear
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phagocytic cells (Veras and Bezerra, 2016). The promastigotes then transform inside
these cells into the tissue stage amastigotes forms which multiply by simple division

and infect other mononuclear phagocytic cells (Beattie and Kaye, 2011; Giraud et al.,

2019).

The form of disease (CL, VL or MCL) which will result from a successful infection,
will be determined by the type of parasite, host, vector, and other factors and most of
such infections are asymptomatic, while others become symptomatic (Alemayehu &

Alemayehu 2017; Bates 2018; Serafim et al., 2021).

Sandflies become infected by ingesting bloodmeal(s) from infected host(s) and inside
the sandflies’ midgut, the parasites transform from amastigotes into promastigotes
which develop in the gut and migrate to the proboscis ready to infect a subsequent host
when the sandfly bites for another blood meal (Nzelu ef al., 2014; Sant’Anna et al.,

2014 and Dantas et al., 2014).

The most common sandfly species in Kenya are Phlebotomus martini and Phlebotomus
orientalis which transmit visceral leishmaniasis while Phlebotomus pedifer,
Phlebotomus elgonensis, Phlebotomus duboscqi and Phlebotomus guggisbergi transmit
cutaneous leishmaniasis (Ngumbi ez al., 2010, Anjili et al., 2011 and Gitari et al., 2018).
Previously, it was believed that P. orientalis did not occur in large numbers to warrant
VL outbreaks in Kenya because P. martini was the only sandfly species that occurred
in large numbers and was always strongly associated with VL outbreaks in the Kenya’s
kala-azar endemic regions (Young 1982; Mutinga et al., 1989-v, Ngumbi et al., 1992
and Britch ef al., 2011) However, Ngumbi ez, al., (2010) confirmed that P. orientalis
was the only sandfly species that was found to transmit L. donovani in the VL outbreaks

that were reported in Wajir and Isiolo Counties in the years 2000, 2003 and 2006. It
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was suspected that P. orientalis which has been associated with acacia and balanite tree
species and responsible for VL epidemics in Sudan had managed to move southwards
into the Kenya’s neighboring counties. Phlebotomus pedifer and P. elgonensis have not

been associated with any plant species so far in Kenya. This needs to be investigated.

In-depth knowledge of the sandfly’s breeding and resting sites to inform effective
vector control and thus management of leishmaniasis has been a hard nut to crack world
over. A lot of research activities have been conducted around this subject with the aim
of understanding the sandfly habitats so as to develop novel techniques or products that
can effectively keep in check the devastating effects brought about by leishmaniasis
infection to humans. Up to date, very little has been achieved in attempts to deeply
understand, not only the characteristics of sandflies’ breeding sites, but also their resting
sites too (Moncaz et al., 2012). However, it is known that sandfly larvae develop in
moist and dark micro-habitats that are rich in organic matter with stable climatic
conditions. Srinivasan et al., (2015) reported that the fluvial landforms, which are non-
porous with high water retention capacity, with high alkaline pH level which supports
rice cultivation and luxuriant vegetation cover, had increased sandfly densities than
porous and acidic landforms in Southern India. Since sandflies are sensitive to
dehydration, fluvial landforms are suitable for their survival and development. Very
scanty information exists in Kenya on research focusing on soil characteristics and
sandfly habitats (Mutinga and Kamau 1986; Basimike et al., 1992; Elnaiem 2011). It is
important to investigate the suitable soil characteristics to enable prediction of locations
with soil that are favorable for sandfly development. This knowledge will inform on

appropriate sites for targeted vector control.

There are different types of micro-ecological niches incriminated to be suitable for

sandfly habitation across varied ecological zones in the areas found to be endemic to
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leishmaniasis infections (Ghazanifar & Malik 2016). Some of the most commonly
reported locations and sites include caves, rock crevices, termite mounds, animal
burrows, cracks in soil, cracked human housing walls, domestic animal shelters, tree

holes, bird nests and on organic litter (Moncaz et al., 2012).

Research carried out by Pareyn et al., (2019) on ecology and seasonality of sandfly in
Southern Ethiopia revealed caves as the only habitats harboring sandfly species of
Phlebotomus pedifer which transmit Leishmania ethiopica to cave hyraxes and rodents.
Previous studies in Mt. Elgon focus of CL in Western Kenya also found P. pedifer in
cave habitats and confirmed the species as the vector of L. ethiopica (Mutinga 1975,

Sang & Chance, 1993 and Mukhwana et al., 2018).

Further studies have revealed that some sandfly species are associated with certain tree
species, particularly the sandfly vector species, Phlebotomus orientalis that inhabit the
arid and semi-arid areas (Elnaim, 2011) which are associated with desert tree species
(associated with black cotton soils) such as the Balanite aegyptica and Acacia seyal.
Phlebotomus martini and Phlebotomus celiae have been associated with termite
mounds. These sandfly species are vectors of VL in Eastern Africa (Gebre-Michael &

Lane., 1996).

In Kenya, most of the leishmaniasis foci have been found to be highly classified where
only a single form of the disease transmission occurs (Tonui, 2006). Mukhwana et al.,
(2018) also reported a single role of L. ethiopica parasite species CL transmission focus
in the Mt. Elgon focus in Western Kenya. However, the Baringo leishmaniasis
transmission focus is so far the only location where transmission of mixed forms of

both CL and VL occur (Anjili et al., 2011).
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Cutaneous leishmaniasis in Kenya occurs in a broad range of environmental settings
ranging from river valleys, semi-arid and arid lowlands and also in the heights of
highland plateaus and mountains (Feliciangeli 2004; Elnaiem 2011; Anjili et al., 2011).
CL is caused by Leishmania major in Baringo, L. tropica in Nyandarua, Kitui, Nakuru,
Laikipia, Samburu and Isiolo while in Mt. Elgon focus, CL is caused by L. ethiopica
(Mutinga et al., 1986-iii; Anjili et al., 2011 and Gitari et al., 2018). Sandfly species
responsible for active transmission of cutaneous leishmaniasis in Kenya include P.
duboscqi and P. guggisbergi which transmits L. major and L. tropica respectively,
while P. pedifer, P. elgonensis and P. longipes have been implicated in the transmission

of L. ethiopica (Mahamat & Hassanali 1998; Tonui, 2006 and Anjili et al., 2011).

Cutaneous leishmaniasis transmission has been shown to be both anthroponotic and
zoophilic (Ghazanifar and Malik 2016). This is where sandfly vectors pass the parasites
from infected humans to other uninfected humans or from infected animal reservoir

hosts to humans respectively.

Visceral leishmaniasis (kala-azar) which is the most severe form of the disease comes
with high morbidity and absolute fatality of cases if left untreated, is caused by
Leshmania donovani in Kenya and other parts of Africa and it is an anthroponosis
(Ghazanifar and Malik 2016; WHO 2023). This means that infected humans provide
blood meal sources to the vectors which in turn lead to anthroponotic transmission of
Leishmania donovani parasites responsible for the etiology of VL, transmitted by
specific sandfly species from infected humans to uninfected humans via blood meal
bites. The vector species for VL in Eastern Africa are Phlebotomus martini (the only
confirmed vector of VL in Kenya) and possibly Phlebotomus orientalis (Anjili et al.,
2011; Rohousova et al., 2015). However, a relatively recent study done by Yared et al.,

(2019) on feeding behavior of sandflies in North-Western Ethiopia revealed that the
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blood meals in the guts of P. orientalis sandfly species confirmed a consistent
association of both human and animal (wild and domestic) blood suggesting that VL

could also be transmitted as a zoonosis.

In Kenya, the only confirmed vector of visceral leishmaniasis is P. martini; which their
implicated habitats include termite mounds, animal burrows, tree holes, and house
walls. Diagnosed VL cases have been endemic in the low-lying river valleys, arid low-
lands and semi-arid plateaus found in the Rift Valley region including Baringo, West
Pokot and Turkana, Eastern region of Machakos, Kitui, Meru, Isiolo and Samburu and
North-Eastern region of Mandera, Wajir and Garissa (Basimike & Mutinga, 1997;
Elnaiem, 2011; Anjili et al., 2011). Research done by Kaburi et al., (2019) in the rice
growing zones of Mwea Irrigation Schemes which borders Mt. Kenya to the East at an
altitude of between 1100- 1300 meters above sea level, has also confirmed the presence
of P. martini and P. rhodhuini which suggested that VL vectors could also occur in the
non-arid and/or semi-arid urbanized areas in Kenya as opposed to the earlier

documentations.

The transmission settings of leishmaniasis have been found to be around domestic, rural
and peri-urban locations because female sandfly vectors are highly opportunistic blood
feeders having been observed to feed on large variety of vertebrate animals (Widaa et
al., 2012; Yared et al., 2019). This is further strengthened by the report reviewed by
Tonui, (2006) implicating domestic dogs as the only confirmed reservoir host for VL
in East Africa; whereas the tree hyrax (Dendrohyrax arboreus) and rock hyrax
(Procavia capensis) as well as the giant rat (Cricetomys spp) are confirmed reservoirs
of L. ethiopica (Mutinga 1975). Other rodent species harbor L. major and L. tropica
which are both etiological pathogens of cutaneous leishmaniasis in Kenya (Owino et

al., 2019).
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2.3 Risk Factors for the Transmission of Leishmaniasis

According to the World Health Organization (WHO 2023) report on leishmaniasis, the
major human risk factors for transmission of leishmaniasis particularly in the
developing world include poor socio-economic conditions, malnutrition and population

mobility. Environmental changes and climate change are the other risk factors.

It has been observed that leishmaniasis is associated with poor housing, poor domestic
sanitation, lack of balanced diets, migration of non-immune populations to
leishmaniasis endemic zones, occupational exposures, massive deforestation, effects of
global warming and human behavior which favor increased cases of leishmaniasis in
some parts of the world (Tonui, 2006; Mutungi et al., 2019 and Abu-Hurub and Okbah,

2022).

The research done in Ethiopia by Yared et al., (2014) on the risk factors for VL also
revealed that goat ownership, living in the house with cracked walls, increased family
size and the number of days spent in the farm are strongly associated with epidemiology

of VL in the particular leishmaniasis foci.

In Kenya, Ngere et al., (2020) conducted a study on the burden and risk factors of CL
in Gilgil and found out that gender also played a role in the infection prevalence since
there were more females (56%) than males with a median of 7-year age persons that
were diagnosed with CL. Other risk factors included staying outside after sunset,
visiting forests, sharing residence, residing in thatched houses, living in houses with
cracked walls, sighting rock hyraxes near residence, residing near a forest and having a
close neighbor with CL. However, most of the previous studies done around gender
have demonstrated consistent records of males being most vulnerable compared to

females (Tonui, 2006; Mutungi ef al., 2019 and Abu-Hurub and Okbah, 2022). This
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difference in gender prevalence may be due to the difference in exposure opportunities

between male and female occasioned by their differential socio-economic roles.

2.4 Classification of Sandfly Species Vectors of Leishmaniasis and their habitats
in Kenya

A total of 48 sandfly species, belonging to two genera; Phlebotomus and Sergentomyia
are so far known to occur in Kenya (Anjili et al., 2011). The species of sandflies in the
genus Sergentomyia are only biting nuisants because they do not transmit leishmaniasis,
but most of the species of sandflies in the genus Phlebotomus are confirmed vectors
(Minter 1963; Anjili et al., 2011 and Britch et al., 2011). Phlebotomus species belong
to 5 further sub-genera: Phlebotomus, Larroussius, Synphlebotomus, Paraphlebotomus
and Anaphlebotomus (Young 1982 and Killick-Kendrick, 1999). The sub-genera
Phlebotomus (Phlebotomus) has only one species, that is, Phlebotomus (Phlebotomus)
duboscqui which transmits L. major that causes CL in a small focus in Baringo County
due to this species’ limited distribution. P. (Phlebotomus) duboscqui is exophagic and
a perennial breeding species that is known to inhabit inside rodent burrows surrounded
by plenty of vegetation cover. Rodents such as Aethomys kaiseri, Taterillus emini,
Arvicanthis niloticus, Tatera robusta and Mastomys natalensis are known reservoir
hosts even though charcoal burners are also major blood meal sources for these vectors
(Sang et al., 1994). Humans who live in close proximity to these rodent burrows
surrounded by some vegetation get infected when bitten by the vectors (Mebrahtu et
al., 1992 and Johnston ef al, 1993). These vector species are closely related with
Phlebotomus papatasi which is found in the neighboring country, Sudan, even though
Phlebotomus (Phlebotomus) duboscqui is an effective vector due to its gonotrophic

discordance (Sang et al., 1994 and Anjili et al., 2011).
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The sub-genus Larroussius consist of P. pedifer, P. longipes and P. elgonensis species
that are found in the caves of Mt Elgon in Bungoma County where they transmit L.
aethiopica which causes CL (Sang et al., 1993). Other sandfly species also belonging
to the sub-genus Larroussius include P. guggisbergi and P. aculeatus found inside
caves in Laikipia and Nakuru Counties respectively where they transmit L. tropica that
also causes CL (Sang ef al., 1994 and Anjili et al., 2011). P. guggisbergi has also been
found in Karura forest in Nairobi City County (Killick-Kendrick et al., 1994). P.
orientalis which is associated with tree species such as Acacia seyal, Balanite aegypti
and Prosopsis juliflora which grow in black cotton soils of semi-arid North Eastern
regions of Kenya transmits L. donovani that causes VL in the region (Ngumbi ef al.,
2010). The leishmaniasis reservoir hosts associated with sandfly species of sub-genus
Larroussius include tree hyrax (Procavia capensis), rock hyrax (Dendrohyyrax
arboreus) and giant rats (Cricetomys gambianus) which are reservoirs for L. aethiopica
in Mt Elgon focus; while both P. johnstoni and P. capensis rock hyrax species are
known L. tropica reservoirs in Nakuru and Laikipia Counties whereas humans are
reservoirs for L. donovani in Counties within North Eastern Kenya (Sang ef al., 1994;

Ngumbi et al., 2010 and Anjili ez al., 2011).

The sub-genus Synphlebotomus is made up of three species; P. martini, P. celiae and
P. vansomerenae that are all associated with transmission of L. donovani which causes
VL (Heisch et al., 1962; Minter 1964 and Anjili et al., 2011;).The highly anthropophilic
(which is also endophilic) P. martini has a wide distribution in the semi-arid regions of
Rift-Valley including Baringo, West Pokot and Turkana Counties as well as in the
Eastern Kenya’s Machakos, Kajiado, Kitui and Meru Counties (Perkins et al., 1988 and
Gebre-Michael et al., 2004). P. celiae and P. vansomerenae have always been caught

in small numbers and whose bionomic information is not clearly known as no parasites
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have been isolated from them yet (Minter 1963; Marlet et al., 2003 and Gebre-Michael
et al., 2013). Analysis of the P. martini blood meals have revealed that human, cattle,
dog (Canis familiaris), wild rabbits (O. cunculus) and in more so goats (Capra hercus)

are this vector’s blood meal sources (Ngumbi et al., 1992 and Gebresilassie et al.,

2015).

Sub-genus Paraphlebotomus constitutes two species of Phlebotomus saevus and P.
mirellae which transmits L. tropica and L. major which causes CL (Johnston et al.,
1993 and Killick-Kendrick et al., 1997). These vector species have been found in Utut,
Gilgil in Nakuru County even though transmission history of these species in relation

to Kenya is unknown (Anjili ef al,, 2011).

The sub-genus Anaphlebotomus is composed of one species Phlebotomus rodhaini
which was caught in Machakos County. The species’ transmission role of Leishmania
parasites is still unknown. Members of this species have high preferences for bissel-

type termite mound habitats (Anjili ez al., 2011).

Thorough literature review has revealed that there is no documented information on the
characteristics and distribution of habitats of sandfly vectors of leishmaniasis and the
socio-economic risk factors for the disease in Bungoma County. The current study,
therefore, aimed at investigating the distribution and characterization of habitats of

sandfly vectors and reservoir hosts of leishmaniasis in the region.
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CHAPTER THREE

METHODOLOGY

3.1 Study Area and the Study Sites

This research study covered five Sub-Counties in Bungoma County. The physical
features which prompted the selection of the Sub-Counties included presence of
numerous caves, rock crevices, quarries and other physical features that are suitable as
habitats for sandflies and reservoir hosts of leishmaniasis as suggested in published
literature (Basimike et al., 1992, Feliciangeli 2004 and Ozbel et al., 2011). The study
sites were also selected based on reported suspected human cases (MoH, personal
Communication) with CL like clinical symptoms in the local health facilities. The

selected study sampling sites are shown in Figure 3.1.

The selected study areas comprised of sites in Mt. Elgon (Mt Elgon Constituency),
Bungoma Central (Kabuchai Constituency), Bungoma South (Kanduyi Constituency),
Bungoma East (Webuye East Constituency) and Kimilili (Kimilili Constutuency) Sub-

Counties.

The specific sandfly sampling sites in Mt Elgon Sub-County (Mt Elgon Constituency)
included; Labot caves in Chepkitale (11'2.0435"N and 351'36.5261"E), Kaborom caves
in Kaptama (051'19.506"N and 3447'12.786"E), Chebwek caves in Chaptais
(049'41.778"N and 3428'5.22"E), Chepkutuny (049'52.896"N and 3442'59.52"E),
Chepkarai (049'48.846"N and 3442'59.52"E) caves in Kapsokwony, and Kaptanai area

(047'31.776"N and 3432'41.562"E) around Namwela-Sirisia-Chwele T-junction.

Kabuchai Constituency is located in Bungoma Central Sub-County adjacent to Mt.
Elgon Sub-County while Kanduyi Constituency is in Bungoma South Sub-County

bordering Kabuchai to the South. These two Constituencies have extensive rocky hills
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with many small caves, rocky crevices and other fascinating physical features. The
historical Kabuchai Hills extending from Kisiwa, through Lorio all the way to Sikata is
found in Bungoma Central Sub-County. The specific sandfly sampling sites in
Bungoma Central Sub-County were Makhonge caves in Chwele (045'20.73"N and
343520.364"E), Chebin cave in Kapkateny (045'0.924"N and 3436'43.302"E), and

Lorio caves in Sikata (037'3.354"N and 3433'14.772"E).

In Bungoma South Sub-County, Kanduyi Constituency, we sampled the rocky Sang’alo
hills (031'15.63"N and 3436'25.908"E) that are unique for Christian religious groups
who congregate there all year round for night/day prayers and fasting. The ‘Magical’
Samulia Hills are located about 3km to the South of Sang’alo Hills bordering Kakamega
County. Samulia has magical history in the sense that human footprints, beddings,
animal drawings and set of ancient armories were discovered on a hard rock in some of
the caves therein. Collection of sandflies and characterization of the sandfly habitats

was also carried out in Sang’alo Hills.

Webuye East Constituency has historic Chetambe War Hills where Bukusu people are
said to have built communal homesteads where they fought and defeated the Germans,
the Wanga and Waganda invaders who had ganged up to forcefully rule over them and
take up their land. Chetambe hills also houses historical war cemeteries for Bukusu
warriors. This location is characterized with scenic waterfalls along River Nzoia with
extensive rocks along the river bank that form sheltered features similar to small caves.
Overlapping rocks also form spaces that have over time formed small cave-like features
alongside the riverbank. Vector collection and habitat characterization was conducted

at Nabuyole cave (036'0.282"N and 3448'3.198"E).
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The last sub-county that was sampled was Kimilili Sub-County. This is one of the
northern Sub-Counties, including Tongaren where they both border the neighboring
Trans Nzoia County. This Sub-County is represented by Kimilili Constituency and the
exact sandfly collection point and characterization of habitats was conducted in Tamoi

caves in Kipchiria (045'54.504N and 3444'37.5"E).
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Figure 3.1 A map of Bungoma County showing the selected study sites (Sampling

points). (Source: Author, 2022).



23

3.2 Research Design and Study Procedures

A cross-sectional field-based study was conducted in different villages within the five
selected Sub-Counties in Bungoma County based on existence of suspected sandfly and
reservoir host habitats, especially the caves. Data was collected once monthly in each
of the twelve (12) study sites for two years (24 months). Sandfly collections and habitat

characterization covered the period from January, 2021 to December, 2022.

3.2.1 Sandfly Collection

Center for Disease Control and Prevention light traps, CDC-LT (Model 512; John W.
Hock Company, Gainesville, FL) were set inside and/or around the potential sandfly
habitats (appendix 4); including caves, rock crevices, termite mounds, waste dumpsites,
rodent burrows, human dwellings, stone quarries, trees holes, animal sheds, under dense
vegetation covers, around soil cracks and also around natural and artificial water points
as previously described (Alexander, 2000 and Alten et al., 2015). The CDC light traps
were set late in the evenings at around 6 - 7pm and collected early mornings at 6 - 7am;
considering the nocturnal activity of the sandflies (Dinesh et al., 2001, Sawalha et al.,
2017). Every unit of the CDC-LT was powered by a 6-volt battery or 4 new dry cells
(1.5 volts each) assembled with power terminals from the source to the trap which is
fitted with a trap net with motor connected appropriately so as to produce a “sucking”
torque inside the trap. The trap was then suspended onto a support stick or rock surface
at a height of about 2 feet above the ground or adjacent to the walls of the habitat where
collection was carried out. Trap positions were also marked, described and recorded in
terms of distance from the entrance, through the center to the further ends of the cave
sites and the collected sandfly abundance per trap position recorded the next day as

total counts of sandflies per trap per night. In the case of cave habitats, the sizes of the
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caves were also estimated and recorded in length, height and width in meters by use of

a tape measure during the stage of trap setting.

The collected sandfly catches were packed in labeled locally assembled field cages and
carefully transported to a makeshift field laboratory after tying the net openings to keep
the flies inside the cages. In the laboratory, the nets with fly catches were then put inside
an air-tight plastic bag into which a cotton wool soaked in trimethylamine (TEA)
solution was also put and the bag tied (Chen & Hillyer, 2013). This was done to knock
down the insects catches before they were poured onto an open white tray where
preliminary identification and sorting of the sandfly catches was done based on the
sandflies’ published morphological characteristics (Pareyn et al., 2020). The rest of the

net catch contents of no particular interest to the objectives of the study were discarded.

3.2.2 Sandfly Cleaning, Preservation, Dissection and Identification

The collected sandflies were counted per trap and put into the first glass bowl
containing 2% liquid soap detergent solution for washing. A camel brush was used to
gently stir and transfer the suspended sandflies to the second glass bowl which
contained 10% phosphate buffered saline (PBS) solution for rinsing. A camel brush was
again used to transfer the rinsed sandflies into labeled Eppendorf tubes containing 70%
ethanol for preservation. These Eppendorf tubes were then transported to the University
of Eldoret for refrigeration at -4°C and safe storage, and later transported to the Kenya
Medical Research Institute (KEMRI) Nairobi laboratories for dissection and species

identification.

Procedures described by Theodor (1932), Killick-Kendrick et al, (1994) with
improvements of Brisola-Marcondes et al., (1998) were adopted in dissection and

identification of the preserved sandflies. Individual flies were picked by use of a camel
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brush and each put on a clearly labeled slide and placed under power 10x magnification
of a dissection microscope. A drop of water was added to the specimen for easy turning
to the right dissecting position. The head was cut at the neck and the 3 terminal
segments of the abdomen were also cut using fly dissection pins. The rest of the body
parts were returned inside respective labeled individual Eppendorf tubes for storage to
be used for other tests. The separated individual heads on the slide were turned to face
the upward position where mouth parts would be easily and clearly seen. The 3 terminal
segments of the abdomen were similarly mounted. A drop of chloral hydrate gum was
then added to the specimens and a cover slip gently placed on top of these specimens.
The slides and their contents were later placed on a flat bench in the laboratory to dry
overnight at room temperature. These permanent vector slides were later examined
using a compound microscope for species identification using published morphological

characteristics (Pareyn et al., 2020).

The female spermathecae, male genitalia, the teeth, and the pharynx were used as
morphological features for species identification (Abonenc and Minter, 1965). Males
were identified morphologically by use of aedeagus or the number and position of the
hairs on the inner surface of the coxite (Killick-Kendrick et al., 1994), as shown in
plates 4.1, 4.2, and 4.3. The total numbers of male and female sandflies were recorded

per site and their date of collection (appendix 3).

Males of P. elgonensis were identified based on their genitalia (terminalia) which had
five terminal spines (two at the tip and three at the sub-terminal) that were less clustered,
elongated and slender parameres with few or no setae, slender and pointed penis
(aedegus), shorter coxites, and thin and weak surstyles (Killick-Kendrick, 1990). Their
females had shorter ducted spermathecae with numerous broad cylindrical rings and

regular well-patterned teeth on their cibaria (Aklilu et al., 2023). In contrast, the males
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of P. pedifer species had five spines (two at the tip and 3 sub-terminal) which were
more clustered, elongated and strong parameres with more setae, large penis with
hooked tip, large elongated coxite with more setae, and strong and large surstyle
(Young et al., 1977). Their female counterparts were identified by elongate and thin
ducted cylindrical-ringed spermathecae, and fewer and dispersed teeth on their cibaria

(Lane 1993).

The morphological identification of Sergentomyia species proceeded the microscopic
observation of the male genitalia, female spermathecae, the number of teeth, pharynx
and sometimes their antennae appearance as just like the preceding Phlebotomus
species (Lewis 1973). S. africana was distinguished by their males having five spines
(2 terminal and 3 sub-terminal), thin paramere, and styles longer than their coxites;
while females had 4-6 teeth that were prominent with weak pigmented patches on the
cibarium, weak and short pharyngeal armature, and short (5-7 segmented)
spermathecae ducts (Abonenc and Minter, 1965). S. alderi males had 4-spined
terminalia, short parameres with no setae, and a firm coxite; females had well-formed
(7-10) teeth on the cibaria, strong pharynx having conspicuous denticles, and short (4-
6 segment) and large spermathecae ducts (Abonenc and Minter, 1965). S. antennatus
males were 4-6-spined with one at the base, elongated parameres, and large and
elongated coxites; females had a conspicuous dark-colored patch with no teeth on their
cibaria, thin and long pharyngeal armatures, and more elongated, slender, multi-
segmented spermathecal ducts (Lane 1993). S, bedfordi males had short 4-spined styles,
thin paremeres with minimal setae, and equal-sized coxite and style; while females had
psuedoteeth with colored patches on their cibaria, thin and faintly-granulated pharynix,
and long segmented (8-10) spermathecal ducts (Young et al., 1977). S. ingrami was

identified by males having 4-spined unevenly spaced styles, fairly setated coxites and
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paremeres that are curved; females had multiple granulated patches with weak teeth on
the cibaria, very strong pharynx, and very elongated spermathecae containing multiple
segments that tapered towards the end (Killick-Kendrick, 1990). Finally, S. schwetzi
was identified by males possessing 4-spined and regularly spaced styles, densely
setated and curved parameres, and slightly long coxites; while females had large
pigmented patches with pseudo-teeth on the cibarium, strong pharyngeal armature, and
elongated and curved spermathecae that had more than 12 segmental ducts (Abonenc

and Minter, 1965).

3.2.3 Association of Climatic Factors and Sandfly Relative Abundance

Ambient cave temperatures were recorded by use of a thermometer. A modified
hygrometer made up of wet and dry bulb thermometers was used to determine the
relative humidity inside the caves and the other habitats by observing the readings of
the dry bulb thermometer and the difference between the wet and dry bulb
thermometers readings (Griffiths, 1921). Approximated relative humidity was then
determined by comparing the results in the standard relative humidity interpretation
scale. The altitudes for all the sites where data was collected were recorded accordingly
in units of meters above the sea level by the use of a digital altimeter software
application installed on an android system smart phone. The Geographical Positioning
Systems (GPS) application installed on android smart phone was also used to determine
the longitudinal and latitudinal co-ordinates for every study site.

3.2.4 Soil Samples Collection and Analyses

Random soil samples were collected from the study sites by use of a shovel to scoop
the surface soil. The scooped soil from all the sampled spots were first poured inside a
bucket, mixed thoroughly and only 250g of composited soil per site was taken for

laboratory analysis. At least three spots within each site were sampled depending on
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the size of the study site. Soil temperatures were recorded by driving a soil thermometer
5 cm into the soil at each of the spots where soil samples were collected. The mean
ambient temperature for the whole habitat was recorded accordingly by summing up
the temperatures for all the sampled spots and dividing the total by the number of spots
sampled. Collected soil samples were packaged inside multiple airtight well labeled
polythene bags and transported carefully to the University of Eldoret soil laboratories
for further analysis. The soil physical parameters such as soil type and soil texture were
analyzed using hydrometer method, soil moisture content (was analyzed by weighing
the crucible before adding 2 g of soil and putting the crucible in an oven at 105°C
overnight and reweighing), humus content (by dry combustion method at 450°C for 8
hours and reweighing), and soil pH (by use of pH meter). The chemical aspects of soil
that were analyzed included carbon (titrimetric analysis), phosphorus and nitrogen
(both analyzed by UV -vis spectrophotometric method), calcium, magnesium, iron,
manganese, copper and zinc (all analyzed by atomic absorption spectrophotometer -

AAS), and sodium and potassium (analyzed by flame photometer).

3.2.5 Plants Species Diversity Associated with Sandfly Species Populations

Material specimens of the plants which were found within a distance of 10 m from the
entrance of the cave or inside each of the sandfly habitat sites were noted and collected
(as shown on appendices 16, 24, 26,32 and 35). The plant specimens were properly
preserved under dry magazine papers and transported to the University of Eldoret’s
herbarium for taxonomic identification by an expert plant taxonomist. Short plant parts
comprising of at least the stem, branch, three leaves, floral parts and the apical end were
carefully cut using a pair of scissors or a knife. Accompanying clear photographs of the
whole plants were also taken. Proper labels of the plants, sites where they were

collected, date of collection and common names used locally (where available) were
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written on the tag attached on every plant specimen. The most common plant species
and their densities were also recorded for all the sites. The occurrence and abundance
of the sandflies was later correlated with the diversities of the plants using the Shannon
Weiner diversity test in each habitat site to investigate whether there were any
significant associations between the plant species and sandflies occurrence in the

sampled habitats.

The Shannon-Weiner diversity index, A’ indicates how diverse (the number of species
present) while the evenness, £ indicates how species are relatively distributed in a given
ecosystem. High diversity and evenness will indicate that there is stability and
heterogeneity in that given habitats that supports many species. The implication of a
highly diverse vector and reservoir ecology will suggest increased risk of sustaining the
pathogens which may eventually lead to increased transmission of Leishmania parasites
to humans. Low A’ and E means unstable ecosystem or one species is dominating over
other species. High diversity index ranges from H’ > 3.0, moderate H* = 1.5 -3.0, and
low H’ < 1.5. Similarly, high evenness is indicated by E = 0.68 -1.0, moderate E = 0.34

-0.67, and low E =0.00 -0.33.

The Shannon-Weiner index is calculated by the formula, H' = =) (pi In pi), while
evenness 1s calculated using the formula, E=H’/In S; where, pi represents the proportion
of numbers of species i of the total number of individuals recorded, and S being the

total number of species.

3.2.6 Potential Vertebrate Reservoir Hosts Data
During the setting of the traps, attention was given to the numbers and types of all
vertebrates that were sighted inside and around the vicinity of the sandfly collection

sites in the study areas. Every vertebrate seen was assumed to be a potential reservoir
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host of leishmaniasis and/ or a source of bloodmeal for the sandflies. These included
domestic and wild animals, large and small animals, ranging from mammals, reptiles
and birds. Rodents, donkeys, cows, sheep, goats, dogs, rock hyraxes, giant rats, bats
and also people who were sighted, counted and recorded accordingly. Presence of
animal footprints, presence of stool, discarded package(s) of used candies and drinks,
as well as packages of used condoms were also recorded as indicators of the presence
and activities of vertebrate animals (animals and humans) in the respective cave sites.
The mean numbers per month of the sighted animals were determined and recorded for
each site. This information on numbers and type of vertebrates was later used to
correlate with the corresponding densities of sandflies caught per month in every site

from where they were collected.

3.3 Data Analyses

The number and species of sandflies, suspected animal reservoir host types and plants
species recorded in all the habitat sites were obtained by discrete counts. Mean counts
and their associated errors (S.E.) were also calculated for sandflies, animal reservoir
hosts and plants, while their respective attributes such as habitat location, altitude, soil
type, species, sex, among others were recorded. Sex ratio between male and female
sandflies was determined. Taxonomic quantification was done for all collected sandfly
species and expressed as percentage proportion of the total collections. Specific
quantifications of all recorded parameters across all the sites were also done. The
resultant computations were subjected to chi-square test, t-test and ANOVA at 95%
confidence level (p < 0.05) to compare their significance differences. The Shannon
Weiner test was used to determine the species diversities (H’) and evenness (e) in the
distribution of sandflies, animal reservoir hosts and plants in all the sampled habitats.

High diversity index means there are large species communities that are evenly
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distributed, which indicates a fairly stable, heterogenous and healthy ecosystem, and

vice-versa is true for low diversity index.

Effects of climatic factors such as ambient temperatures, soil temperatures, relative
humidity and altitude on the occurrence and distribution of sandflies were analyzed by
conducting correlation tests at a significance level of p < 0.05. The mean numbers of
periodic abundance of sandflies between wet and dry periods of the year were analyzed
by use of ANOVA (at p <0.05). The significant differences in means were separated
using Fisher’s least significant difference (LSD). Impacts of soil physical and chemical
properties on the distribution of population of sandflies in all the study sites were
tabulated and subjected to correlation tests. The mean differences between soil

constituents at p < 0.05 was considered significant.

Relative abundance and type of vertebrate potential and confirmed reservoir hosts of
leishmaniasis in all respective sites were recorded and chi-square test was done at a
significance level of p <0.05. Correlation test at p < 0.05 was also used to establish the
relationship in means between numbers of sandflies and the mean number of each type
of the potential animal reservoir host sighted per month. Mean numbers of sandflies
collected and vertebrate potential reservoir hosts sighted were used to determine the
diversities and evenness in their distribution by the Shannon Weiner test. The same test
at p < 0.05 was applied to determine the plants’ diversity and distribution relationship

with sandflies in the sampled habitats in Bungoma County.
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CHAPTER FOUR

RESULTS

4.1 Sandfly Species Diversities and Characteristics of Their Habitats in Bungoma
County
4.1.1 The Abundance of Sandfly Species and their Morphological Identification

Plates in Sampled Habitats in Bungoma County

Sandflies in Bungoma County were found only in cave habitats. The other sampled
habitats (that included termite mounds, tree holes, domestic animal sheds, human
dwellings, under vegetation, and rock crevices), did not yield any sandfly catches
during the study period. A total of 6156 sandflies were collected from the sampled cave
habitats in Bungoma County during the study period. Sandfly collections comprised of
1828 male and 4328 female (n = 6156, male/female ratio was: 1828/4328 = 1:2.4).
Taxonomic identification categorized the sandfly collection into two (2) genera;
Phlebotomus and Sergentomyia and 8 species namely Phlebotomus elgonensis, P.
pedifer, Sergentomyia adleri, S. africana, S. antenatus, S. bedfordi, S. ingrami and S.
schwetzi. The most abundant species of sandfly found in the majority of the habitats in
the study area was P. pedifer which contributed 5789 (94.04%) of the total sandfly
collection, while the least abundant species were S. adleri, S. bedfordi and P. elgonensis
whose counts were 12 (0.19%), 26 (0.42%) and 29 (0.47%) respectively as shown in
table 4.1. The difference in sandfly species mean abundance across the habitats was

significant (p <0.0001).
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Table 4.1 Comparison of Mean Frequency of Sandfly Species Collected from Cave

Habitats in Bungoma County During January, 2021 to December, 2022 Period (p

<05)

Species Frequency  Percent  Chi square (%);
p value

P. elgonensis 29 0.50 v*=606.91

P. pedifer 5789 94.00 df=7

S. adleri 12 0.20 p <0.0001

S. africana 148 2.40

S. antenatus 53 0.90

S. bedfordi 26 0.40

S. ingrami 65 1.10

S. schwetzi 34 0.60

Total 6,156 100.00

Some of the photographic plates of the different species that were used as
morphological taxonomic guidelines are also attached as plates 4.1, 4.2, and 4.3 below.
They were the distinctive features that were heavily relied on in the species

identification sandflies under compound microscopes after dissection.
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P elgonensis  MpArisEme P. pedifer

S. africanus

Plate 4.1 Comparative Appearance of Images of Spermathecae of P. elgonensis, P.
pedifer and S. africana as Seen Under a Compound Microscope (X400
Magnification): Plates Captured by Self Using an Android Phone Camera 11 June,

2022. (Source: Author, 2022)
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Plate 4.2 Comparative Morphological Distinction of Male Genitalia (Styles) for P.
elgonensis and P. pedifer Species as Seen Under a Compound Microscope (X400
Magnification): Plates Captured by Self Using an Android Phone Camera 11 June,

2022. (Source: Author, 2022
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H sergentomyia

P pedifer o \ v’y

Plate 4.3 Cibarial Plates for P. pedifer and Sergentomyia species (Source: Author,

2022)

4.1.2 Distribution and Mean abundance of Sandfly Collections in Sampled Cave
Sites in Bungoma County

The sandflies were distributed in the 12 sampled sites as shown in Table 4.2. The site
where the highest population of sandflies were collected was Chepkarai with a
population of 2191 (35.59%) sandflies, followed by Chepkutuny with a population of
1112 (18.06%) sandflies, while Nabuyole with a population of 13 (0.21%) sandflies
had the least number of sandflies that were collected. The difference between the
numbers of sandfly species collections across the sampled sites was significant
(x*=135.68, df. =11, p < 0.0001). All the P. elgonensis (29 individuals = 100.00%) were

found only in Labot cave (11'2.0435"N and 351'36.5261"E) located at the highest
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sampled altitude (3100 masl). This species was not found in any other sampled site in
the study area. Although a large number 2,191 (35.59%) of P. pedifer was found in

Chepkarai cave site, none of this species was recorded in Labot cave site.

S. adleri, S. bedfordi, and S. ingrami were recorded in Chepkutuny and Sang'alo as
shown in Table 4.2. A large proportion of S. africana were recorded in Chepkutuny 128
(86.67%) while the rest of this species were recorded in Kaptanai 12 (8.11%) and

Chebwek 8 (5.41%) sites.

S. antenatus were collected from two cave sites namely; Chepkutuny (47/53 = 88.68%)
and Kaptanai (6/53 = 11.32%). S. schwetzi were collected from five cave sites namely;
Chepkutuny (12/34 = 35.29%), Lorio (8/34 = 23.53%), Kaptanai (6/34 = 17.65%),

Nabuyole (6/34 = 17.65%) and Chebwek (2/34 = 5.88%).



Table 4.2 Distribution of Sandflies in Sampled Sites in Bungoma County During January 2021 to December 2022 Period

Sites
Species

P.

elgonensis

P. pedifer

S. adlerai

S. africana

S.

antenatus

S. bedfordi

S. ingrami

S. schwetzi

Total

Chebin

0
(0.00)
651
(11.25)
0
(0.00)
0
(0.00)
0
(0.00)
0
(0.00)
0
(0.00)
0
(0.00)
651
(10.58)

Chebwek  Chepkarai

0

(0.00)

82

(1.42)

(0.00)

(5.41)

(0.00)

(0.00)

(0.00)

(5.88)

92
(1.49)

0
(0.00)
2191
(37.85)
0
(0.00)
0
(0.00)
0
(0.00)
0
(0.00)
0
(0.00)
0
(0.00)
2191

(35.59)

Chepkutuny Koborom Kaptanai

0
(0.00)
887
(15.32)
12
(100.00)
128
(86.49)
47
(88.68)
26
(100.00)
0

(0.00)
12
(35.29)
1112
(18.06)

0

(0.00)

399

(6.89)

(0.00)

(0.00)

(0.00)

(0.00)

(0.00)

(0.00)

399
(6.48)

0
(0.00)
355
(6.13)
0
(0.00)
12
(8.11)
6
(11.32)
0
(0.00)
0
(0.00)
6
(17.65)
379
(6.16)

Labot

29
(100.00)
0

(0.00)

0

(0.00)

0

(0.00)

0

(0.00)

0

(0.00)

0

(0.00)

0

(0.00)
29

(0.47)

Lorio

0
(0.00)
215
(3.71)
0
(0.00)
0
(0.00)
0
(0.00)
0
(0.00)
0
(0.00)
8
(23.53)
223
(3.62)

Makhonge

0
(0.00)
534
(9.22)
0
(0.00)
0
(0.00)
0
(0.00)
0
(0.00)
0
(0.00)
0
(0.00)
534
(8.67)

Sang'alo

0
(0.00)
56
(0.97)

0

(0.00)

0

(0.00)

0

(0.00)

0

(0.00)
65
(100.00)
0

(0.00)
121
(1.97)

Tamoi

0
(0.00)
412
(7.12)
0
(0.00)
0
(0.00)
0
(0.00)
0
(0.00)
0
(0.00)
0
(0.00)
412
(6.69)

(Numbers in parenthesis are percentage proportions of the total collections per sandfly species per site)

Nabuyole

0
(0.00)
7
(0.12)
0
(0.00)
0
(0.00)
0
(0.00)
0
(0.00)
0
(0.00)
6
(17.65)
13
0.21)

Total

29
(100.00)
5789
(100.00)
12
(100.00)
148
(100.00)
53
(100.00)
26
(100.00)
65
(100.00)
34
(100.00)
6156
(100.00)

38
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4.1.3 Sandfly Species Diversities and Distribution

There was a very low overall Shannon Weiner diversity index and evenness for sandfly
species, 0.3256 H’ and 0.1731 respectively, which suggested unstable habitat ecology
with one species dominating the rest of the species that were collected. Analysis of
sampled sites showed that Chepkutuny (0.75 H’), Sang'alo 0.69 H’ and Nabuyole (0.69
H’) sites had the highest Shannon Weiner diversity indices while Chebin, Chepkarai,
Kaborom, Labot, Makhonge and Tamoi sites had the lowest indices (H'< 0.01 each).
The overall difference between the sandfly Shannon Weiner diversity indices among
the sites was significant (p < 0.05) across all sampled sites except for Sang’alo and

Nabuyole sites (Table 4.3).



Table 4.3 A Table Showing of the diversity of Sandfly Species and How They are Distributed Across the Sampled Sites

Sites
Species

P. elgonensis

P. pedifer

S. adleri

S. africana

S. antenatus

S. bedfordi

S. ingrami

S. schwetzi

Total

Chebin

651

651

Chebwek

82

92

Chepkarai

2191

2191

Chepkutuny

887

12

128

47

26

12

1112

Species Distribution Per Site

Kaborom Kaptanai

399

355

12

379

Labot

29

29

Lorio

215

223

Makhonge

534

534

Sang’alo

56

65

121

Tamoi

412

412

Nabuyole

13

Total

29

5789

12

148

53

26

65

34

6156

40
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4.2 Impact of Temperature, Relative Humidity and Altitude on the Occurrence
and Abundance of Sandflies in Sampled Sites in Bungoma County

The assessed altitudes ranged from 1506 to 3100 meters above sea level (masl). P.
elgonensis was the only species of sandfly that was found in a cave site at highest
sampled altitude of 3100 masl while P. pedifer was found in moderately high altitudes
ranging from 1506 to 2147 masl with a high abundance (2191 collected sandflies) being
recorded in a cave site at an altitude of 1775 masl. A large proportion of Sergentomyia
species (225 of 338 sandflies) were found in a cave site at 1740 masl. S. adleri and S.
bedfordi were also found in the cave site at 1740 masl, S. africana, S. antenatus, and S.
schwetzi were found in cave sites at altitudes ranging from 1506 -2147 masl, while S.
ingrami was found in a cave site at altitude of 1520 masl. The overall sandfly species

diversity distribution differences between different altitudes were significant (p < 0.05).

The assessed cave sites had ambient temperatures ranging from 15 to 29 °C. P.
elgonensis was only found at a cave site with mean ambient temperature of 15.1 °C.
while P. pedifer was found in several cave sites with ambient temperatures ranging
from 21 to 29 °C with the largest proportion being found at cave sites with ambient
temperature of above 26 °C. Sergentomyia species were also found inhabiting cave with
different ambient temperatures ranges but the majority were found in cave sites with
28°C and above. S. adleri and S. bedfordi were found only in sites with 28°C, while S.
ingrami were at cave sites with 27°C. S. schwetzi, S. afiicana and S. antenatus were
found in cave sites with a range of temperatures (21 - 28°C). The overall differences in
sandfly abundance distribution by mean ambient temperature in the caves was

significant (p < 0.0001).

Soil temperature also influenced distribution of sandflies with all the P. elgonensis

being recorded in a cave site with soil having mean temperatures of 12.5 °C. All the
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other recorded sandfly species were found in caves with different soil temperatures with
significant differences in sandfly abundances in caves with soil having different mean

temperatures (p < 0.0001).

Size of the caves influenced distribution of the sandfly species with a large proportion
of P. elgonensis being recorded in a significantly larger cave of more than 1508 m?

compared to smaller sized caves of <1508 m? (p < 0.0001).

A large proportion of P. pedifer were found in caves with flowing or stagnant water
while the rest of the other species were mainly found in caves without water (p <

0.0001).

Soil compactness on cave habitat floor influenced sandflies distribution with a large
proportion of sandfly species being significantly found in caves with floors

characterized by dry loose soil.

There was a negative relationship between altitude and ambient temperature. Increase
in altitude resulted in significant decrease in ambient temperature (r (204) = -0.27,
p<0.0001) and soil temperature (r (204) = -0.27, p<0.0001) respectively. However,
increase in altitude led to significant increase in relative humidity (r (60) = 0.46,
p<0.0001). There was a significant positive correlation between soil temperature and
ambient temperature (r (6) = 0.86, p<0.0001). There was a negative correlation between
relative humidity and ambient temperature (r (15) =-0.72, p<0.0001) as shown in Table

4.3.

Sandflies abundance was positively correlated with soil moisture (r (1080) = 0.118,
p<0.0001), ambient temperature of the cave (r (1000) = 0.125, p<0.0001), soil
temperature (r (13) = 0.83, p<0.0001), water inside the cave (r (208) = 0.265,

p<0.0001), floor type (r (265) = 0.236, p<0.0001) and relative humidity (r (7) = 0.95,
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p < 0.0001). However, sandfly abundance was negatively correlated with cave size (r

(2300) =-0.083, p<0.0001) as shown in Table 4.3.
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Table 4.4 Correlation of Factors Associated with Sandflies Species Distribution in Bungoma County

Soil Altitude Sandfly Ambient temp Soil temp  Cave size Water Cave Floor Relative
moisture abundance inside type humidity
Soil 1 118* 118* 0.01 119* 0.02 .149* 0.01 -.254*
moisture (1) (0.00) (0.00) (0.26) (0.00) (0.09) (0.00) (0.35) (0.00)
Altitude 118* 1 0.01 -.270* -.125* 126% .339% -.184* 458*
(0.00) 1) 0.47 (0.00) (0.00) (0.00) (0.00) (0.00) (0.01)
Sandfly 118* 0.01 1 J125% .083* -.083* 265% 236% 0.95*
abundance  (0.00) 0.47 1) (0.00) (0.00) (0.00) (0.00) (0.00) (0.00)
Ambient 0.01 -270* J125% 1 .860* -0.01 0.03 S12% -.072*
temp (0.26) (0.00) (0.00) (1) (0.00) (0.47) (0.05) (0.00) (0.00)
Soil temp 119* -.125* .083* .860* 1 .046* .066* 316* .208*
(0.00) (0.00) (0.00) (0.00) (1) (0.00) (0.00) (0.00) (0.00)
Cave size 0.02 126%* -.083* -0.01 .046* 1 -132* -.179* .068*
(0.09) (0.00) (0.00) (0.47) (0.00) (1) (0.00) (0.00) (0.00)
Water .149* .339* .265* 0.03 .066* -.132% 1 350% .304*
inside (0.00) (0.00) (0.00) (0.05) (0.00) (0.00) (1) (0.00) (0.00)
Cave Floor 0.01 -.184* 236* S12* 316* -.179* 350% 1 .085*
type (0.35) (0.00) (0.00) (0.00) (0.00) (0.00) (0.00) (1) (0.00)
Relative -.254* 458* 0.95* -.072* .208* .068* 304* .085* 1
humidity (0.00) (0.01) (0.00) (0.00) (0.00) (0.00) (0.00) (0.00) (1)

* (Bold font) indicates that correlation is significant at the 0.05 level (2-tailed). (Numbers in parenthesis are p- values).
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The mean abundance of sandflies varied non-significantly (F=1.838, df=4.817,
p=0.2611) with the long dry season (January to March) collections of 95.23 + 24.24,
long rainy season (April to June) recorded 67.25 + 41.90 sandflies, short dry season
(July to September) recorded 59.00 £ 52.00 sandflies and the short rainy season
(October to December) recorded 266.47 + 69.20, the highest sandfly collection as

illustrated in Figure 4.2.
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Figure 4.2 Seasonal Distribution of Sandfly Abundance Collected in Caves in

Bungoma County

4.3 The Impact of Soil Physical and Chemical Characteristics on the Population

of Sandflies in Cave Sites in Bungoma County

4.3.1 Soil Physical and Chemical Characteristics
The assessed soil physical and chemical properties included soil texture, soil pH, soil
moisture, soil nitrogen, soil phosphorus, soil carbon, soil iron, soil zinc, soil copper,

soil manganese, soil calcium and soil magnesium contents.
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All the cave sites contained sandy soils with the majority of the sites having sandy-loam
soils. Chepkarai site was the only cave with sandy-clay soil, while Chepkutuny,
Chebwek and Lorio caves had porous sandy soils. Correlation analysis between the soil
type and sandfly densities revealed that the sandfly density differences were found to
be non-significantly associated with soil texture but were positively associated with

caves that had dry loose soil floors (r (9) = 0.3814, p = 0.2471).

The average soil moisture content was 0.28 & 0.1024. Chepkutuny cave had the highest
soil moisture content (0.5160 + 0.2122) while Makhonge had the least moisture content
(0.1010 + 0.0246). When correlated with the mean number of sandflies caught at each
site, there was a positive but non-significant relationship suggesting that sandflies

prefer habitats with moist soil (r (9) = 0.0964, P = 0.778).

The average soil pH was 7.25 + 1.40 with neutral and alkaline soils (pH > 6) being
recorded in Chepkutuny, Chebin, Kaptanai, Nabuyole, Tamoi, Makhonge, Kaborom,
Sang'alo, Chepkarai and Chebwek caves. Only Lorio cave had acidic soil (pH =4.55 +

1.24). Higher densities of sandflies were found inhabiting caves with non-acidic soil.

The average nitrogen content of soil in all the study sites was 0.63 + 0.27% and was
significantly (p < 0.05) high in Chepkutuny (1.14% + 0.11), Kaptanai (0.24 % + 0.11)

and Nabuyole (0.26 % + 0.12) compared to the other study sites.

Soil phosphorus contents varied across the study sites with Chebin cave (0.33% =+ 0.09),
Chepkarai cave (0.33% £ 0.12), Lorio cave (0.32% + 0.14), Tamoi cave (0.30% + 0.19),
Sang'alo caves (0.30% =+ 0.08) and Kaborom cave (0.30% =+ 0. 21) having higher
percentage phosphorus contents while Nabuyole (0.06% = 0.01) had significantly lower

phosphorus percentage (p < 0.05).
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Chepkutuny cave soil recorded the highest carbon content (19.80% + 2.63) compared
to lower carbon contents in soil from the other sites. However, Kaptanai cave soil

(0.96% =+ 0.38) recorded significantly (p < 0.05) the lowest carbon content.

Iron content in soil was significantly high (p<<0.0001) in Chepkutuny cave (34.93 mg/kg
+9.2), Chebwek cave (32.64 mg/kg = 4.27) and Tamoi cave (29.94 mg/kg + 3.38) and
low in Makhonge cave (9.92 mg/kg + 2.41), Nabuyole cave (9.75 mg/kg + 3.1),
Kaborom cave (9.46 mg/kg + 2.9), Chepkarai cave (8.15 mg/kg + 1.32) and Sang'alo

caves (7.48 mg/kg + 2.36) compared to the other study sites.

Zinc content in soil was significantly (p < 0.0001) high in Chebwek cave (0.25 mg/kg
+ 0.12) compared to the low content in soil in Nabuyole cave (0.11

mg/kg + 0.09) while the other study sites recorded intermediate levels with insignificant
differences (p < 0.05). Similar observations were made for copper content in soil.
Manganese content in soil was significantly (p < 0.0001) high in Chebwek cave (1.79

mg/kg + 1.28) and lowest in Nabuyole cave (0.05 mg/kg).

Soils in Sang'alo caves had the highest calcium content of 9.02 mg/kg + 3.02 while soils
in Nabuyole (0.06 mg/kg + 0.03) had the lowest, the difference in calcium content
between the sites was highly significant (p < 0.0001). Soils in Sang'alo caves had the
highest magnesium content content of 9.02 mg/kg + 2.31 while soils in Nabuyole (0.06
mg/kg + 0.02) had the lowest, the difference in magnesium content between the sites

was highly significant (p <0.0001).

4.3.2 Correlation between Soil Physical and Chemical Characteristics and Sandfly
Abundance in Cave Sites in Bungoma County
There was a positive correlation between nitrogen and carbon (r (9) = 0.9081, p =

0.0001), phosphorus and zinc (r (9) = 0.6478, p = 0.0311), iron and copper (r (9) =
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0.8019, p = 0.0030), iron and manganese (r (9) = 0.7942, p = 0.0035), copper and
manganese (r (9) =0.8824, p=0.0003), calcium and magnesium (r (9) = 0.7024, p =
0.0160) and between calcium and soil texture (r (9) = 0.7323, p = 0.0104) as shown in
Table 4.4. Sandfly abundance was positively but non-significantly (p > 0.05) correlated
with soil pH, soil moisture, soil nitrogen, soil phosphorus, soil copper, soil zinc, soil

calcium, soil carbon contents and the soil texture.



Table 4.5 Correlation Between Sandfly Abundance and Soil Physical and Chemical Characteristics

Sandfly
abundance
Soil
moisture

pH

N

Fe

Cu

Mn

Ca

Mg

Soil texture

Correlation (p-value) * with a significant difference at p < 0.05

Sandfly
abundance
1

1
0.0964
(0.778)
0.0177
(0.9587)
0.3105
(0.3527)
0.2491
(0.4601)
0.3739
(0.2572)
-0.1004
(0.7689)
0.0524
(0.8785)
0.0534
(0.876)
-0.1473
(0.6656)
0.203
(0.5493)
-0.0245
(0.943)
0.3814
(0.2471)

Soil
moisture
0.0964
(0.778)

1

@
-0.3699
(0.2629)
0.4193
(0.1992)
0.0402
(0.9065)
0.6184
(0.0426)*
0.4561
(0.1586)
0.0257
(0.9401)
0.2896
(0.3876)
0.4464
(0.1687)
0.0363
(0.9156)
0.0881
(0.7967)
-0.4021
(0.2203)

pH

0.0177
(0.9587)
-0.3699
(0.2629)
1

1
-0.3742
(0.2569)
-0.1801
(0.5961)
-0.4527
(0.1621)
0.1832
(0.5897)
-0.4986
(0.1185)
0.11
(0.7474)
-0.1288
(0.7059)
-0.0861
(0.8012)
-0.0185
(0.9569)
0.0639
(0.852)

N

0.3105
(0.3527)
04193
(0.1992)
-0.3742
(0.2569)
1

ey
0.2775
(0.4088)
0.9081
(0.0001)*
0.5417
(0.0852)
02577
(0.4442)
0.5044
(0.1136)
0.5336
(0.0909)
-0.19
(0.5757)
-0.0417
(0.903)
-0.207
(0.5415)

%P

0.2491
(0.4601)
0.0402
(0.9065)
-0.1801
(0.5961)
0.2775
(0.4088)
1

M
0.1248
(0.7146)
-0.0159
(0.963)
0.6478
(0.0311)*
0.2038
(0.5477)
0.2899
(0.3872)
0.5427
(0.0845)
0.299
(0.3718)
0.2603
(0.4395)

C

0.3739
(0.2572)
0.6184
(0.0426)*
-0.4527
(0.1621)
0.9081
(0.0001)*
0.1248
(0.7146)
1

1
0.5193
(0.1017)
0.1782
(0.6)
0.3952
(0.2290)
0.4549
(0.1598)
-0.2866
(0.3928)
-0.0985
(0.7732)
0.4169
(0.2021)

Fe

-0.1004
(0.7689)
0.4561
(0.1586)
0.1832
(0.5897)
0.5417
(0.0852)
-0.0159
(0.963)
0.5193
(0.1017)
1

(1)
0.0898
(0.7929)
0.8019
(0.0030)*
0.7942
(0.0035)*
-0.4440
(0.1713)
-0.2843
(0.3968)
-0.538
(0.0878)

Zn

0.0524
(0.8785)
0.0257
(0.9401)
-0.4986
(0.1185)
0.2577
(0.4442)
0.6478
(0.0311)*
0.1782
(0.6)
0.0898
(0.7929)
1

)]
0.4209
(0.1974)
0.5938
(0.0541)
0.2334
(0.4898)
-0.0268
(0.9376)
0.0806
(0.8138)

Cu

0.0534
(0.876)
0.2896
(0.3876)
0.11
(0.7474)
0.5044
(0.1136)
0.2038
(0.5477)
0.3952
(0.2290)
0.8019
(0.0030)*
0.4209
(0.1974)
1

@
0.8824
(0.0003)*
-0.0642
(0.8513)
-0.2353
(0.4862)
-0.0933
(0.7849)

Mn

-0.1473
(0.6656)
0.4464
(0.1687)
-0.1288
(0.7059)
0.5336
(0.0909)
0.2899
(0.3872)
0.4549
(0.1598)
0.7942
(0.0035)*
0.5938
(0.0541)
0.8824
(0.0003)*
1

&)
-0.0964
(0.778)
-0.0961
(0.7785)
-0.325
(0.3295)

Ca

0.203
(0.5493)
0.0363
(0.9156)
-0.0861
(0.8012)
-0.19
(0.5757)
0.5427
(0.0845)
-0.2866
(0.3928)
-0.4440
(0.1713)
0.2334
(0.4898)
-0.0642
(0.8513)
-0.0964
(0.778)
1

@
0.7024
(0.0160)*
0.7323
(0.0104)*

Mg

-0.0245
(0.943)
0.0881
(0.7967)
-0.0185
(0.9569)
-0.0417
(0.903)
0.299
(0.3718)
-0.0985
(0.7732)
-0.2843
(0.3968)
-0.0268
(0.9376)
-0.2353
(0.4862)
-0.0961
(0.7785)
0.7024
(0.0160)*
1

)
0.2935
(0.381)

49

Soil
texture
0.3814
(0.2471)
-0.4021
(0.2203)
0.0639
(0.852)
-0.207
(0.5415)
0.2603
(0.4395)
-0.4169
(0.2021)
-0.538
(0.0878)
0.0806
(0.8138)
-0.0933
(0.7849)
-0.325
(0.3295)
0.7323
(0.0104)*
0.2935
(0.381)

1

M



50

4.4 The Correlation Between Plant Diversities/Densities and Sandfly Abundance
/Distribution in Bungoma County
4.4.1 Plant Richness, Checklist, Diversity and Distribution in sampled sites in
Bungoma County
Twenty-eight plant species belonging to 25 genera were found to have been most
commonly associated with caves where sandflies were present. There was a high overall
Shannon Weiner diversity index of the plants was 3.14 H’. The location/ area with the
highest number of observed plant species was Makhonge (16) followed by Nabuyole
(15) whereas Chebin, Chepkutuny, Chepkarai, Chebwek, Kaborom, Kaptanai each had
14 plant species that were recorded. The most common plant species were Achyranthes
aspera J.Jacq, Clematis vitalba Buch.-Ham. ex Steud., Pavonia burchelii (DC.) R. A.
Dyer and Solanecio manii (Hook. F.) C. Jeffrey being found in more than eight study
sites out of the twelve sampled study sites. Urtica massaica Mildbr was found in all the
sampled sites except Nabuyole site. However, Ocimum grantissimum L., Hisbicus
fuscus Garcke, Pavonia urens var. irakuensis (Ulbr.) Verdc. and Sida ovata Forssk.
were only found in the Nabuyole site (appendix 13). A list of all plant species names is
provided in appendix 12, while photographs of all plant species recorded and identified

are attached in the appendices 14 — 38).
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Figure 4.3 Mean Number of Sandflies Correlated with the Abundance of Plant Species in the Study Sites in Bungoma County
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4.4.2 Correlation of Mean Number of Sandfly Species with Mean Number of
Associated Plant Species

The overall mean number of sandflies recorded per correlated plant species was
155.13+6.34, r (26) = 0.8256, p < 0.05. The plant species that were found to have the
highest mean abundance of associated sandflies was Searsia natalensis (Bernh. ex
Krauss) F. A. Barkley (278.50+12.65) followed by Caesalpinia decapetala
(Roth) Alston (270.41+13.97), Ageratum conyzoides var. mexicanum (Sims) DC.
(243.42+158.83), Lantana camara var. aculeata (Hook.) L.H.Bailey (234.00+18.32),
Vernonia auriculifera Hiern (230.71£16.72) and Markhamia Ilutea K.Schum.
(222.14£17.92), whereas Ocimum grantissimum L., Pavonia
urens var. irakuensis (Ulbr.) Verdc., Hisbicus fuscus Garcke and Sida ovata Forssk.
were significantly (p < 0.05) associated with the lowest mean abundance of sandflies
as shown in Figure 4.3. Figure 4.3 also shows that there were significant (p < 0.05)
differences in mean number of sandflies collected and abundance of some associated

plant species.

4.5 Potential Vertebrate Reservoir Hosts of Leishmaniasis in Bungoma County

4.5.1 Relative Abundance of Potential Vertebrate Reservoir Hosts of
Leishmaniasis in Bungoma County

This study observed thirteen different types of vertebrates that were suspected to be
potential reservoir hosts of leishmaniasis and/ or providing sources of bloodmeals in
the sandfly habitats as shown in Figure 4.4. These vertebrates were sighted in or near
caves were counted and recorded at the time of trap setting and traps collection. The
numbers of specific type / species recorded were later quanified to obtain their means
and their proportions of the total vertebrates sighted in the entire field research period.

The vertebrates were bats (29.61%), goats (14.08%), people (13.52%), cows (10.39%),
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rock hyraxes (9.27%), birds (7.26%), sheep (7.15%), monkeys (4.58%), dogs (2.68%),
giant rats (1.01%), gazelles (0.22%), mice (0.11%) and rabbits (0.11%) with a

significant difference in frequency of being sighted (¥* = 108.79, d.f=12, p<0.0001).

35.00

30.00 I

i, L1y

Type of Potential Vertebrate Reservoir Hosts

[N}
N
o
S

[\
=
S
(e

—_
=)
]
(=)

Vertebrate Frequency (%)

O

Figure 4.4 Mean Frequency of Potential Vertebrate Reservoir Hosts and Sandfly

Habitats in Bungoma County
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4.5.2 Correlation between Vertebrate Potential Reservoir Hosts and Sandfly
Vector Abundance

The mean estimated number of all of the vertebrate potential reservoir hosts was
68.84+7.78 while the mean collection of the vector was 314.15+37.59 as shown in
figure 4.5. There was a non-significant correlation between mean number of sighting
the vertebrate potential reservoir hosts and the mean vector number (r (11) = 0.4802, p

=0.0967).
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4.5.3 Diversity Index of the Potential Vertebrate Reservoir Hosts and Vector
Diversity

Shannon Weiner diversity index for the potential vertebrate reservoir hosts was 2.06 H’
with evenness of 0.66 e*H/S while the vectors’ Shannon Weiner diversity index was
2.09 H’ and evenness of 0.67 e¢"H/S as illustrated in Figure 4.6. This this suggests a
moderately high and stable reservoir and vector ecosystems, which may translate to
diverse vertebrate species that can support diverse sandfly species increasing chances

of transmission of Leishmania parasites to humans in Bungoma county, Kenya.
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CHAPTER FIVE

DISCUSSION

5.1 Sandflies Species and Habitat Characteristics in Bungoma County

A total of 6,156 sandflies were collected in caves during the study period which lasted
for 24 months, underscoring the high density of sandfly populations in the cave habitats
in Bungoma County. If the sandflies were evenly distributed in the twelve sampled
caves, 513 sandflies would have been collected in each cave during the study period.
Similarly, if the sandflies were evenly distributed during the study period of twenty-
four months, about 257 sandflies would have been collected each month. The results of
this study show that sandflies are not evenly distributed in spatial and temporal
dimensions in the study area because different ecological conditions support sandfly

populations differently.

Notably, sandflies were not found in human residences, suggesting that CL
transmission is associated with exposure to sandflies in the cave environments. This is
because studies in Mt Elgon have revealed that there is CL cases that is caused by
Leishmania aethiopica and transmitted by P. pedifer and P. elgonensis (Mutinga et al.,
1976). Presence of people sighted within the caves, their footprints, discarded
package(s) of used items such as soft and hard drink bottles and other candies, as well
as used condoms all pointed out to evidence of regular human activities in the caves.
Some human bedding materials and firewood cooking points were also discovered in
the caves. Upon further oral interrogations, the local communities confided that they
regularly go to the caves to collect crystalized salt for their livestock, and to collect bat

guano used as organic fertilizer in crop farming. Other human activities reported to
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occur in the caves include; prayers and fasting, cultural rituals, touring and leisure,
consumption of outlawed local alcoholic brews and other collective and personal
reasons. Previous unrests amongst communities living around Mt Elgon region
rendered some families homeless and many people settled for caves as their homes as
well as safe hiding places from attritions instigated by criminal gangs. Even the most
recent uprisings that were prompted by the outlawed Sabaot Land Defense Force
(SLDF) drove so many families away from their homes, and most interesting is that the
criminals in turn used caves as their operations bases as they fled from security

operations.

The current economic pressure has pushed many people who live near the caves to also
engage in quarrying activities around the caves, and some have even established
harvesting of building stones sourced from inside these caves. The forests that
previously sheltered the cave habitats have been cleared for charcoal and firewood, and
areas opened up for agricultural activities that are extending up to the entrances of these
caves which may have prompted further exposures to vectors-borne infections as people
shelter inside the caves while tending to their farms and looking after their livestock

during adverse weather conditions.

Out of the 6,156 sandflies collected, female flies outnumbered the male resulting in a
male-to-female ratio of 1:2.4. This finding aligns with earlier studies by Mukhwana et
al. (2018) and Owino et al. (2019) that attribute the observed sex ratio differences
amongst the collected sandflies to the attraction of more female sandflies to the male-
secreted pheromones, which attracted more females that males to the presence of the
light traps inside the caves. Dye ef al., (1991) used laboratory experiments in Brazil to

show that adult male Lutzomyia longipalpis sandflies possess sex pheromones which
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aid in communication and attracts more female than it does to other male flies. The
authors further stated that natural disparities between sites in the sex ratio depends on
the number of blood source hosts that are available for the female flies. Because of fast
responsiveness to abundance of hosts by male than female (Dye ef al., 1991), more
females were therefore attracted towards the location of male, thus justifying why more

female are caught in the light traps than male sandflies.

Collected sandflies were observed to belong to two genera and eight species, namely
Phlebotomus elgonensis, P. pedifer, Sergentomyia alderi, S. africana, S. antenatus, S.
bedfordi, S. ingrami, and S. schwetzi. The most abundant species of sandfly in the study
area was P. pedifer. This dominance highlights its role as the primary vector of CL in
the region (Mutinga,1775). On the other hand, the least abundant species was S. adleri,
Other previous studies done in the Mt Elgon Sub- County also recorded relatively high
abundance of Phlebotomus species (Sang and Chance, 1993; Sang et al, 1993;

Mukhwana et al., 2018, and Ombaka et al., 2022).

Of all the sandfly species collected, P. pedifer and P. elgonensis are confirmed vectors
of CL. This indicates the actual risk of potential infection threat to people through
infective bites with Leishmania parasites. This had been confirmed by the previous
research studies conducted in Mt Elgon Sub-County implicating the duo as vectors that
actively transmit Leishmania aethiopica that causes CL to the people living around this
area (Mutinga et al., 1986-ii1; Sang et al., 1993; Mukhwana, 2018; Mukhwana et al.,

2018; Ombaka et al., 2022).

Sergentomyia species have for long been referred to as biting nuisance flies. However,
some recent studies have incriminated some species in this genus as leishmaniasis

vectors. Nzelu et al., (2014) and de Souza et al., (2023) reported that S. ingrami, S.
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mahoni and S. africana africana were detected with L. tropica, L. major and also
Trypanosoma species DNA in Ghana, where they were suspected to transmit CL to
people. S. ingrami were also reported by Mutinga et al., (1986 - iv) to be responsible
for the transmission of L. major parasites to the susceptible rodents inside burrows in
Baringo County in Kenya. However, Maia and Depaquits, (2016) and Sadlova et al.,
(2013) reported that S. schwetzi, S. alderi, S. bedfordi and S. antenatus were not
competent vectors of L. donovani and other Leishmania species that are pathogenic to
humans, and therefore fail to meet the threshold to be incriminated as successful vectors

of human CL.

With regards to the areas sampled, Chepkarai had the highest number of sandflies
collected followed by Chepkutuny while Nabuyole had the least number of sandflies
collected. Sang and Chance (1993) reported that P. pedifer and P. elgonensis sandflies
were collected in 229 out of 237 sampled caves distributed at different altitudes of Mt.
Elgon Sub-County. However, they did not list the names/locations of the specific caves
that the sandflies were collected from. This current research has listed particular names
of caves and GPS coordinates where the sandflies were collected from, not only in
extended divisions of Mt. Elgon Sub-County but also across the other Sub-counties in
the lower altitudes in Bungoma County that are being reported for the first time.
Variations in distribution of numbers and species of sandflies at different sites can be

attributed to various ecological characteristics.

Interestingly, all P. elgonensis were found in very high altitude habitats (Chepkitale
region including Labot caves), while P. pedifer were distributed across most of the
lower altitude sites. The high altitude of the Labot cave, the cool ambient and soil
temperatures, high relative humidity, existence of diverse species of dense natural

vegetation cover and very minimal human activities could explain why P. elgonensis
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uniquely preferred this site. This observation agrees with similar finding by Sang and
Chance, (1993) who found that P. elgonensis predominated high altitudes (2300-2600
masl) while P. pedifer were more at lower altitudes. It also appears that P. pedifer and
S. schwetzi are very well adapted to the local cave conditions of Bungoma County as
indicated by their wide distribution across different cave sites except the high-altitude

conditions.

However, sandflies in the genus Sergentomyia are not yet confirmed vectors of
leishmaniasis in Kenya which is still subject to further investigations in the roles they
play in co-existence with the confirmed vector sandfly species. The results of the
current study highlight the variation in sandfly species distribution across the different
sampled areas, which is important in designing targeted control measures for sandfly-

borne diseases in the region.

There was a significant difference (p < 0.05) in the diversity of sandfly species among
the different sampled areas. Chepkutuny, Sang'alo, and Nabuyole caves had the highest
Shannon-Weiner diversities at 0.75H, 0.69H and 0.69H respectively. This indicated
that they had a higher number of different sandfly species and also had a more even
distribution sandfly species compared to other areas that had lower diversity indices.
Chepkutuny cave for instance, had the most diverse species (comprising of a total of
six) and also recorded the second highest number of total sandflies caught. This can be
attributed to the nature of this cave which has a very small almost enclosed entrances,
thus it is insulated inside with higher temperatures that favor the sandflies’ biological
activities such as reproduction and development. There is also limited human activity
inside this cave due to its low height and darkness. The conditions of this cave forms
good habitat for rock hyraxes, bats, and other vertebrates that probably serve as

reservoir hosts that not only provide blood meals for the female adult sandflies but also
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provides tons of manure from their fecal matter on which juveniles of sandflies thrive
which has not been documented before. Ombaka et al, (2022) also confirmed this while
working in a similar cave, as well as Mutinga and Odhiambo, (1986 - iii) as they worked
on breeding and resting sites of sandflies in unnamed caves of Mt Elgon where they
found that P. elgonensis and P. pedifer breed and rest mainly in the poorly lighted areas
of the caves, on the roof, the floor of the caves under objects, and in the cracks and
crevices inside the caves; and also were abundant in cracks and crevices outside the

caves where hyraxes were found to rest.

Sang’alo hills had several small sheltered caves in which hundreds of Christians of
varied religions converged every day and night for prayers and fasting. These
congregations may have provided readily needed sources of blood meals that favored
several species of sandfly populations. Similarly, Nabuyole caves that had attractive
sceneries along River Nzoia bordering historic Chetambe Hills where the Bukusu
people fought colonial invaders. People visited these sites for tours and leisure and they
may be getting exposed to vector sandfly bites in these sheltered caves. On the other
hand, Chebin, Chepkarai, Koborom, Labot, Makhonge, and Tamoi had the least sandfly
diversity, with Shannon Weiner index (H ) values below 0.01, which suggests that there
was only one sandfly species that was found inhabiting these caves. This may be
explained by factors, such as climatic and environmental conditions, host availability,
and the presence of predators or competitors. However, further research studies are
needed to determine the specific factors contributing to the observed differences in

sandfly diversity amongst the sampled areas.
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5.2 Impact of Temperature, Relative Humidity and Altitude on the Occurrence
and Abundance of Sandflies in Bungoma County

P. elgonensis was the only species of sandfly that was found in high altitude, probably
because of the cool temperature and high relative humidity that uniquely favored its
survival. This sandfly species had unique reddish colour on its external cuticles. This is
the first study to document this observation. Previous studies in Mt Elgon have not
documented the sandfly colour. The high altitude, low temperatures, and other
environmental and climatic conditions are suspected to be the most likely cause of this
unique observation. The types of plants from which the sandflies source their sugar

meals could be another possible reason for the red coloration.

P. pedifer was found in altitude ranging from 1506 to 2147 masl with a high abundance
recorded in altitude of 1775 masl. The results agree with those of Sang and Chance
(1993) who reported that P. pedifer and P. elgonensis were found distributed at different
altitudes. P. pedifer was found to occur in lower altitudes (1750-1900 m) while P.
elgonensis predominated the higher altitudes (2300-2600 m), and high occurrence of
promastigotes in the guts of phlebotomine sandflies found in lower altitudes below
1900 m (areas associated with P. pedifer). They concluded that P. pedifer was the major
vector of CL in Mt Elgon. Sang, (2011) also indicated that P. elgonensis were mainly
found in the intermediate higher altitudes and were found associated with river valleys
and major cliffs that overlook river valleys. Mukhwana et al., (2018) found allopatric
distribution of leishmaniasis transmission risks with P. pedifer as the only vector
species found in both Bungoma and Trans-Nzoia Counties along the slopes of Mt
Elgon. The ecology of P. elgonensis seems to shift to higher altitudes over time than
has previously been recorded. Leishmaniasis in the intermediate and lower altitudes

soon may solely be the role of P. pedifer that has swept over all the habitat ecosystems
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across these altitudes. Additionally, recent publications have not recorded P. longipes
species that were reported previously in the Mt Elgon region; suggesting a need for

further research on this sandfly.

A significant proportion of Sergentomyia species, such as S. adleri and S. bedfordi,
were observed in mid-altitude regions, while S. africana, S. antenatus, and S. schwetzi
were identified across a range of altitudes spanning low to high elevations.
Interestingly, S. ingrami was exclusively found in lower-altitude sites. Although
Sergentomyia species are traditionally regarded as non-vectors of leishmaniasis, their
extensive geographical and environmental distribution calls for further investigation.
Relatively recent studies reporting the isolation of Leishmania parasites from their
digestive systems (Sadlova et al., 2013; Kanjanopas et al., 2013; Maia & Depaquit,
2016) challenge this assumption, suggesting a potential, albeit underexplored, role in

disease transmission.

The environmental conditions of the study sites demonstrated considerable variation,
influencing sandfly distribution and habitat preferences. For instance, Phlebotomus
elgonensis was exclusively found in high-altitude regions characterized by cooler
temperatures and distinct soil conditions. These challenging environmental conditions
likely limit the survival of other sandfly species, and highlighting the unique
adaptations of P. elgonensis to such niches. Additionally, higher altitudes were
associated with increased humidity, which could further explain the habitat specificity

observed among sandflies.

The distribution of sandfly species in the study area revealed varying adaptations of the
sandflies to environmental conditions. Phlebotomus pedifer was predominantly found

in warmer sites with ambient temperatures above 26°C, suggesting the preference for
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higher temperature ranges. Similarly, Sergentomyia species occupied a range of
ambient temperature conditions, with the majority being recorded at 28°C. Notably, S.
adleri and S. bedfordi were exclusively found at this temperature, while S. ingrami
preferred slightly cooler conditions. Other species such as S. schwetzi, S. africana, and
S. antenatus exhibited a broader range of temperature tolerance, with significant

differences observed across their habitats.

The study also highlighted the influence of soil temperature on sandfly distribution.
While all sandfly species except Phlebotomus elgonensis that were found in caves with
varying soil temperatures, significant differences were noted in the soil temperature
ranges across these sites. This aligns with findings by Basimike and Mutinga, (1990),
who identified soil temperature as a stable and critical parameter influencing the
distribution of phlebotomine sandflies in termite mounds and animal burrows in Kenya.
Such stability in soil temperature could offer a microclimatic refuge for sandflies,

enabling their survival and reproduction under otherwise variable ambient conditions.

Interestingly, the current study recorded high sandfly populations during the short rainy
season, which is warmer compared to the long rainy season. However, earlier research
findings associated sandfly abundance with the hot dry season (Mukhwana, 2018;
Ombaka et al., 2022). This observation suggests that sandfly behavior and population
dynamics might be influenced not only by temperature but also by seasonal factors such
as relative humidity and vegetation cover, which tend to change during the rainy
periods. Size of the caves non-significantly influenced distribution of the sandflies with
only P. elgonensis being recorded in a significantly larger cave of more than 1508 m?
(p<0.0001), but not for other species. This means that the sizes of the caves did not
necessarily influence the distribution of sandfly population densities, while some other

environmental characteristics could be responsible for this observation. It was noted
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that a very large population of bats also inhabited this cave and there was evidence of
frequent visits by big mammals (elephant and buffalo excreta on the floor of the cave)
for rock mineral licks. The role of this activity in favoring P. elgonensis existence in

such caves needs further investigation.

The relative humidity of the habitats significantly influenced the population of the
vectors. The presence of water also influenced distribution of sandflies with a large
proportion of P. pedifer being found in caves with flowing or stagnant water while the
rest of the other species were found in caves without water. Water within caves
contributes to sufficient humidity which has been shown to have significantly
influenced the population densities of sandflies (Sang 2011; Mukhwana et al., 2018;
Pareyn et al., 2019). Perhaps the current findings could be indicating that moderately
high relative humidity promotes sandflies activity but excessively high relative
humidity may be promoting fungal and bacterial activities that tend to check the sandfly
population in such habitats. Further research should be conducted to fully understand

the role of presence of water points inside the cave habitats.

Sandfly abundance was positively correlated with soil moisture. This agrees with
previous studies which found that the development and survival of juvenile sandfly
stages highly rely on appropriate soil moisture contents (Bettini & Melis, 1988;
Basimike et al., 1992; Paul et al., 2006; Bhunia et al., 2020;). Preference of highly
moist soils means that there is sufficient hydration for successful development of

juvenile stages to the adult stage.
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5.3 The impact of Soil Physical and Chemical Characteristics to the Population of
Sandflies in Bungoma County

Correlation tests amongst different soil physical and chemical properties suggested that
there were some correlations. These included soil texture, pH, percentage moisture,
nitrogen, phosphorus, carbon, iron, zinc, copper, manganese, calcium and magnesium.
However, none of these properties appeared to significantly correlate with the sandfly
occurrence and abundance. This meant that these elements were not sufficient enough
to determine how the distribution of vector populations in different habitats. However,
they may have the potential to significantly affect the sandfly population characteristic

when combined with other unknown habitat factors.

To start with, the general neutral to alkaline soil pH (7.25 + 1.40) found in 10 sites was
good for sandfly development and colonization of the habitats. Vivero et al., (2015)
while working on the natural breeding sites of sandflies in Columbia found that neutral
to slightly alkaline ecosystems indicated stable characteristic niches that favor breeding
sites in terms of homeostasis, digestion of nutrients, and ionic exchange. Alencar et al.,
(2011), reported that assessment of breeding sites for sandflies revealed slightly acidic
to neutral soils and did not show any significant correlations with the number of
immature sandflies collected. Srinivasan et al., 2013 also reported that sandfly density
and diversity were influenced by rural locations on fluvial landforms with alkaline soil
surface pH that supported rice cultivation and luxuriant vegetation. These observations

on suitability of soil pH (7.25 + 1.40) are in agreement with the current findings.

This study observed that soil texture also affected the mean collections of sandflies. All
the habitats which were positive for sandflies had loam sandy soils, with very high
organic matter. This indicated increased capacity of high carbon and nitrogen contents

that were found to have significant correlations among the soils collected from all sites.
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Decomposed vegetation, dead animals, animals’ fecal matter, and other organic
compounds all contribute to high carbon and nitrogen content in the soil. Vivero et al.,
(2015) suggested that sand and loam soils enhance sandfly breeding that ensured good

drainage and air circulation thus facilitating larval survival.

Similarly, soil compactness on habitat floor influenced sandflies distribution with a
large proportion of sandfly species being found on floors with dry loose soil. It has been
indicated that the soil forms breeding surface where oviposition and development of
juvenile stages of sandflies take place (Bettini, 1989, Singh et al, 2008 and
Ranganathan and Swaminathan, 2015and). Dry loose soils provide the best aeration for
incubation, easy movement and feeding of the juvenile stages of sandflies by providing
sufficient aeration for incubation and easy movement of the larvae within the soil as
they feed, that is why many adult sandflies were collected from caves with such soil
characteristics. In contrast, Elnaiem, (2011) found many P. orientalis sandflies species
that transmit L. donovani that causes VL distinctively in close association with compact
black cotton soil and Acacia seyal-Balanite aegyptica vegetation in East Africa. This
suggests that P. orientalis has adapted to survive in this soil type probably due to its

ability to retain moisture in the semi- arid conditions of the sayel climate.

Phosphorus, iron, copper, zinc and calcium were also found to have a positive influence
on sandfly population. In contrast, magnesium and manganese were found to have a
negative influence on sandfly population. All these elements were present in high
concentration which is due to the continuous weathering processes of volcanic rocks
found in the cave habitats. A previous study by Khan et al., (2022) in Pakistan reported
that the high concentrations of magnesium, potassium, calcium and zinc moderately
correlated with immature and adult sandfly collections. A study in Baringo County in

Kenya done by Basimike ef al., (1992) did not find correlation between sandflies of
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genera Phlebotomus/Sergentomyia and soil chemical-physical factors. However,
Sergentomyia species were negatively correlated with soil pH and phosphorus. Rahman
et al., (2018) concluded that physical and chemical characteristics of soil in area of
leishmaniasis endemicity have been postulated to contribute towards affording suitable
environments for sandfly breeding. Environmental intervention measures towards
control of breeding sites could be harnessed in designing further policies to impede

breeding of these public health important vectors.

5.4 Sandfly-Plant Relationships

The population dynamics of sandflies across diverse habitats is determined by several
factors including their interaction with certain plant species (Torto et al., 2022).
Understanding of plant-feeding behavior of sandfly vectors of leishmaniasis could
provide vital clues on how chemical leads that direct this behavior can be used in
sandfly management. Schlein et al., (2001) observed that feeding adult sandflies on
noxious plants such as Solanum jasminoides, Ricinus communis or Bougainvillea

glabra branches for one night drastically shortened the life span of sandflies.

The overall Shannon Weiner diversity index (3.14 H’), for the plants assessed in
Bungoma County, which is classified as a high diversity index value scale indicated
richness in species diversity and evenness in distribution across the sandflies’ varied
habitat locations (Spellerberg & Fedor (2003; Strong 2016). Therefore, correlated
results for diversity and number of sandflies signaled a general increasing trend in
means of sandfly numbers with increase in plant diversity. Of all the plant communities
assessed, some have direct influence towards increased sandfly population while some
presented deterrent effects that repel or suppress sandfly populations (Schlein &
Jacobson 1999; Jacobson & Schlein 1999; Dinesh ef al., 2014; Hassaballa et al., 2021

and Torto et al., 2022).
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The most common plant species (frequency) that were found to have been in consistent
association with sandfly populations in the study sites included Achyranthes aspera,
Urtica massaica, Zehneria scabra, Tithonia diversifolius, Pavonia burchelii, Solanecio
manii and Clematis vitalba) as they were found in more than eight areas out of twelve
areas that were assessed. Ocimum grantissimum, Hisbicus fuscus, Pavonia urens, Sida
ovata, Lantana trifolia, Leonotis nepetifolia, Rubus apetalus and Searsia natalensis had
the lowest frequency score out of the 12 sampled sites. These plant species with the
highest frequencies in this research area generally indicated a sure signal for the
presence of sandflies in a particular habitat. However, it might not be a true indicator

of the sandflies’ abundance and diversity.

Ricinus communis and Tagetes minuta have shown repellent or insecticidal effects
against sandflies (Dinesh et al., 2014). Tithonia diversifolius has been suggested to be
investigated for antileishmanicidal effects (Tagne et al., 2018), while Lantana camara
has also been associated with antileishmanicidal effect (Pohlit ez al., 2011). Although
this study found significant positive correlation between these plant species (7ithonia
diversifolias and Lantana camara) and sandfly density, we suggest that the sandflies
which feed on sugars of these plants be investigated for the likelihood of being free
from Leishmania parasites. Perhaps these plant species have anti-leishmanicidal
activity that is why they are fondly found associated with vectors, and thus they enhance
the quality of their lives hence prolong these insects’ lifespan besides providing useful
nutrients that enhances constantly high vector densities in the locations they were
found. However, this needs to be investigated and if found to be true, then communities
living in leishmaniasis endemic areas should be encouraged to cultivate these plants

around the vector habitats as one of the eco-friendly control measures against
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leishmaniasis. This will mean that despite the vector bites there will be no effective

transmission of the parasites as sandflies will be free from the infective parasites.

Sandflies more often feed on plant-derived sugars such as nectar, honeydew and phloem
sap as source of energy (Moore ef al., 1987; Wallbanks et al., 1991; Bonfim-Melo et
al., 2018). The plant sugar dependence explains the reason why the structure of plant
communities can influence the spatial-temporal distribution of communities of
sandflies and respective leishmaniasis infection cases in a given ecosystem (Bonfim-

Melo et al., 2018).

Lantana camara leaves have been studied as biofumigant and in management of stored
grain insect pests (Rajashekar et al., 2013 and Rajashekar et al., 2014), Seersia
natalensis has also been assessed by Ashoori ef al., (2020) and was found to contain
antileishmanicidal and antibacterial potential. Vernonia auriculifera has pest larvicidal
activity and adult insect anti-feedant (Mitiku 2011 and Githua 2013). Pavonia urens
has been shown to have insecticidal, larvicidal and insect repellency in Ethiopia (Degu
et al., 2020), while Hisbicus fuscus was used for external treatment of insect bites and
wounds in Uganda (Bussmann ef al., 2020). These phytochemical compounds that act
as insecticidal and counter-pathogenicidal activities may account for the least mean

counts in numbers of sandflies associated with these plant species.

The significant differences in the mean number of sandflies per plant species (p < 0.05)
could mean existence of special relationships with different plant species which need
to be investigated further. This is supported by Schlein & Jacobson, (1994) and Schlein
et al., (2001) findings which showed that certain plant species which sandflies feed on
can inhibit their capacity to grow, develop and reproduce and also interfere with their

vectorial capacity to transmit the Leishmania parasites. Abbasi et al., (2018) also noted
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special preference in sandflies’ choice for Canabis sativa plants compared to other
plants. Hassaballa et al., (2021) while working in dry ecological VL endemic Baringo
County (Kenya) reported that combination of biochemical, molecular and chemical
approaches to determine plant-feeding association in sandflies collected from the area
indicated similar recent fructose positivity rates for both male and female sandflies. The
study also indicated that Acacia plant species (family: Fabaceae) were the most
preferred by both Phlebotomus and Sergentomyia species; with Vachellia. tortilis
species being the most preferred as compared to Senegalia. laeta, Vachellia. nilotica,
Faidherbia albida and invasive Prosopis juliflora. Similar findings were reported by
Lima et al., (2016). This selectivity in the preference of plant species by sandflies could
be exploited in designing useful strategies that can be used to control sandfly vectors in
such habitats, particularly the extracts of phytochemicals of plant species that attracted
the lowest number or no sandflies as insect repellents, toxins and for their antimicrobial

activities.

5.5 Vertebrates Abundance- Sandfly Population Relationship

5.5.1 Relative Abundance of Vertebrate Potential Reservoir Hosts of

Leishmaniasis in Bungoma County

The diversity of potential vertebrate reservoir hosts of leishmaniasis in the study area
was assessed, underscoring the broad range of diverse species that could play role in
the transmission of the CL disease. A total of thirteen different vertebrate species were
identified as potential reservoir hosts, with varying contributions to the overall reservoir
pool. The species included bats, birds, cows, dogs, gazelles, giant rats, goats, monkeys,
mice, humans, rabbits, rock hyraxes, and sheep (Some are shown in appendices 5, 6,7,

8,9, 10, and 11). Some of these like bats, rock hyraxes and giant rats that have been
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confirmed as successful reservoirs were very abundant within the habitats, while others

like pets, livestock and humans come and leave.

These findings align with earlier studies, such as Mutinga's (1975) work on the reservoir
hosts of leishmaniasis in Mt. Elgon, where he recorded the presence of hyraxes
(Dendrohyrax arboreus and Procavia capensis) and giant rats (Cricetomys spp.). The
current study also found hyraxes and giant rats with dermal lesions (as shown in
appendix 7) containing amastigotes of Leishmania parasites. This provides a direct link
between these animals and their potential to act as reservoir hosts of CL reported in
human cases in the study area. Similarly, blood meal analysis from P. pedifer sandflies
in the area revealed the presence of Leishmania parasites, further confirming the
transmission cycle involving these vertebrate hosts (as shown in appendix 11). Other
studies by Makwali, (2021) and Ombaka et al., (2022) also identified rock hyraxes,
giant rats, bats, and cats as important reservoir hosts in the Mt. Elgon cutaneous

leishmaniasis (CL) focus.

While some of the identified species may not serve as direct reservoir hosts of
leishmaniasis, they can still play a critical role in sustaining sandfly populations. For
example, animals such as dogs, goats, and cattle may provide blood meals for sandflies,
ensuring the continuation of vector populations in the absence of preferable reservoir
hosts. This highlights the complexity of the transmission cycle, where even non-
reservoir hosts can support the vector population until they encounter a suitable
reservoir host to complete the transmission cycle. The role of these non-reservoir hosts
underscores the importance of considering all potential ecological factors, including

alternative blood sources, when assessing leishmaniasis transmission risks.
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5.5.2 Correlation between Vertebrate Potential Reservoir Hosts and Vector
Numbers

The study observed a positive but non-significant correlation between the abundance
of vertebrate potential reservoir hosts and sandfly vector numbers (r (9) = 0.4802, p =
0.0967). This positive correlation suggests that, as the number of vertebrate potential

reservoir hosts increases, there is a tendency for sandfly populations to increase as well.

Several factors could contribute to this outcome. The absence of a significant
relationship may reflect that the density of sandflies is not solely determined by the
number of potential reservoir hosts present. Other ecological variables, such as the type
of host, microhabitat conditions, or environmental factors (e.g., temperature, humidity),
may also play critical roles in determining sandfly abundance. For instance, some
species of reservoir hosts may be more attractive to sandflies or may sustain vector
populations in ways that others do not. Furthermore, the presence of non-reservoir hosts
could also influence sandfly numbers by providing alternative blood meals, thus
sustaining vector populations even when reservoir hosts are less abundant or

unavailable.

5.5.3 Diversity Index of the Vertebrate Potential Reservoir Host Type and Vector
Diversity

Shannon Weiner diversity index for the vertebrate potential reservoir host type and
sandfly vectors species indicated that it was moderately high (2.06 H’ and 2.09 A’
respectively). Both groups had high evenness (0.66 ¢*H/S and 0.67 e*H/S respectively)
which indicated species richness and more even distribution across the habitats. This
can also be interpreted that reservoir hosts are spread across several vertebrate host
types with a generalized vector feeding behavior, possibly biting multiple host species.

Rock hyraxes, birds, bats, people, giant rats and dogs were associated with the highest
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mean densities of the collected sandflies. These findings can be related with previous
findings in other publications that confirmed Leishmania parasites in the above listed
hosts (Makwali, 2021, Ombaka et al., 2022, Mukhwana et al., 2018 and Mutinga,
1975). This observation suggests that different species of sandflies prefer specific
vertebrate host(s) for blood meal source. Knowledge on preferred blood meal source
can be exploited in targeted control of leishmaniasis focused on the actual vertebrate
reservoir hosts. However, one should have in mind that control strategies targeting only
one vertebrate host species may not be effective because other vertebrates may still

maintain the transmission cycle.
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CHAPTER SIX

CONCLUSIONS AND RECOMMENDATIONS

6.1 Conclusions

1.

The study revealed a relatively wide sandfly species diversity (two genera and
eight species) namely; Phlebotomus pedifer, Phlebotomus elgonensis,
Sergentomyia adleri, Sergentomyia africana, Sergentomyia antenatus,
Sergentomyia bedfordi, Sergentomyia ingrami, and Sergentomyia schwetzi in
Bungoma County.

CL vectors are widely distributed than previously reported in Bungoma County,
and P. pedifer is the main vector of CL.

Altitude and temperature are key climatic factors that determine the distribution
of sandfly vectors in cave habitats of Bungoma County.

Both soil physical and chemical factors on their own seem not to determine the
abundance and distribution of sandflies in their natural habitats in Bungoma
County.

Urtica masaica Mildbr was found across all the habitats except one, Searsia
natalensis (Bernh. ex Krauss) F.A.Barkley was highly associated with sandfly
abundance compared to other plant species, while Osimum grantissimum L. was
least associated with sandfly abundance in the cave environment.

The abundance of sandflies in a given habitat is not only determined by the
number of vertebrate reservoirs but also the host type of the vertebrates, as
sandflies express biased preference for specific bloodmeal source animal types

than others
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6.2 Recommendations

1. Since diverse Sergentomyia species were found in the study area alongside the
confirmed vector species (Phlebotomus pedifer and Phlebotomus elgonensis),
they should be investigated for their potential in transmission of CL in Bungoma

County.

2. Molecular assessment of the sandfly species found in the Bungoma County
habitats should be conducted to precisely confirm the specific species

taxonomic identities.

3. Policies should be formulated to restrict or minimize human activities inside the
caves so as to reduce on the sandflies’ bites that could potentially spread

leishmaniasis to people who frequent the caves.

4. Extensive and intensive research should be carried out to locate and characterize
the exact oviposition and larvae development points in the natural ecosystems
for future targeted control interventions so as to interrupt the lifecycle of the

sandfly vectors before they become infective adults.

5. Searsia natalensis, (Bernh. ex Krauss) F.A.Barkley, Urtica masaica Mildbr and
Caesalpinia decapetala (Roth) Alston should be investigated for their potential
as vector attractants; Ocimum grantissimum L., Pavonia urens (Albr.) Verdic.,
Fuscus hibiscus Garcke, and Sida ovata Forsk should be investigated for their
repellency properties, and all these plants should further be investigated for

insecticidal, larvicidal and leishmanicidal properties.
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Molecular assessment should also be done to characterize the specific plant
sugar sources unique to these habitats that could be exploited for effective
control of the sandfly vectors of CL in Bungoma County.

Further research activities are also recommended to determine and document all
the species or types of vertebrate reservoir hosts in Bungoma County that
provide blood meal sources and successfully perpetuate the lifecycle of
Leishmania parasite so that specific control measures are redesigned to limit

CL infection cases.
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APPENDICES

Appendix I Comparison of Shannon Weiner Diversity Indices Between Sandfly Species

Collected from Cave Sites in Bungoma County
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Appendix IT A Figure Showing Percentage of the Mean Numbers of Sandfly Species Collected in Sampled Sites in Bungoma County

during November, 2021 to December, 2022 Period
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Appendix II1 A Female Phlebotomus pedifer Sandfly under a Microscope. (Source:

Author, 2022)

Appendix IV A Set CDC Light Trap in Action inside a Cave. (Source: Author,

2022)




105

Appendix V People Sleeping in Sang’alo Cave During Prayer and Fasting Camps.

(Source: Author, 2022)

Appendix VI Giant Rats. (. (Source : Author, 2022
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Appendix VII A Giant Rat with a Leishmanial Lesion. (Source: Author, 2022)

Appendix VIII A Giant Rat with Ticks on the Ear. (Source: Author, 2022)
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Appendix IX A Young Rock Hyrax in the Laboratory. (Source: Author, 2022)

Appendix X One of my Supervisors, a Team from KEMRI and I at Tamoi Cave.

(Source: Author, 2022)




108

Appendix XI Some Plates of Typical Clinical Cases of CL in Bungoma County

(Source: Author, 2022)
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Apendix XII Reference List of Plant Species Collected from Bungoma County and

Their University of Eldoret’s Herbarium Voucher Numbers

Achyranthes aspera Jacq., Ecl. P1. Rar. 109. t. 74. (UOE/ACAS/IMW/22)

Ageratina adenophora (Spreng.) R. M. King & H. Rob., Phytologia 19: 211 (1970).

(UOE/AGAD/IMW/22)

Ageratum conyzoides var. mexicanum (Sims) DC. Prodr. [A. P. de Candolle] 5: 108

(1836). (UOE/AGCO/IMW/22)

Bidens pilosa var. discoidea Sch. Bip. (UOE/BIPI/IMW/22)

Caesalpinia decapetala (Roth) Alston, Handb. Fl. Ceylon vi. Suppl., 89 (1931).

(UOE/CADE/JMW/22)

Clematis vitalba Buch. -Ham. ex Steud., Nomencl. Bot. [Steudel], ed. 2. 1. 379, 380.

(UOE/CLVI/IMW/22)

Conyza sumatrensis (Retz.) E. Walker, J. Jap. Bot. 46(3): 72 (1971).

(UOE/COSU/IMW/22)

Fuerstia africana T.C.E.Fr., Acta Univ. Lund. xxv. No. 17, 3 (1929).

(UOE/FUAF/IMW/22)

Hisbicus fuscus Garcke (UOE/HIFU/IMW/22)

Lantana camara var. aculeata (Hook.) L. H. Bailey (UOE/LACA/JIMW/22)

Lantana trifolia L., Sp. P1. 2: 626 (1753). (UOE/LATR/IMW/22)
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Leonotis nepetifolia Schimp. ex Benth. Prodr. [A. P. de Candolle] 12: 535 (1848), pro

syn (UOE/LENE/IMW/22)

Markhamia lutea K. Schum., Nat. Pflanzenfam. [Engler & Prantl] iv. 3b (1895) 242.

(UOE/MALU/JMW/22)

Pavonia burchellii (DC.) R. A. Dyer, Bull. Misc. Inform. Kew 1932(3): 152 (1932).

BHL (UOE/PABU/JMW/22)

Pavonia urens var. irakuensis (Ulbr.) Verdc., Fl. Trop. E. Africa, Malv. 12 (2009).

(UOE/PAUR/JMW/22)

Plectranthus barbatus Andrews, Bot. Repos. 9(pts. 121-126): t. 594 (1810).

(UOE/PLBA/IMW/22)

Ricinus communis L., Sp. PL. 2: 1007 (1753). (UOE/RICO/JIMW/22)

Rubus apetalus Poir., Encycl. [J. Lamarck & al.] 6(1): 242 (1804).

(UOE/RUAP/IMW/22)

Sida ovata Forssk., Fl. Aegypt. -Arab. 124. (1775). (UOE/SIOV/JIMW/22)

Tagetes minuta L., Sp. P1. 2: 887 (1753). BHL (UOE/TAMI/IMW/22)

Tithonia diversifolia (Hemsl.) A. Gray, Proc. Amer. Acad. Arts xix. 5 (1883).

(UOE/TIDI/IMW/22)

Urtica massaica Mildbr., Notizbl. Bot. Gart. Berlin-Dahlem viii. 275 (1923).

(UOE/URMA/IMW/22)

Vernonia amygdalina Delile, Cent. PL Meroe 41. (1826). (UOE/VEAM/IMW/22)

Vernonia auriculifera Hiern, Cat. Afr. PlL (Hiern) 1(3): 539 (1898).

(UOE/VEAU/IMW/22)
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Zehneria scabra Sond., F1. Cap. (Harvey) 2: 486 (1862). BHL (UOE/ZESC/IMW/22)
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Appendix XIII A Table of Plant Richness, Checklist, Diversity and Distribution in Bungoma County

Plant species Cheb Chepkutu Chepka Chept Kaboro Kaptan Kipchi Lori Makhon Nabuy Sang'a Tot
in ny rai ais m ai ria 0 ge ole lo al
Achyranthes aspera J. Jacq. V4 V4 V4 V4 N4 V4 N4 N4 N4 N4 10
Ageratina adenophora (Spreng.) R. M. King | v v v v N4 Vv 7
& H. Rob.
Ageratum  conyzoides  var. mexicanum | J V4 v v v v 7
(Sims) DC.
Bidens pilosa var. discoidea Sch. Bip. v v v v NG NG 6
Caesalpinia decapetala (Roth) Alston V4 V4 N4 V4 N4 5
Clematis vitalba Buch. -Ham. ex Steud. V4 V4 N4 N4 V4 N4 v v 8
Conyza sumatrensis (Retz.) E. Walker v v 3
Fuerstia africana T.C.E.Fr. V4 V4 V4 N4 N4 5
Hisbicus fuscus Garcke v 1
Lantana camara var. aculeata (Hook.) L. H. V4 V4 N4 N4 N4 5
Bailey
Lantana trifolia L V4 N4 2
Leonotis nepetifolia Schimp. ex Benth. NG NG 2
Markhamia lutea K. Schum. v v v v v v v 7
Ocimum grantissimum L. v 1
Pavonia burchelii (DC.) R. A. Dyer V4 V4 V4 V4 V4 N4 V4 N4 N4 9




Pavonia urens
var. Irakuensis (Ulbr.) Verdc.

Plectranthus barbatus Andrews

Ricinus communis L.
Rubus apetalus Poir.

Searsian natalensis (Bernh. ex Krauss) F. A.
Barkley

Sida ovata Forssk.
Solanecio manii (Hook. F.) C. Jeffrey
Tagetes minuta L.

Tithonia diversifolia (Hemsl.) A. Gray

Urtica massaica Mildbr.
Vernonia amygdalina Delile
Vernonia auriculifera Hiern

Zehneria scabra Sond.

Total Shannon Weiner diversity Index =3.14 H’

NEENEENEES

NEENEENEES

<

NN
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Photograph Plates of Common Plant Species in Bungoma County Cave Habitats

Appendix XIV Achyranthes aspera J. Jacq. (Source: Author, 2022) -

UOE/ACAS/JIMW

Appendix XV Ageratina adenophora (Spreng.) R. M. King & H. Rob. (Source:

Author, 2022) -UOE/AGAD/JMW/22
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Appendix XVI Ageratum conyzoides var. mexicanum (Sims) DC. (Source: Author,

2022) -UOE/AGCO/JMW/22

Appendix XVII Bidens pilosa var. discoidea Sch. Bip. (Source: Author, 2022)

UOE/BIPI/JMW/22
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Appendix XVIII: Caesalpinia decapetala (Roth) Alston. (Source: Author, 2022) -

UOE/CADE/JMW/22

Appendix XIX Clematis vitalba Buch. -Ham. ex Steud. (Source: Author, 2022) -

UOE/CLVI/JMW/22
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Appendix XX Conyza sumatrensis (Retz.) E. Walker. (Source: Author, 2022) -

UOE/COSU/JMW/22

Appendix XXI Fuerstia africana T. C. E. Fr. (Source: Author, 2022) -

UOE/FUAF/JMW/22
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Appendix XXII Lantana camara var. aculeata (Hook.) L. H. Bailey. (Source:

Author, 2022 -UOE/LACA/JMW/22

Appendix XXIII Lantana trifolia L. (Source: Author, 2022) -UOE/LATR/JMW/22




119

Appendix XXIV Markhamia Ilutea K.Schum. (Source: Author, 2022) -

UOE/MALU/JMW/22

Appendix XXV  Ocimum grantissimum L. (Source: Author, 2022)

UOE/OCGR/JIMW/22
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Appendix XXVI Pavonia burchellii (DC.) R. A. Dyer. (Source: Author, 2022) -

UOE/PABU/JMW/22

Appendix XXVII Plectranthus barbatus Andrews. (Source: Author, 2022)

UOE/PLBA/JMW/22
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Appendix XXVII Ricinus communis L. (Source: Author, 2022)

UOE/RICO/JMW/22

Appendix XXIX Rubus apetalus Poir. (Source: Author, 2022)

UOE/RUAP/JMW/22




122

Appendix XXX Searsia natalensis (Bernh. ex Krauss) F. A. Barkley. (Source:

Author, 2022) UOE/SENA/JMW/22
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Appendix XXXII Solanecio manii (Hook. F.) C. Jeffrey. (Source: Author, 2022) -
UOE/SOMA/JMW/22

Appendix XXXIII Tagetes minuta L. (Source: Author, 2022) -
UOE/TAMI/JMW/22
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Appendix XXXIV Tithonia diversifolia (Hemsl.) A. Gray. (Source: Author, 2022)

-UOE/TIDI/JMW/22

Appendix XXXV Urtica massaica Mildbr. (Source: Author, 2022) -

UOE/URMA/JMW/22




125

Appendix XXXVI Vernonia amygdalina Delile. (Source: Author, 2022) -

UOE/VEAM/JMW/22

Appendix XXXVII Vernonia auriculifera Hiern. (Source: Author, 2022) -

UOE/VEAU/JMW/22
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Appendix XXXVIII Zehneria scabra Sond. (Source: Author, 2022)

UOE/ZESC/JMW/22
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