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Abstract 

Ecology and Control of Tsetse at the Interface of Conservation and Farming Areas in 
Northern Tanzania 

Rachel S. Lea 

Rhodesian human African trypanosomiasis (r-HAT) and Animal African trypanosomiasis 
(AAT) are diseases caused by Trypanosoma spp. transmitted by tsetse (Glossina).  In East 
and Southern Africa, the risk of r-HAT and AAT is greater in the vicinity of conservation 
areas where wild reservoir hosts and tsetse are abundant. 
 
The over-arching aim of this study was to analyse fine-scale variations in the abundance 
and distribution of tsetse at the interface of conservation and farming areas in northern 
Tanzania. Towards this aim, research was undertaken at the edges of the Serengeti and 
Saadani national parks to address four specific questions. First, what is the impact of 
natural environmental variables on the fine-scale (<1 km) distribution and abundance of 
tsetse? Second, is the treatment of cattle with insecticides by livestock keepers having an 
impact on tsetse populations? Third, can satellite imagery be used to predict the fine-scale 
distribution and abundance of tsetse across different agro-ecological zones? Finally, does 
the molecular genetics of tsetse populations reflect the prior impact of natural and 
anthropogenic factors on population dynamics.   
 
Analyses of catches of Glossina pallidipes and Landsat imagery showed that the abundance 
of tsetse in conservation areas was correlated positively with normalised difference 
vegetation index (NDVI), tree cover, soil moisture (Band 7), land surface temperature (LST) 
and proximity to rivers. In nearby farming areas, the correlations were less marked or not 
significant, indicating that other factors were controlling tsetse populations. 
 
Questionnaire surveys of livestock keepers showed that in Serengeti district, ~70% of cattle 
owners reported treating their animals with pyrethroids at monthly intervals.  Chemical 
analyses of hair from cattle using gas-chromatography with mass spectrometry, high-
performance liquid chromatography and an insecticide quantification kit showed that ~30% 
of herds contained animals which had been recently treated with cypermethrin or 
alphacypermethrin. Previous literature suggests that treatment of cattle with pyrethroids at 
these levels will reduce the density of tsetse.  
 
Models based on satellite data, developed with data from Serengeti National Park, were 
successfully used to predict the relative abundance of tsetse in Saadani but were less useful 
in farming areas where abundance of tsetse was much less than predicted. The low 
numbers observed may be related to widespread treatment of cattle with insecticide in the 
farming areas of Tanga region surrounding Saadani. 
 
Analyses of the genetics of G. pallidipes populations in Serengeti and Saadani found no 
evidence for the impact of tsetse control operations. At Saadani, two cryptic and sympatric 
species of G. pallidipes were detected. The discovery of cryptic species may explain intra-
specific variation in the behavioural responses of G. pallidipes and also makes the use of 
sterile insect technique a more difficult prospect. 
 
The results are discussed in relation to prospects for improved strategies and approaches to 
the control of r-HAT and AAT in Tanzania and elsewhere in East and Southern Africa.  
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Chapter 1: Introduction 

 

1.1 African trypanosomiasis 

 

1.1.2 Rhodesian human African trypanosomiasis incidence and geographical 

distribution 
The 27 reported cases of r-HAT in 2017 are recorded from seven countries which provided 

data to the World Health Organisation (WHO). In order of case numbers, these countries 

were Uganda (13), Malawi (7), United Republic of Tanzania (3), Zambia (3) and Zimbabwe 

(1) (Figure 1). Kenya and Rwanda had no reported cases. 

 

Figure 1. Distribution of r-HAT in 2017 (unadapted (WHO, 2018)). 

Reported case numbers are however likely affected by under-reporting, as the disease 

generally affects the poor in remote rural areas (Kuepfer et al., 2011) and is often 

misdiagnosed as HIV, malaria or TB (Lejon, Jacobs and Simarro, 2013). In Uganda it is 

estimated that for every one r-HAT fatality, there are a further 13 deaths which go 

unreported (Odiit et al., 2005) and there is a predicted 12.3 million people in Africa at risk 

of becoming infected (Simarro et al., 2012). The number of cases has dropped considerably 

over the last 25 years due to control efforts. For example, tsetse and trypanosomiasis were 

eliminated in the Okavango Delta of Botswana with aerial spraying (Kgori, Modo and Torr, 
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2006) and from large areas of Sebungwe in Zimbabwe through a combination of host 

elimination, ground spraying and aerial spraying (Hargrove, 2003). The rate of decrease has 

however slowed and has been at a low level for several years because for many areas the 

costs of a vector control operation at an appropriate scale are too high. 

Rhodesian HAT foci are closely associated with wilderness areas (Figure 2) where there are 

large numbers of wild hosts, vectors and appropriate vegetation which allows tsetse to 

persist. Farming is restricted in these areas, so there is little habitat degradation, 

maintaining the environmental conditions that allow tsetse populations to thrive. Foci 

associated with wilderness areas are also the areas where tourists have been infected 

whilst visiting the National Parks and Game reserves. Over 1 million tourists visited 

Tanzania in 2012, and provided direct employment for over 400,000 people, contributing to 

9.9% of GDP in 2013, with the Serengeti National Park being a major draw (World Bank 

Group, 2015).  
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Figure 2. The location of human African trypanosomiasis cases which were reported between 2000-2009 in 

Eastern and Southern-eastern Africa. Rhodesian HAT cases are in blue, and the number of cases identified by 

circle size in the key. Exported cases are those which have been diagnosed elsewhere but attributed to the 

highlighted area (adapted from (Simarro et al., 2010)). 

 

1.1.3 T. b. rhodesiense life cycle  
Transmission of r-HAT is related to both the life cycle of the T. b. rhodesiense parasite and 

the tsetse fly. When a tsetse takes a blood meal from an infected host to gain the energy 

and nutrients necessary to survive, they ingest bloodstream trypomastigote forms which 

travel with the blood meal into the fly midgut (Figure 3). The trypanosomes then 
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differentiate into procyclic trypomastigotes, begin to replicate and exit the midgut through 

the peritrophic membrane into the proventriculus. Here they differentiate into first 

mesocyclic trypomastigotes and then into epimastigotes before travelling to the salivary 

gland through the oesophagus, proboscis and hypopharynx. In the salivary gland they 

continue to multiply and develop into metacyclic forms. It takes between 18 and 35 days 

for the trypanosome to reach this stage in the tsetse and thereafter the fly will remain 

infectious until it dies. If the tsetse feeds on a host once the trypanosomes have established 

ǘƘŜƳǎŜƭǾŜǎ ƛƴ ǘƘŜ ǎŀƭƛǾŀǊȅ ƎƭŀƴŘǎΣ ǘƘŜȅ ǿƛƭƭ ōŜ ƛƴƧŜŎǘŜŘ ƛƴǘƻ ǘƘŜ ƘƻǎǘΩǎ ŎŀǇƛƭƭŀǊƛŜǎ ŀƴŘ 

lymphatic system, where they will develop into long slender forms before being 

transported to the blood stream via draining lymph nodes. Once in the blood stream they 

Ŏŀƴ ōŜ ŦƻǳƴŘ ŀǎ ŜƛǘƘŜǊ ŀ ƭƻƴƎ ΨǎƭŜƴŘŜǊΩ ŦƻǊƳ ǿƘƛŎƘ Ŏŀƴ ƳǳƭǘƛǇƭȅΣ ƻǊ ŀǎ ŀ ΨǎǘǳƳǇȅΩ 

bloodstream trypomastigote which will be ready to transform into the procyclic form in the 

fly if it is taken up in a blood meal. The bloodstream forms enter a variety of bodily fluids 

such as the lymph and cerebrospinal fluid. 

 

 

Figure 3.  Trypanosoma brucei life cycle through a tsetse and human host (unadapted from CDC (2015)). 

1.1.4 Symptoms 
The infection in humans has two stages and each has a different set of symptoms. 

Following introduction by the bite of the fly the parasites circulate in the blood stream and 

lymphatic system of the host. During this first stage the symptoms include a chancre on the 

skin around the bite, headaches, fever, weakness and joint pain. When the parasites cross 

the blood-brain barrier and invade the central nervous system the second-stage symptoms 
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begin. The victim will suffer from worsening confusion and a variety of neurological 

conditions before entering a coma which will, in the majority of cases, lead to death in the 

absence of intervention. Rhodesian HAT is an acute disease, with the progression to death 

from the onset of symptoms taking around six months (CDC, 2012).  

1.1.1 Human African trypanosomiasis 
Human African trypanosomiasis (HAT), commonly known as Sleeping Sickness, is a parasitic 

disease caused by trypanosomes which are transmitted by the bite of a tsetse fly (Glossina 

spp.). HAT is a neglected tropical disease which is responsible for millions of human deaths 

since the early 1900s. People most at risk of the disease are those living in rural areas who 

rely on animal husbandry, fishing and agriculture, often in places with poor infrastructure 

and healthcare access. There are two forms of the disease; Gambian HAT (g-HAT) occurs in 

West and Central Africa and is caused by the parasite Trypanosoma brucei gambiense, and 

Rhodesian HAT (r-HAT) occurs in East and Southern Africa and is caused by T. b. 

rhodesiense.  

Both forms of the disease are generally considered to be fatal if left untreated. However, r-

HAT is an acute, faster progressing disease leading to death within months of infection 

whereas for g-HAT, death occurs 2-3 years after infection. Humans are the main reservoir of 

g-HAT, whereas the reservoirs for r-HAT are predominantly wild animals and, in some 

areas, cattle. 

Due to extensive control efforts, the numbers of g-HAT cases have decreased from 

approximately 26,000 in 2010, to 1420 new reported cases in 2017 (WHO, a). Whilst this is 

a large decrease and probably the lowest global incidence for >100 years, there is a risk that 

global incidence could increase following, say, civil unrest or socio-economic crises. The 

majority of the new cases in 2017 were in the Democratic Republic of Congo, which is 

particularly unstable (Tong et al., 2011). Reported cases of r-HAT have also decreased since 

2000, from approximately 700/year to 27 new reported cases in 2017 (WHO, b). The 

majority of r-HAT cases were found in Uganda, which is also currently the only country 

where both forms of HAT are endemic. 

1.1.5 Diagnosis 
Diagnosing the stage of disease is important as there are different treatments for each. 

During the first stage of the disease, infection can be detected via microscopy of a blood 

sample. Once the infection has progressed to the second stage the trypanosomes can no 
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longer be detected in the blood and a lumbar puncture must be performed to examine the 

cerebrospinal fluid for presence of trypanosomes.  

Active screening of the human population is commonly used for the control of g-HAT, the 

form of sleeping sickness found in West and Central Africa, as a method of disease 

management (Welburn, Molyneux and Maudlin, 2015), however the progression of r-HAT is 

too rapid for mass screening to be an effective means of control.  

1.1.6 Treatment 
Due to the variant surface glycoproteins which cover the surface of the trypanosome and 

can randomly change during each generation, the prospects for developing a vaccine are 

small (Vickerman, 1985). Chemotherapy is therefore the only current treatment and the 

drugs for r-HAT were developed many decades ago and have significant, life-threatening 

side effects themselves.  

1.1.6.1 Suramin 

Suramin is used to treat first stage r-HAT. It was first introduced in 1922 (Nok, 2003) and it 

is thought to work by inhibiting binding of glycolytic enzymes in trypanosomes (Barrett et 

al., 2007) and is given as a single injection once a week for six weeks (Gastellu Etchegorry et 

al., 2001).  It cannot however cross the blood-brain barrier and is therefore not used in the 

second stage of the disease (Bacchi, 2009). Serious side effects include adrenal failure and 

exfoliative dermatitis (Gastellu Etchegorry et al., 2001).  

1.1.6.2 Melarsoprol 

Melarsoprol is used for treating second stage r-HAT. This is an arsenic-based drug which is 

able to cross the blood-brain barrier. It is also thought to interfere with glycolytic enzymes 

(Bacchi, 2009). It is given as three injections every 7-10 days for three cycles. Serious side 

effects include myocardial damage, exfoliative dermatitis and encephalopathy. 

Encephalopathy is reported in 5-10% of patients and when it does occur, there is only a 

50% chance of survival (Gastellu Etchegorry et al., 2001). 

1.1.7 Animal African trypanosomiasis 
Trypanosomes not only cause a human disease in Africa, they are also responsible for 

animal African trypanosomiasis (AAT) in livestock. AAT is caused by several species of 

Trypanosoma including T. brucei brucei, T. vivax and T. congolense. These species are not 

pathogenic to humans but can cause death and/or production losses in most species of 

livestock, estimated to cause annual losses of billions of US dollars across Africa (Meyer et 
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al., 2018). In cattle for instance, AAT reduces meat and milk production, capacity for 

ploughing, and increases mortality and abortion rates (Swallow, 2000). 

The distribution of the disease has left many parts of Africa unsuitable for farming for both 

livestock production but also for crop production, as the breeds of cattle more appropriate 

for use in ploughing are those with little trypanosome tolerance. Cross breeding between 

trypanotolerant and susceptible species and has been undertaken to attempt to offer a 

solution to this problem (Orenge et al., 2012). 

Unlike the human disease, animals can be protected against infection with the use of 

prophylactic drugs for AAT. The only current prophylactic drug is isometamidium chloride, 

which can also be used as a therapeutic. This, along with diminazene aceturate, a drug 

which cures the disease, are the two most common treatments used in Africa, however 

there are six licenced compounds. Resistance of trypanosomes to trypanocides is increasing 

and is a concern for future sustainable management of AAT (Giordani et al., 2016). 

 

1.2 Tsetse ecology 

 

1.2.1 Tsetse life cycle 
As underreporting of r-HAT is widespread and the treatments can have very serious side 

effects, the most cost-effective means of preventing the disease is to target the vector and 

hence reduce the transmission in the first instance. Especially in the case of r-HAT which is a 

zoonosis, treating the disease in humans has little impact on transmission. For effective 

vector control to take place, the life cycle of the tsetse fly must therefore be understood.  

Amongst insects, tsetse have an unusual reproductive cycle, known as adenotrophic 

viviparity. Females are mated when they are about five days old and about a week after 

mating, she produces one egg which will develop into a larva whilst still in her uterus. Nine 

days later the L3 larva is deposited onto the ground and buries itself into the soil. Once in 

the ground it pupates and emerges as an adult roughly 30 days later (Leak, 1998). As mean 

life expectancy is 1-2 months, a female is likely to produce four offspring in her lifetime 

(Franco et al., 2014).  

1.2.2 Tsetse groups 
There are three types of tsetse, grouped according to their natural habitat. The first is the 

ǊƛǾŜǊƛƴŜ ƎǊƻǳǇ όΨtŀƭǇŀƭƛǎ-ƎǊƻǳǇΩύ ǿƘƛŎƘ ƛǎ ŦƻǳƴŘ ƛƴ ²Ŝǎǘ !ŦǊƛŎŀ ŀƴŘ ƛǎ ŀǎǎƻŎƛŀǘŜŘ ǿƛǘƘ ǊƛǾŜǊǎ 

and lakes systems. The second is the forest group (Fusca-group), which is found in a range 
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of forest types from dry forest islands to riparian vegetation in savannah areas to 

rainforests. The third; and group of interest for this study, is the savannah group 

(Morsitans-group) of tsetse, and its distribution is closely linked with savannah woodlands 

and the wild animals associated with these ecosystems. 

1.2.3 Savannah tsetse ecology 
Savannah tsetse distribution is correlated closely with the distribution of wild animal hosts 

and, as their name suggests, presence of savannah woodland. However, within wilderness 

areas different species of the savannah group have slightly different habitat types and 

seasons where and when they are relatively abundant. In West Africa, G. m. submorsitans 

abundance peaks early in the dry season, and puparia are often found in dry soil within 

isolated forest areas or riparian vegetation. G. longipalpis has a smaller distribution than G. 

m. submoristans and is generally associated with riparian vegetation. In East Africa, G. 

pallidipes also occupies riverine habitats within savannah woodlands but is more tolerant of 

hotter and drier conditions due to its relatively large size and thicker walled pupae. G. 

austeni is the smallest of the savannah tsetse and is restricted to the East African coast and 

associated with areas that have high rainfall and dense vegetation (Leak, 1998). Glossina 

swynnertoni has one of the smaller distributions of the savannah group, found only in 

northern Tanzania and Kenya. It is most often caught in more open areas associated with 

Acacia woodland and pupae are found in open thickets (Ngonyoka, Gwakisa, Estes, Nnko, et 

al., 2017). 

1.3 Tsetse control 
As the reproductive rate of tsetse is very low, only 4% of female flies need to be killed a day 

to eradicate a population (Hargrove, 1988). However, as the larvae burrow into soil to 

develop they cannot be targeted using the larval source management used against 

mosquitoes. Consequently, all control methods are directed against adult tsetse.  

1.3.1 Methods of control  

 

1.3.1.1 Historical tsetse control  

Methods of controlling tsetse have changed and developed over the last 100 years when 

tsetse were first incriminated as the vectors of sleeping sickness. Before the use of 

insecticides, common methods were host elimination and bush clearing. Host elimination 

was initially very effective as the source of blood meal for the flies was removed, however 

these areas would then be used by farmers, often with livestock which provided re-invading 
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tsetse with a host. Bush clearing was also very successful as this removed any suitable 

habitat for the tsetse, however was very environmentally damaging (Malele, 2011). 

1.3.1.2 Ground spraying 

Once insecticides such as DDT and dieldrin were discovered in the 1950s, ground spraying 

was introduced. The insecticides were sprayed on sites which tsetse rest, such as the bases 

of trees. The development of persistent organochlorines meant that sprayed surfaces were 

lethal to tsetse for several months, long enough to target flies after they had emerged from 

pupae. From 1955 up to 1964, a ground spraying operation with DDT was undertaken in 

Nigeria to eradicate tsetse in the Chad river system. The project was very successful and 

cleared 230,000 km2 of tsetse.  While ground spraying was important, the very dry seasons 

were believed to have helped as this reduced suitable tsetse resting places so spraying 

could be applied selectively (Davies, 1964). 

1.3.1.3 Aerial spraying 

Aerial spraying was developed in the 1970s and involved the use of insecticides such as 

endosulfan and deltamethrin, which were released from planes as a mist to target very 

large areas (Leak, 1998). One of the first reported uses was in Zambia using endosulfan for 

five applications with three week gaps between each over 1600 km2. Eradication of tsetse 

from their target area was achieved, however reinvasion occurred due to the absence of an 

effective barrier to prevent reinvasion of tsetse from neighbouring, unsprayed areas (Park 

et al., 1972). It was also initially successful in the Lambwe Valley of Kenya supporting 

ground applications after the 1980 outbreak of r-HAT using endosulfan and pyrethrum. 

Nine applications of endosulfan reduced Glossina pallidipes trap catches by >99% and 

following this, three applications of pyrethrum were made however this further application 

did not impact tsetse populations. The effort was however not coordinated well with 

ground operations and tsetse populations rebounded, and large quantities of endosulfan 

fell into the watershed of Lake Victoria and toxicity to fish populations had not been 

considered (Wellde et al., 1989). More recently, aerial spraying was used to eliminate 

tsetse and trypanosomiasis from the Okavango Delta Botswana (Kgori, Modo and Torr, 

2006). 

1.3.1.4 Sterile insect technique 

The sterile insect technique (SIT) involves releasing irradiated flies to compete to mate with 

the healthy population which introduces sterility and causes the population to gradually 

decrease. The single example of this technique being used to eliminate tsetse and 

trypanosomiasis is on Zanzibar, where tsetse were completely eradicated from the island. 



10 
 

Over 8 million gamma-sterilised male flies were released on to the island over 3 years from 

1994, and due to its island setting providing a natural barrier to reinvasion, tsetse have 

been absent from the area ever since (Vreysen et al., 2000). While SIT can be very effective 

under certain conditions, it is a very expensive method and requires large barriers against 

reinvasion (Torr, Hargrove and Vale, 2005).  

1.3.1.5 Artificial baits 

The development of artificial baits came through an understanding of how tsetse locate 

their hosts. It was discovered that tsetse used both visual and olfactory stimuli therefore it 

was recognised that simulating natural hosts with traps or targets (large insecticide-treated 

panels of cloth) baited with artificial host odours could be used to control tsetse (Vale, 

1974). Savannah tsetse species were found to be attracted to large blue and black 

horizontal objects with odours (Torr et al., 2011). The most effective odours are acetone, 1-

octen-3-ol, 4-methylphenol and 3-n-propylphenol (Torr et al., 1997).  

Targets have been used extensively since their development in the 1980s. In 1984, basic 

black cloth and netting targets where used in a control effort in the Zambezi Valley of 

Zimbabwe covering 600 km2. At the end of a six-month period, tsetse populations at the 

centre of the control area had reduced by 99.99%. An area of 300 km2 was covered in 

Zambia between 1989 and 1991 also using the black cloth and netted target and reduced 

tsetse densities by 94.8% after 3 months.  Blue targets were also used to support the SIT 

effort on Zanzibar (Vreysen et al., 2000). In South Africa, blue and black targets were used 

between 2001 and 2004 to reduce G. austeni populations in the Greater St. Lucia Wetlands 

Park. G. austeni females densities were reduced by 99% after 13 months (Esterhuizen et al., 

2006). The downside of targets is that over time the colours become faded due to dust and 

sun exposure and therefore become less attractive. The insecticide also degrades over time 

and becomes less effective at killing tsetse (Vale et al., 1988). 

1.3.1.6 Insecticide treated cattle 

Another method of control is the use of insecticides on livestock. As flies attempt to take a 

blood meal from cattle, they will come into contact with the insecticide on the surface of 

the animals and will then die before they can feed on another host, so will no longer be 

able to transmit trypanosomes. This is often a very cost-effective option (Kajunguri et al., 

2014) in areas where there are many cattle, and is also useful in reducing tick-borne disease 

as many products used to control tsetse are also effective against ticks. 
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1.3.1.7 Recent control efforts in other African countries 

In Botswana, the method of aerial spraying was used to target tsetse over a 16,000 km2 

area of the Okavango Delta (Kgori, Modo and Torr, 2006). Deltamethrin was sprayed on five 

occasions for a total of eight weeks during 2001 ς 2002 and a barrier of deltamethrin 

treated targets placed between two treatment blocks. Pre-treatment catches from man fly-

rounds were 44.6 ς 100, while surveys conducted for three years after treatment did not 

catch any flies and it was stated that elimination had been achieved. Whilst eliminating 

tsetse from the area has reduced the need and cost of tsetse control in the future, the 

initial costs for aerial spraying are very high, and likely prohibitive for many African 

countries. 

Uganda is another country where aerial spraying was employed (Welburn et al., 2006) 

however this was not able to eliminate tsetse in infested areas after treatments in 1988 and 

1990. In this time there was little information exchange between livestock keepers and 

policy makers about effective control strategies, but policy makers were not getting the 

epidemiological information they would have needed to give appropriate advice (Brightwell 

et al., 2001).  

In 2006 a campaign called Stamp Out Sleeping Sickness was initiated as a public-private 

collaboration, with the aim of treating 86% of cattle with trypanocides in five districts in a 

buffer zone between T. b. rhodesiense and T. b. gambiense infected areas (Welburn et al., 

2006; Bardosh, Waiswa and Welburn, 2013). This successfully reduced trypanosome 

prevalence in cattle by 75%. This progress was, however, damaged by movement of 

untreated cattle into the districts. The programme was then modified from a top-down 

approach of providing mass treatment, to a bottom-up approach by placing five veterinary 

graduates into communities with the aim of increasing knowledge, providing local services 

for treatment and setting up spray teams. It was established that pyrethroid-based 

insecticides would also be needed to help deal with tsetse re-invasion and the entry of un-

treated cattle from other areas. A study by Bardosh, Waiswa and Welburn, (2013) 

examined the use of insecticides in these districts using questionnaires and interviews 

between 2011 and 2012. Use of insecticide was reportedly high, with 70.5% of farmers 

using insecticide monthly during the rainy season, however only just over half of people 

were using insecticides effective against both ticks and tsetse. Even in districts which were 

high-risk for HAT, the volume of product effective against ticks only was double that of 

products effective against both. The reasons for this included a poor understanding of the 

disease and vectors, brand recognition, price, mode of action, product residual period, 



12 
 

availability and poor information dissemination. Even when farmers knew that the amitraz 

products available in the shop were more expensive per animal if made up to the 

recommended dilution, the actual product in the shop was often cheaper to buy and this 

made it more appealing. Shop attendants did not frequently provide information on the 

most appropriate product to use, and so farmers would often pick the cheapest one or a 

product they recognised. It was suggested that market regulation would be the best way to 

increase the number of cattle treated with pyrethroids effective against tsetse (Bardosh, 

Waiswa and Welburn, 2013). 

1.4 Modelling of tsetse control 
The abundance and age structure of vector populations are important determinants of 

vectorial capacity and this is reflected in the Ross-Macdonald model of malaria transmission 

(Macdonald, 1956) amongst other epidemiological models of vector-borne diseases.  The 

original Ross-Macdonald model was adapted by Rogers, (1988) for sleeping sickness and 

this approach has been adopted by others over the last 30 years (Rock et al., 2015). These 

models have been used to inform general approaches to controlling the disease. The Ross-

Macdonald model for instance highlights the importance of vector control which not only 

reduces the abundance of adult mosquitoes but also the mean age of the population.  

Reducing these two parameters has a much greater ƛƳǇŀŎǘ ǘƘŀƴ ǎŀȅ ƭŀǊǾŀƭ ŎƻƴǘǊƻƭΦ wƻƎŜǊǎΩ 

model of African trypanosomiasis highlighted the small contribution of human hosts to the 

transmission of human African trypanosomiasis which implied that control efforts directed 

against the animal hosts and/or tsetse would be more effective. More recently, models of 

sleeping sickness have been used to assess the impact of various control strategies on 

Gambian sleeping sickness (Rock et al., 2015; Mahamat et al., 2017). None of these models 

consider spatial variation in the distribution, abundance and age structure of tsetse 

populations. 

Similarly, early models of the population dynamics of tsetse did not consider spatial 

variation in abundance (Langley and Weidhaas, 1986; Hargrove, 1988) or considered 

movement separately from growth (Hargrove, 1981; Rogers, 1997). The first efforts to 

model the movement and growth of a tsetse population in a two-dimensional framework 

utilized the Fisher equation applied to a grid of cells to simulate the impact of various 

control strategies (Hargrove, 2000; Hargrove, Torr and Kindness, 2003). These models were 

implemented using Visual Basic for Applications implemented within the Following on from 

this approach, Vale and Torr, (2005) ǇǊƻŘǳŎŜŘ ŀ ƳƻŘŜƭ όΨ¢ǎŜǘǎŜ aǳǎŜΩύ ǿƘƛŎƘ ŜȄǇƭƛŎƛǘƭȅ 

modelled the movement and growth of tsetse along a one-dimensional transect. The 
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mortality of tsetse within cells along this transect could be varied, which allowed simulation 

of spatial variation in population mortality, but not growth or movement. This approach 

was used to model tsetse control operations using aerial spraying (Kgori, Modo and Torr, 

2006), insecticide-treated cattle (Torr and Vale, 2011) and targets (Vale et al., 2015). 

Developing this approach still further, Vale developed a two-dimensional cellular automata 

programme which modelled variation in movement and growth of the tsetse population 

and also included variation in host composition and vegetation across a 50 x 50 km 

landscape. The programme also attempted to model the transmission of trypanosomes 

between humans, livestock and wildlife. The programme was the first to attempt to model 

the effect of different vegetation types (e.g., riverine woodland, thicket, grassland) on the 

ƳƻǾŜƳŜƴǘΣ ƎǊƻǿǘƘ ŀƴŘ ƳƻǊǘŀƭƛǘȅ ƻŦ ǘǎŜǘǎŜΦ ¢ƘŜ ƳƻŘŜƭ όΨI!¢-ǘǊƛŎƪΩύ ƛǎ ŀǾŀƛƭŀōƭŜ ŀǘ 

www.tsetse.org but no publications arose from this work.   

An alternative approach to modelling the dynamics of tsetse and trypanosomes across a 

landscape has been the use of agent-based models (Muller, Grébaut and Gouteux, 2004). 

¢ƘŜǎŜ ƳŜŎƘŀƴƛǎǘƛŎ ƳƻŘŜƭǎ ŀƛƳ ǘƻ ǎƛƳǳƭŀǘŜ ƛƴŘƛǾƛŘǳŀƭ ǘǎŜǘǎŜ όΨŀƎŜƴǘǎΩύ ŀǎ ǘƘŜȅ ƳƻǾŜΣ ŦŜŜŘΣ 

reproduce and die across a landscape where vegetation and hosts can vary. With both the 

cellular automata and agent-based models, there are a large number of assumptions about 

the effects of, say, vegetation on the movement and growth of tsetse. While the inputs to 

the agent-based models are sometimes derived from specific locations (Alderton et al., 

2018), the aim of the models is to derive broad principles rather than simulate the 

dynamics of tsetse and trypanosomes at a specific site. 

There has been a long-standing recognition of an association between vegetation and the 

dynamics of tsetse populations (Ford, Nash and Welch, 1970; Hargrove and Vale, 1980). 

Using spatial information to guide tsetse control operations was established in the 1960s 

when ground spraying was widely used. Planners used aerial photographs to identify 

woodland areas where spray teams should apply DDT to the trees where tsetse rested 

during the day. The development and widespread availability of satellite imagery, 

geographical information systems and powerful computers has allowed the development of 

geostatistical models to analyse relations between vegetation and tsetse. 

Geostatistical models can be used to examine the relationship between tsetse abundance 

and the environmental covariates related to each tsetse trap. Within the framework of the 

model it is acknowledged that in the trap count data there will be a spatial dependence 

which cannot be accounted for by the selected environmental variables. These models have 
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been used recently to examine tsetse abundance in Tanzania (Lord et al., 2018) and Uganda 

(Stanton et al., 2018). 

 

1.5 Remote sensing 
In the past 25 years, many studies have examined the relationship between habitat and the 

distribution and abundance of tsetse using remotely sensed data from satellites. Values for 

covariates in geostatistical models (1.4) are often gained from remote sensing. Remote 

sensing describes how cameras and sensors on satellites detect different wavelengths of 

reflected and emitted radiation from Earth to define the physical attributes of an area. 

Combining values gained from satellite imagery and catch data from traps can assist with 

identifying the ecological factors which contribute to differences found in abundances 

within areas. 

There are several different types of satellite imagery which can be used for this purpose. 

The Landsat program has been gathering images for over 40 years, with the most recent 

satellite, Landsat 8, in operation since 2013. The resolution of Landsat 8 images is 30 m and 

it measures eight spectral bands including red, green, blue, near infrared and thermal 

infrared (Barsi et al., 2014) with a revisit frequency (the time taken for the satellite to 

return to same point to take a repeat image) of 16 days. From the Sentinel program ς the 

Sentinel-2 satellites have been in operation since 2015 and offer 13 spectral bands, a revisit 

time of five days and a resolution down to 10 m (Li and Roy, 2017). Planet Labs have been 

launching small satellites since 2015 and now have over 175 orbiting the earth (GIS 

Geography, 2019). It measures four bands; red, green, blue and near infrared at a 3 m 

resolution and has a daily revisit frequency. The Terra satellite launched by NASA in 1999 

has a sensor called the Advanced Spaceborne Thermal Emission and Reflection Radiometer 

(ASTER) which calculates a Global Digital Elevation Model (GDEM) at approximately 30 m 

resolution (Hirt, Filmer and Featherstone, 2010). Tsetse have been shown to have defined 

geographical limits based on elevation (Leak, 1998). For other environmental variables, 

Landsat imagery has been used in many tsetse research projects due to the availability of 

images over long time-scales. 

[ŀƴŘǎŀǘ ƛƳŀƎŜǎ ŀǊŜ ƭƻŎŀǘŜŘ ǳǎƛƴƎ ŀ ΨǇŀǘƘΩ ŀƴŘ ΨǊƻǿΩ ǎȅǎǘŜƳΤ ǿƛǘƘ ǘƘŜ ǇŀǘƘǎ ŀǎ ŀƭƳƻǎǘ 

vertical tracks running from east to west, and rows running from north to south. Within the 

Landsat 8 spectrum, there are several bands which can be used to examine factors which 

are likely to influence suitability of tsetse habitat. These factors include soil moisture (Band 

7: 2.11 -2.29 µm) (Kitron et al., 1996), normalised difference vegetation index (NDVI) 
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(Bands 4: 0.64 ς 0.67 µm & Band 5: 0.85 ς 0.88 µm) (Ngonyoka, Gwakisa, Estes, Salekwa, et 

al., 2017) and land surface temperature (Band 10: 10.6 ς 11.19 µm) (Lord et al., 2018). Soil 

moisture is measured in images from the amount of reflectance of water from the soil; it is 

likely that areas with a higher soil moisture are cooler and more shaded, providing vital 

resting places to protect from desiccation (Jackson, 1954). NDVI is essentially a measure of 

the greenness in an area. Healthier, more green vegetation will absorb more visible light 

and reflect less than less healthy, browner or more sparse vegetation. The more vegetation 

in an area, the more likely it is that there will be more shade for resting adults, soil at a 

temperature and humidity that suits developing pupae and higher concentrations of wild 

(e.g., buffalo, warthog) and domestic (e.g., cattle) hosts. 

 

1.6 Tsetse movement and distribution 
Infected cattle can be responsible for spreading T. b. rhodesiense into previously HAT-free 

areas (Fèvre et al., 2005), however the movement of tsetse is also involved with disease 

spread over short distances (Aksoy et al., 2013). The presence of hosts will determine if and 

how tsetse can move across large areas, however habitat suitability is also important. 

Dispersal will be greatest when the flies move into areas where they can gain a fitness 

advantage (Schreiber and Lloyd-Smith, 2009), which is likely to be areas with lower human 

density due to a decreased degradation of vegetation (Wardrop et al., 2013). There is a 

balance between the benefit of flies being in open areas to find hosts visually and therefore 

not having to rely solely on olfactory senses (Kagbadouno et al., 2011), and being close 

enough to thick vegetation that they can return to for shelter from the hottest parts of the 

day to avoid desiccation (Brightwell, Dransfield and Williams, 1992). 

A knowledge of the movement and distribution of tsetse in an area is vital for planning 

operations to monitor or control tsetse. There are several ways to measure the movement 

of tsetse, using both non-molecular and molecular methods. 

1.6.1 Mark-release-recapture 
A theoretically simple non-molecular method of measuring movement is mark-release-

recapture (MRR). In this process, flies are caught, marked with an identifying feature such 

as paint and released. Traps set across the area will then be monitored to determine if any 

marked flies have been recaptured and their original trap location compared with where 

they were re-caught to determine how far they have travelled (Hargrove, 1981). There are 

difficulties with this method, as due to the distances that flies travel each day few flies are 

ever recaptured, and hence it is only suitable in areas with high densities of flies. There are 
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also ethical issues regarding the release of flies which could spread disease (Solano et al., 

2009). 

1.6.2 Genetic markers 
More recently it has been more common to employ molecular methods for measuring 

movement, through the use of markers such as mitochondrial or microsatellite DNA. While 

costly due to the laboratory work involved, this removes the need for multiple trips to 

collect and re-collect flies, is less reliant on high densities of flies, and there are no ethical 

concerns as the flies will be killed.  

1.6.2.1 Method differences 

MRR and population genetics studies often show very large differences in their estimates of 

fly movement, with ecological methods generally showing higher rates of movement than 

genetic approaches. For instance, Ouma, Marquez and Krafsur (2005) suggested that flies 

could not be travelling anywhere near 1 km a day (Vale, Hursey, Hargrove, et al., 1984) as 

genetic differentiation was much higher than expected between populations which could 

have theoretically reached each other within their lifetimes. Vreysen et al., (2013) however 

states that population genetics can only give general indications of movement, and that 

results should be backed up with MRR.  

There is also a discrepancy between estimates of the rates of movement of male and 

female tsetse. Koné et al., (2011), Ouma et al., (2011) and Mélachio et al., (2015) all report 

that males move more than females whereas MRR-based studies show the opposite (Vale, 

Hursey, Hargove, et al., 1984). Mélachio et al., (2015) suggests that females may be 

travelling greater distances day-to-day, but may be returning to the same site to oviposit, 

however there is no other evidence to suggest this is true. 
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1.7 Thesis objectives 
The Serengeti National Park is an important historical focus of sleeping sickness. Its 

establishment as a conservation area was in part because of the health problems posed by 

high densities of tsetse. The parks in the Serengeti ecosystem (Serengeti, Tarangire, Maasai 

Mara) area are still the major source of exported HAT cases in East Africa, and there is likely 

to be many unreported local cases. Although numbers of HAT in Tanzania are generally low 

(<10 cases/year), this is the time when maintaining control is most important. As cases 

reduce and less attention is brought to a disease, less funding may become available for 

control. Control must therefore be as cost-effective as possible and must be sustainable for 

communities to be able to maintain it. 

Findings from Lord et al., (2018) show that in the Serengeti study area numbers of tsetse 

were declining rapidly outside the borders of protected areas. This study builds on this 

finding by examining how the density and distribution of tsetse changes over a finer scale.  

In particular, this study aims to quantify the environmental and anthropogenic factors 

underlying this decline. Extending the work of Lord et al., (2018), this study also examined 

how environmental factors and human activity affected tsetse population in coastal areas 

of Tanga region with its different farming systems and climate. 

To achieve these aims, the studies present in this thesis aimed to address four specific 

questions using three different approaches, to provide complementary evidence.  The four 

questions are: 

1. Do environmental variables alone explain variation in the distribution and abundance of 

tsetse over fine scales? 

2. Are the livestock-management practices of livestock keepers in Tanzania also affecting 

the distribution and abundance of tsetse and thereby controlling tsetse through their own 

actions? 

3. Can predictive models of tsetse abundance developed in one region to address the first 

question, be successfully applied to other parts of Tanzania? 

4. Can population genetics methods be used to quantify the impact of ongoing control 

operations or assist in their design?  
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Chapter 2: Impact of environmental factors on the fine-scale 

distribution and abundance of Glossina species on the edge of 

the Serengeti National Park 
 

2.1 Introduction 
Tsetse can travel up to 1 km a day (Vale, Hursey, Hargove, et al., 1984) and are often 

modelled moving diffusely (Bursell, 1970) which largely ignores the effect of habitat 

(Hargrove, 2000). Studies have however shown that numbers of flies within study areas do 

not appear to disperse equally (Odulaja et al., 2001), especially in the case of G. pallidipes. 

Odulaja et al., (2001) found that although tsetse species did appear to be randomly 

distributed during a period of short rains, during both the dry and long rainy seasons, flies 

were aggregated in certain areas. The level of aggregation was attributed to maximum 

temperature. Brightwell et al., (1992) found high numbers of G. pallidipes associated with 

the thick vegetation found along the edges of rivers in Kenya, with similar patterns 

observed in the Serengeti National Park (Lord et al., 2018). It is not necessarily however the 

presence of the river which is directly contributing to an increase in the number of tsetse. It 

could be more likely due to the increased amount of vegetation present, the type of 

vegetation present, the soil moisture levels or the temperature. 

If it could be determined which of these factors, singly or in combination, contributed to an 

increased abundance of tsetse, geostatistical models could be created at a fine resolution 

(~100 m) to accurately predict areas of high risk. Knowing where the highest numbers of 

tsetse will be found within an area would also be useful for several aspects of control, such 

as gaining a clearer indication of the realistic population size to help with monitoring a 

control operation. Applying control using traps or targets will also be most effective when 

targeting areas with the highest densities of flies. 

There is one study by Brightwell et al., (1992), which examined the distribution of G. 

pallidipes and G. longipennis along a transect from rivers into open areas. Spread of both 

species from the rivers was recorded to be at least 3.5 km. G. pallidipes were found most 

commonly no further than 500 m from the riparian vegetation surrounding the river and it 

was during the rains when flies were caught up to 3.5 km away. Age structure of flies was 

compared between the three vegetation categories found along the transect - riverine 

thicket, open acacia woodland and open plains. Generally, there was little difference in the 

age distributions, however for category 0 flies (i.e., about 0-8 days old), there was a 

significant difference in that the highest proportion of these flies were found in the riverine 
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thickets, and the lowest proportion in the open plains. Uterine contents, which indicate the 

stage of larval development, were examined and most categories were found to be similar. 

Significant differences were only found with flies containing a second instar larvae as the 

percentage of these flies in the open plains was significantly lower than in the other 

vegetation types. No significant difference was found between the distribution of males 

and females from the river despite evidence that females disperse more than males (Vale et 

al., 1985). 

There are many papers more generally examining the relationship between savannah 

tsetse, vegetation type and other environmental variables. One of the first studies 

examining the effect of habitat on tsetse flies is from Jackson (1945) who introduced 

species of tsetse into areas more commonly associated with different species. For example, 

Glossina morsitans and G. palpalis were introduced into the habitat of G. swynnertoni and 

G. pallidipes and it was found that G. morsitans were capable of producing offspring 

however G. palpalis were not. Laboratory experiments showed that G. swynnertoni were 

less resistant to weight loss of both fat and water at 25.3°C than G. morsitans, suggesting 

that G. swynnertoni may need more humid habitats. The overall results highlighted 

different physiological requirements between species in their habitats. 

Environmental conditions are also considered to impact on the distribution of tsetse flies. 

Rogers (1979) used fly round records of G. morsitans submorsitans from Nigera to calculate 

density independent mortalities and correlated them with average annual temperatures 

and saturation deficits (the amount by which the water vapour in the air must be increased 

to achieve saturation without a change in temperature or pressure). The author was able to 

establish an environmental optimum of 24-26 °C and 5-13 mm Hg saturation deficit.  This 

paper and Rogers & Randolph (1986) concluded that tsetse species were sensitive to the 

temperature, rainfall and the saturation deficit of an area. 

2.1.1 Satellites, GIS and models 
In the past 25 years, many studies have examined the relationship between habitat and the 

distribution and abundance of tsetse using remotely sensed data from satellites. Rogers & 

Randolph (1991) began using satellite images (at 25m2 resolution) to compare NDVI with 

the environmental factors they had already been studying. They found that NDVI was highly 

correlated with saturation deficit, positively (but not linearly) correlated with rainfall, and 

not with temperature. NDVI was then plotted against mean catches of G. palpalis and G. 

tachinoides and highly negatively correlated results were found, demonstrating the ability 

of remote sensing to predict abundances of flies. 
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Satellite images were again used by Kitron et al., (1996) to investigate the distribution of G. 

pallidipes in Kenya. In this case, a finer resolution (30 x 30 m) from Landsat 5 was used and 

soil moisture measured by Band 7 was found to be mostly highly correlated with fly 

densities. Stepwise multiple regression was also performed and it was found that when 

Band 7 was combined with Band 3 (linked with chlorophyll absorption) and Band 6 (thermal 

band used in vegetation stress analysis and soil moisture discrimination) the R2 value for 

densities recorded in 1988 was 0.88, showing that 88% of the variation in count data could 

be attributed to these factors. 

Robinson et al., (1997) used the factors maximum temperature, average temperature, 

minimum temperature, rainfall and NDVI to attempt to characterise differences between 

the species G. morsitans centralis, G. morsitans morsitans and G. pallidipes. The NDVI 

resolution was large at 7.6 km however as this analysis was across several countries in 

southern Africa the scale is not unreasonable for this purpose. It was found that for G. m. 

centralis the most accurate predictor was the average NDVI with 75% correct predictions, 

for G. m. morsitans it was the maximum of the minimum temperature with 84% correct 

predictions, and for G. pallidipes it was also the maximum of the minimum temperature 

with 86% correct predictions. Robinson et al., (1997a) took this analysis further and gained 

even more accurate predictions after sub-dividing the habitat into two groups. The first 

were habitats which were cold and the elevation was low, and the second was where it was 

hot and the elevation high. 

Risk of sleeping sickness to villages in Uganda was calculated by Odiit et al., (2005) using 

satellite-derived variables along with the village population numbers, the distance of the 

village to a hospital capable of diagnosing sleeping sickness. The satellite variables included 

NDVI and soil moisture and a buffer area of 1.5 km was used. No actual fly densities were 

used however the presence or absence of sleeping sickness cases was included. The buffer 

used was large however for a country-scale to be able to establish which villages were more 

at risk than others this would be sufficient. It would not however be able to assist with the 

identification precisely where tsetse control should be implemented. Symeonakis et al., 

(2007) performed analysis to identify areas which should be the highest priority for tsetse 

control across Zambia. They identifed areas under pressure from agriculture and presence 

of cattle and identified areas with high absorption capacity which was defined as low 

cropland use intensity and stocking rates, and not likely to suffer environmental 

degradation under low soil erosion rates. High priority areas were designated are areas 
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with a high absorption capacity which were next to areas of high land pressure. This again 

was on a country-wide scale. 

Gondwe et al., (2009) examined the distribution and density of G. m. morsitans at the 

interface of the Nkhotakota Game Reserve in Malawi. Land cover maps were generated 

using satellite data with a 20 m resolution (accuracy 88%) and the vegetation within each 

20 m block classified into three groups. The first group was woodland with trees covering 

more than 50% of the surface, down to group three which was sparse vegetation. Buffer 

zones of 200 m around each trap were set and the proportion of each vegetation class 

within the zone calculated. Tsetse abundances were found to increase with increasing 

distance from the boundary into the reserve by a factor of 1.35 per km, for each percentage 

increase in the proportion of vegetation belonging to group one inside each buffer, the 

tsetse abundance increased by a factor of 1.02. 

More recently, the effects of habitat fragmentation on tsetse populations have been the 

subject to analysis. Ducheyne et al., (2009) set 238 transects to catch G. m. morsitans in 

Eastern Zambia and overlaid hexagons onto satellite images of the study area, at both 250 

m and 500 m sizes. Fragmentation was calculated within each hexagon by measuring the 

ŀƳƻǳƴǘ ƻŦ ΨƴŀǘǳǊŀƭ ǾŜƎŜǘŀǘƛƻƴΩ ς miombo and munga vegetation typeǎ ŀƴŘ ΨŘƛǎǘǳǊōŜŘ 

ǾŜƎŜǘŀǘƛƻƴΩ ς agriculture and village land. Hexagons were then classed into five categories 

according to the proportion of each type of vegetation within them. They found the 

majority of flies were caught in non-fragmented areas, and as fragmentation increased, a 

decline in abundances was observed. 

Geostatistical models are increasingly being used to predict the distribution of tsetse. 

Matawa et al., (2016) used Landsat TM data at 30 m resolution from Zimbabwe to analyse 

potential habitat suitability for G. pallidipes. They found high probabilities (>50%) that 

tsetse would be found between NDVI results of 0.3 and 0.6 and the suitability of habitat 

decreased further away from drainage lines.  

Catch data from the Serengeti National Park was recently used with Band 7, NDVI, Land 

Surface Temperature (LST) and elevation in a model to predict decline of tsetse numbers 

away from the protected area (Lord et al., 2018). Values for the environmental variables 

were averaged within a 500 m buffer around each trap from traps placed ~ 1.5 km apart. A 

predictive model was created using data from traps placed > 10 km inside the Serengeti 

National Park to ensure there was no external factors which may have been influencing 

catch. Band 7 was found to be the variable most related to G. pallidipes abundance, 
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followed by NDVI, LST and finally elevation. The predictive model generally predicted a 

decline in the abundance of G. pallidipes with distance from the protected area and into 

farmland. There were however areas where the model overpredicted catches on the border 

and in farming areas.  Entomological surveys in these areas did not catch many tsetse 

whereas the model predicted tsetse to be abundance.  For G. swynnertoni, the 

geostatistical model suggested a more even distribution of tsetse across habitats but still 

with a decline in farming areas. 

2.1.2 Relationship between landcover and abundance of tsetse 
Van den Bossche & de Deken (2002) investigated the distribution of G. m. morsitans in 

eastern Zambia in relation to cattle and vegetation type. Transects and MRR experiments 

were performed in an area with two main vegetation types. The first was miombo, an open 

woodland with Brachystegia and Julbernardia trees no higher than one storey, and the 

second is munga, a one or two storey height woodland with Acacia, Combretum and 

Terminalia trees. Catches in miombo peaked during the rainy season and were lowest 

during the cold and dry seasons. The opposite was observed in munga. The catches of 

tsetse in both areas were highly correlated with the abundances of cattle from the previous 

month, and MRR highlighted flies moving between the two areas which accounted for 

sudden increases in one area which could not be explained by climatic conditions. 

Tsetse do not always appear to behave how we expect. G. brevipalpis is historically thought 

to be confined to vegetation with a dense overhead canopy to provide plenty of shade with 

a high humidity. Esterhuizen et al. (2005) however caught large numbers in open grassland 

and in exotic plantations. The authors were unsure whether these were flies breeding in 

these other areas, or whether they had travelled out of the dense vegetation to feed. This is 

epidemiologically important as it had previously been thought this species was only found 

in areas which were difficult for humans or livestock to access, however they could now be 

playing a much greater role in the transmission of HAT. 

Sciarretta et al. (2010) examined the spatial clustering of G. m. morsitans and G. pallidipes 

in Ethiopia. Both species were found to be aggregated along a main and smaller rivers, and 

within savannah areas which had heterogenous vegetation. There were no large catches 

found in open savannah located far from water. 

2.1.3 Nutrition and age of flies 
Vegetation may have an impact not only on apparent density of tsetse but also their 

physiological condition. The effect may be apparent over large distances (e.g. >1 km) 
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between habitat types. Savannah tsetse require a habitat with a plentiful supply of hosts to 

feed upon, enough vegetation to provide shade to avoid desiccation from high 

temperatures, but not so much vegetation that the visual host-seeking ability would be 

impaired. Different vegetation types can cause conditions such as humidity and 

temperatures to vary.  As mentioned previously, tsetse flies are highly mobile vectors and 

are predicted to move in a diffuse manner (Hargrove, 2000), so it would seem unlikely that 

they would be in one place for long enough for the quality of the habitat to impact on the 

nutritional state of the fly. However, if there was a noticeable impact on the condition of 

the flies in certain habitats then this would have implications for control as healthier flies 

are more likely to live longer and travel greater distances ς increasing the risk of 

transmission of disease.  

Factors which can be measured to determine the condition of the flies include the fat and 

haematin content. Haematin content is measured to determine how long it has been since 

the last blood meal. The nutrients from the first two or three meals are used to build flight 

muscle (Bursell, 1961), however after this the amino acids are used to begin to produce fat 

(McCabe and Bursell, 1975). Fat builds up over the course of two days and then begins to 

decrease (Figure 4) and it can be used to infer the level of success the fly has had at gaining 

blood meals over the last few hunger cycles (Jackson, 1946). These processes however 

generally relate to male flies as females use most of their fat for their larvae. 

The difference of conditions of flies in 

different habitats would be particularly 

important around the edges of wilderness 

areas, as the habitat will vary greatly from 

outside the areas, across the boundary 

and into the park. This could also be 

important as some areas along the 

boundaries may have more suitable 

vegetation than other areas which would 

enable the flies present to remain fitter, 

and be more likely to spread further out 

of the wilderness areas into human 

settlement areas and therefore increase 

the risk of transmission of disease. 

Figure 4: Graph a. shows how fat percentage (of dry 
weight) varies after a blood meal, and graph b. shows 
how the log of haematin varies with the fat percentage. 
Data for both graphs is obtained from male G. m. 
morsitans (Adapted from (Hargrove & Packer, 1993)). 
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Rogers and Boreham (1973) examined fat content of G. swynnertoni in the Serengeti 

National Park. A Land Rover was used as a moving bait and flies were caught with hand 

nets. Three areas were sampled; area one was mostly open with the exception of several 

trees and shrubs along dried river beds, area two had an abundance of Acacia and 

Commiphora trees and there was also several dried river beds and area three had a much 

greater quantity of vegetation and had the largest range of animals. Area three was also 

much more likely to retain surface water after the other two areas had dried out. Fat 

content for male flies was very similar across the three areas however was higher in area 

three (4.80 mg compared to 3.31 mg and 3.71 mg in areas one and two respectively), which 

had the greatest catch size. The pattern was similar for the female flies, although the 

difference in fat content was larger with area three again having the greatest values. Post-

teneral females were excluded from the study as the larvae will contribute to the fat values. 

The catch size in area three was greater than in area two however was equal to area one. 

The difference in fat content in these areas was attributed to the greater abundance of 

hosts in area three, as flies would be able to find meals much more frequently and easily. 

Pilson & Pilson (1967) conducted a study to examine the feeding and resting behaviours of 

G. m. morsitans in Zimbabwe to discuss the relevance of discriminative clearing as a control 

method. It was found that in the nine different habitat types they sampled in with a 

stationary ox bait, there did not appear to be a concentration of flies in any particular 

vegetation throughout the year. 

Bursell (1966) considered that the implications from the results of the Pilson & Pilson 

(1967) study warranted further investigation due to the impact it could have on control 

recommendations (1967 data gathered before 1966 paper was published). The author 

decided to examine G. morsitans in four vegetation types ς Brachystegia woodland, 

Colophospermum mopane woodland, riverine fringe and Combretum bushland. In each 

vegetation type there were two trapping methods employed. The first method employed 

was a human fly-round carried out between 3pm and 6:30pm, and the other was with an ox 

as a stationary bait between 5:30am and 7pm (only flies which probed were collected). Fat 

content was measured by weighing the flies before and after treatment with chloroform. 

The length of the hatchet cell was also measured to give a proxy of mean size, the level of 

wing fray was recorded, and the quantity of residual blood-meal. The size of the flies is 

important as this is dependent on the nutritional state of the parent female and therefore 

provides an indication of the condition of the female population in the 1-2 months prior to 

the catching date (Glasgow & Bursell, 1961). Haematin and fat content were measured. The 
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results suggested that flies which were caught in Brachystegia and Colophospermum 

mopane woodlands had the highest haematin and fat content values, followed by those 

found in the riverine fringe and then by those found in Combretum bushland (Bursell, 

1966). These results were surprising to the author as the vegetation in the 

Colophospermum mopane woodland was entirely leafless and appeared to be very 

unsuitable for tsetse as there was no shade and day time temperatures which reached 

almost 40°C. The Brachystegia woodland had slightly more suitable vegetation however 

conditions still appeared harsh. In contrast, the vegetation in the riverine fringe was in full 

leaf and shade was readily available however the nutritional state of flies caught in this area 

was much poorer than in the Brachystegia and Colophospermum mopane woodlands. It 

was only in the Combretum bushland that nutritional state appeared to match 

expectations, as the vegetation was mainly long grass and condition of the flies was poor. 

Wing fray was greatest in areas where haematin and fat content was low, and it is 

suggested that this is due to an increased time spent hunting for a host, rather than it 

indicating that the flies are older which might normally be assumed. The size differences of 

the flies was significantly different between sites, suggesting that the populations were 

isolated even though they were only several miles apart.  

Fragmentation of habitat was examined with relation to the age of G. m. morsitans and 

proportion of females in Zambia by Mweempwa et al. (2015). Only the ages of females 

were established as the ovarian dissection method was used. In Lusandwa, the least 

fragmented area, the age structure of the population was skewed so that there were more 

young flies than old in all seasons. In Chisulo, the most fragmented area, the opposite was 

observed and more old flies were found than young in all seasons. In Zinaka, a moderately 

fragmented area, mostly older flies were observed during the dry seasons, and mostly 

younger flies were found during the rainy season. The authors concluded that in Chisulo, 

the high fragmentation leaves the area unsuitable for breeding and the old flies present are 

ones which have travelled longer distances and dispersed into the area. Lusandwa is likely 

to be suitable for breeding in all seasons and the population in Zinaka during the dry season 

consists of mainly dispersing flies, but is suitable for breeding during the wet seasons. The 

proportion of female flies varied depending on fragmentation. The highest proportion of 

females were found in the least fragmented areas, and the lowest proportion in the most 

fragmented. This was attributed to the least fragmented areas having more possible 

breeding sites for females. 
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As well as ovarian dissection, the pteridine method can also be used to determine the age 

of tsetse flies. Ovarian dissection requires skill, is time-consuming, and cannot determine 

age when the fly has already been through four ovarian cycles. Pteridine is an aromatic 

chemical compound which accumulates linearly in the head of a tsetse as it ages, and can 

ōŜ ǉǳŀƴǘƛŦƛŜŘ ŘǳŜ ǘƻ ƛǘΩǎ ŦƭǳƻǊŜǎŎŜƴǘ ǇǊƻǇŜǊǘƛŜǎ (Lehane and Mail, 1985). 
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2.1.4 Chapter objectives 
As recently established, large numbers of G. pallidipes have been caught at or very near 

rivers in the Serengeti National Park area (Lord et al., 2018). Rivers form a fundamental part 

of life in rural sub-Saharan African communities as they are used for collecting drinking 

water, watering livestock, bathing and clothes washing (Franco et al., 2014). It is therefore 

important that the dynamics of tsetse in these riverine areas are well understood, as these 

areas could be hotspots for disease transmission due to the increased contact between 

people and flies, and to estimate how far flies may travel from rivers depending on the 

surrounding vegetation to assess the risk to people living and working nearby. 

Analysis of remotely sensed environmental variables has not yet been undertaken in the 

Serengeti National Park area with relation to G. pallidipes and G. swynnertoni abundances 

at a fine scale (~100 m). While Lord et al., (2018) examined tsetse predictions at a 500 m 

resolution, their traps were placed relatively far apart (~1.5 km) so would not highlight if 

there was clustering of populations within a small area. 

From the literature it appears that the abundance of similar species do not display similar 

correlations with variations in landcover. Other factors, such as host density or vector 

control operations may also affect the abundance of tsetse over relatively short distances.   

Many studies have analysed relationships between environmental variables estimated from 

satellite imagery at relatively coarse (>1 km) scales.  This chapter describes studies that 

aimed to look at relationships between the abundance of tsetse at finer (<1 km) scales.  

Such a study will contribute to our understanding of where people and livestock might be at 

greatest risk of infection by tsetse-borne trypanosomes.   

There have also been very few studies which have directly studied the effect of vegetation 

and habitat type on nutritional status, and those which have shown either no difference or 

have found results which appear contradictory to expectation.  Understanding the 

physiological status of tsetse in different habitats will also contribute to our understanding 

of why, where and when tsetse bite humans.   

Accordingly, the objectives of studies presented in this chapter are to investigate: 

1. How the abundance of G. pallidipes and G. swynnertoni changes with distance from 

river.  

2. The environmental factors which cause changes in abundances.  

3. Age structure and nutritional status of tsetse across different habitats 
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2.2 Materials and Methods 
 

2.2.1 River transects - February 2016 sampling 
To measure abundance and movement of flies in association with river systems, diagonal 

transects were performed at specific locations. The first trap was placed as close to the 

river as possible, and the following traps were placed ~200 m apart and each ~100 m away 

from the river (Figure 5). This was repeated on the other side of the river in the opposite 

direction. The traps were deployed in a diagonal rather than an orthogonal transect to 

reduce the possibility that traps closer to the river caught flies that would have otherwise 

been caught in traps further away. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The four locations were picked specifically to provide contrasts between each other, and in 

some cases on either side of the river (Figure 6).  

100m 

2
0
0

m
 

 
R

iv
e
r 

Figure 5: Diagram of how the transects were positioned along the river. Each blue triangle represents a 
trap. 
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1. The Grumeti transect has farming area on one side of the river and game reserve 

on the other showing a contrast of good and bad habitat on either side.  

2. The Park Nyigoti transect was on one side in the Ikona wildlife management area 

where habitat was expected to be suitable for tsetse, and has grazing habitat on 

the other which is expected to be less suitable. There is however another game 

reserve approximately 1 km on the other side of the grazed area.  

3. The North Ikorongo transect has both sides of the transect in the game reserve 

however, one side of the river has slightly degraded habitat as it is near the edge of 

the reserve.  

4. The last was near Robanda, on the south-westerly edge of the Ikorongo game 

reserve, which borders the Ikona East wildlife management area. 

 

Figure 6: Map showing the location of the four study sites where transects were performed in February 2016. 

Each blue circle indicates a trap position. 

Traps were set for five days and collected at 24 h intervals. Traps were baited with acetone 

(500 mg/h), 1-octen-3-ol (0.4 mg/h), 4-methylphenol (0.8 mg/h) and 3-n-propyphenol (0.1 

mg/h) dispensed using the methods of (Torr et al., 1997). Flies caught in these traps were 

counted and sorted to measure abundance at each site. The catches were analysed to 

assess whether abundance was related to environmental variables. Average catch was 
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calculated by taking the log of the combined male and female catch of each species for 

each trap, and an average taken of the log values for each day. This averaged log value was 

mostly used in analysis and back transformed to show on maps by performing log^10 +1. A 

linear model was fitted to the log-transformed average counts, each time with a single 

environmental covariate as a predictor. 

2.2.2 Grid sampling - October 2016 sampling 
Following the transect survey conducted in February 2016, a more extensive and detailed 

field study was performed in October 2016 to evaluate the effects of environmental 

variables on abundances of tsetse. Instead of a single line of traps, a grid system was 

employed. This was so a larger more representative area could be covered. Four sample 

sites were selected (Figure 7), two of which covered the North Ikorongo and Grumeti 

transects from January 2016. Between 15 and 18 traps were placed across each area 

covering approximately 1km2. Two of these areas ς Grumeti and north Ikorongo, were 

selected due to their location on the border. Inner Ikorongo and Ikoma were selected due 

to their location being ~ 10 km inside a protected border so would not be influenced by 

anthropogenic factors. The shape of the grid in each area was determined by logistical and 

safety factors, such as the density of vegetation and proximity of wild animals. Sites were 

selected that contained a range of vegetation densities within each grid. Grids were set for 

three days and traps collected every 24 h and baited as for the February 2016 sampling.  
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Figure 7: Map showing the location of the four study sites where the grids of traps were placed in October 2016. 

2.2.3 Satellite image processing 
Environmental variables NDVI, Band 7, LST and elevation were examined using Landsat 8 

and ASTER Global Digital Elevation Model (GDEM) images. The study sites were split across 

satellite path 169 row 62 and path 170 row 61 so two images needed to be taken for each 

time point. For the river transects conducted in February 2016, the image for path 169 row 

62 was taken on the 16/02/2016 and the image for path 170 row 61 was taken on the 

23/02/2016. For the grid sampling conducted in October 2016, the image for path 169 row 

62 was taken on 20/10/2016 and the image for path 170 row 61 was taken on 29/10/2016.  

The Landsat 8 images were processed by first cropping so that any edges which have no 

data and contain zero values were converted to NA values. Clouds were then removed from 

images and new images created using the QGIS ǇƭǳƎƛƴ Ψ/ƭƻǳŘ ƳŀǎƪƛƴƎ ŦƻǊ [ŀƴŘǎŀǘ 

ǇǊƻŘǳŎǘǎΩΦ  

Each image had an associated metadata file, and a file with a subset of the data containing 

only the data relevant for the required band was created. Landsat 8 images are already 

converted to radiance so only needed to be converted to reflectance. Landsat 8 images are 

converted to reflectance using top of atmosphere values and values of the sun elevation 

(Appendix A.3.3). The first image to process is for Band 7. This requires only a conversion to 

reflectance. As NDVI requires both Band 4 and Band 5 images, once the images are 
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converted to reflectance the two images are overlaid and a function is applied with the 

formula: (band.5 - band.4) / (band.5 + band.4). 

To process temperature a Band 10 radiance raster must be combined with an emissivity 

raster which is created from the NDVI raster (Sobrino, Jiminez-Munoz and Paolini, 2004). 

Using NDVI, a new raster is created called emissivity which accounts for the reflectivity of 

different land surfaces. This uses NDVI to assign new values where NDVI is less than 0.2 

(0.973) because this is likely to be bare soil, and greater than 0.5 (0.99) which is indicative 

of a fully vegetated pixel. Another value (0.986) is given for NDVI values between 0.2 and 

0.5 which are composed of a mixture of bare soil and vegetation. This is done in the QGIS 

raster calculator (Appendix A.3.6). The emissivity raster created from Step 2 with the raster 

calculator is then used with the Band 10 radiance raster to create the final temperature 

raster. The elevation raster is downloaded from NASA Earth Data with the required data set 

the ASTER GDEM which has a 30 x 30 m resolution. For Band 7, NDVI and LST, the images 

from the two different paths were then histogram matched to equalise the images and 

account for any differences in sun angle or brightness, before the mosaic function (raster 

package) in R joined them together with a mean value taken for any overlapping pixels. 

Distance of each trap from the river was calculated using a downloaded river shapefile 

(ICPAC GeoPortal) and processed in R against GPX points. Percentage tree cover was gained 

by downloading the Hansen Tree cover  image (Hansen et al., 2013) for both the river 

transects and grids, and a manual method was also employed for the grids by drawing 

polygons around trees in QGIS. The images used in QGIS are from Google Earth with a 

resolution of 3 m and dated from 2014 and 2015. The Hansen tree canopy cover file shows 

cover from trees taller than 5 m in height and is dated from 2010. Trees were selected 

manually if the canopy was larger than 10 m in diameter, and the percentage of the total 

area of the polygons within a 100 m radius buffer zone was calculated. Vegetation smaller 

than 10 m was likely to be shrubs or trees less suitable to provide shade to tsetse (Figure 8). 

The images used is QGIS for tree cover and the Hansen image are from several years apart 

and may not be comparable, however using larger trees should reduce the risk of seasonal 

changes impacting on results. Large-scale events such as forest fires between 2010 and 

2014/2015 may however impact the similarity between the images. 
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Figure 8: Example from North Ikorongo of how polygons were placed to calculate percentage tree cover. 

To obtain average values for Band 7, NDVI, LST, elevation and percentage tree cover 

(Hansen), a buffer zone of 100 m radius was applied around each trap and the average 

taken of all the pixels within the buffer. All of the environmental variables were analysed in 

a series of generalised linear models with log-transformed catch as the dependent variable 

and the environmental variables as potential explanatory variables. Average catch was 

calculated as in 2.2.1. Significance was assessed through the P value (<0.05) and the 

adjusted R2 value which describes the proportion of the variation in the dependant variable 

(e.g. abundance) which is explained by the independent variable (e.g. NDVI). 

2.2.4 Estimating the age of tsetse 
Flies caught in each grid were counted and sorted to measure abundance. G. pallidipes 

female flies (n=63) and G. swynnertoni female flies (n=64) were examined by ovarian 

dissection, and the heads of 1091 flies were stored for pteridine analysis to determine their 

age (Lehane and Mail, 1985). Only flies which were alive at the time of sorting were 

collected. Fly heads were stored at room temperature in the dark (Lehane and Mail, 1985) 
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by covering samples with foil. They were placed within airtight bags containing silica beads 

so they would remain dry. 

Pteridine analysis was performed at LSTM. The method used was adapted from Lehane & 

Mail (1985). Each fly head was homogenised in 3 mL of a 0.1 N NaOH buffer (adjusted to pH 

10 with glycine (ca. 11.5 g/l)). The homogenate was then centrifuged until a pellet was 

formed, and the supernatant transferred into a glass cuvette. A fluorimeter (JENWAY®) was 

used to read raw fluorescence units (RFU) using filters of wavelength 340 nm for excitation 

and 450 nm for emission with the system gain set to 55%. A buffer reading and standard 

reading were taken were taken every hour to gain a standardised fluorescence to account 

for the fluctuations of the fluorimeter. 

The heads belonging to the flies which had also been dissected for ovarian age were 

measured first, and a calibration curve plotted of ovarian age vs standardised fluorescence 

for both G. pallidipes and G. swynnertoni. The standardised fluorescence values of the flies 

of unknown age could then be used to calculate their estimated age using the regression 

equation y=a+bx where y = estimated age; a = x-axis intercept; b = slope of the regression 

line and x = standardised fluorescence. Generalised linear models for a Poisson distribution 

were then used to compare the frequency of flies with area and age as covariates. 

2.2.5 Estimating fat content 
A subsample of male flies collected during the October 2016 survey were examined for fat 

content. Only male flies were used as the presence of larvae in females, and their 

associated fat, will confound the results for the adult flies. Tsetse collected from Grumeti 

ŀƴŘ bƻǊǘƘ LƪƻǊƻƴƎƻ ǿŜǊŜ ǇƻƻƭŜŘ ƛƴǘƻ Ψ.ƻǊŘŜǊΩ ŦƭƛŜǎ ŀǎ ŦŜǿ ǿŜǊŜ ŎŀǳƎƘǘ ŀƭƛǾŜ ƛƴ ǘƘŜǎŜ ǎƛǘŜǎΦ 

The head, legs and wings were removed from each fly and the size of the thorax measured. 

Flies were then placed in metal extraction trays with individual wells and dried in an oven at 

70 °C overnight. The dry weight (DW) of each fly was then measured on the weighing scales 

(Hargrove, 1999). The extraction trays were then placed into a glass tray in the fume hood 

and the glass tray filled with chloroform until the metal tray was covered. The extraction 

trays have small holes in the top and bottom to allow the chloroform to enter each well.   

The trays were immersed in chloroform for a total of 72 h to extract fat from the flies.  The 

chloroform was drained and replaced with fresh chloroform every 24 h. After extracting fat, 

the trays were removed and placed into the oven at 70 °C overnight. Each whole fly was 

then reweighed for provide the residual dry weight (RDW), before being split into abdomen 

and thorax and the thorax weighed separately providing the thoracic residual dry weight 
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(TRDW). Fat content was calculated as the initial dry weight minus the post chloroform 

treatment weight (DW-RDW). The mean thoracic residual weight (TRDW) was then 

calculated for each species. Any flies which were 2 standard deviations lighter were 

discounted from the results as they are likely to be tenerals and not had chance to 

accumulate fat. An ANOVA was then conducted in R to test for significantly different mean 

fat contents and a Tukey HSD test applied if the initial ANOVA was significant. 
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2.3 Results 

2.3.1 River transects ς G. pallidipes 
In sampling conducted in February 2016, the trap with the highest daily back transformed 

average trap catch of 288 was at the North Ikorongo site and the lowest daily back 

transformed average catch of 0.2 was at the Park Nyigoti site (Figure 9). When log 

transforming all catches had one added to them so that zero catches could be processed. 

For Band 7 surface reflectance, when all the transects are combined there is a significant 

relationship (P: 0.00453, adj. R2: 0.157) where as Band 7 values increased, catches 

decreased (Figure 10). However, when examined by transect, only the Grumeti transect 

was significantly correlated (P: 0.0417, adj. R2 0.317), with a similar slope to the overall 

relationship. For NDVI, when all the transects were combined there was a significant 

relationship (P: 0.0431, adj. R2: 0.0723) where as NDVI values increased, average catches 

increased. By transect, none of the sites were significantly correlated. There was also a 

significant relationship when all sites were combined between average catches and land 

surface temperature (P: 0.00139, adj. R2:0.200), where as temperatures increased, trap 

catches decreased. When examined by transect, only Robanda had a significant relationship 

(P: 0.0267, adj R2: 0.375). Elevation was also significant with all sites combined (P: 0.0169, 

adj, R2: 0.108), as elevation increased, catches increased. However, at North Ikorongo 

which had the only significant relationship for a site (P: 0.00225, adj. R2: 0.627), the 

relationship was reversed ς as elevation decreased, catches decreased. 

Comparing the Hansen data tree cover image with average catch showed a significant 

relationship (P: 0.00843, adj. R2: 0.134) for all the sites combined showing that as 

percentage tree cover increased, so did average catch (Figure 11). Again, significant 

relationships were not seen when examined by transect. The distance the trap was from a 

river was significantly related to the average catch with all sites combined (P: 0.00174, adj. 

R2: 0.192), but only North Ikorongo had a significant relationship (P: 0.00611, adj. R2: 0.539) 

by transect.
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Figure 9. Average daily trap catches of G. pallidipes in the river transects at Grumeti (A), North Ikorongo (B), Park Nyigoti (C) and Robanda (D). 

Grumeti North Ikorongo 

Park Nyigoti Robanda 
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Figure 10. The log average G. pallidipes daily trap catch compared against Band 7 surface reflectance, NDVI, LST and elevation from sampling conducted in February 2016. A dark blue line 

indicates significant relationships with all sites combined. Lines matching the colour of specific sites indicate a significant relationship for that site. Error bars show standard error of the mean. 
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Figure 11. The log average G. pallidipes daily trap catch compared against Hansen percentage tree cover (L) and distance from a river (R). A dark blue line indicates significant relationships with 

all sites combined. Lines matching the colour of specific sites indicate a significant relationship for that site. This was from sampling conducted in February 2016. Error bars show standard error 

of the mean. 

 



40 
 

2.3.2 River transects ς G. swynnertoni 
In sampling conducted in February 2016, the trap with the highest back transformed daily 

average trap catch of 27 was at the North Ikorongo site and the lowest back transformed 

daily average catch of 0.3 was at the Park Nyigoti site (Figure 12). When log transforming all 

catches had one added to them so that zero catches could be processed. 

There were significant relationships between average catch and Band 7 (P: 0.02, adj. R2: 

0.101) and average catch and land surface temperature (P: 0.0145, adj. R2: 0.114) when all 

sites were combined (Figure 13). When all sites were combined there was no significant 

relationship between NDVI or elevation with average catch. When examined by transect, 

there was no significant relationships for any of Band 7, NDVI, land surface temperature or 

elevation. There were no significant relationships between percentage tree cover as 

determined by Hansen with average catch, or with distance from a river either combined or 

by individual transect (Figure 14). 
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Figure 12. Average daily trap catches of G. swynnertoni on the river transects Grumeti (A), North Ikorongo (B), Park Nyigoti (C) and Robanda (D). 
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Figure 13. The log average G. swynnertoni daily trap catch compared against a manually calculated percentage tree cover (L) and distance from a river (R). A dark blue line indicates significant 

relationships with all sites combined. This was from sampling conducted in February 2016. Error bars show standard error of the mean. 
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Figure 14. The log average G. swynnertoni daily trap catch compared against Hansen percentage tree cover (L) and distance from a river (R). This was from sampling conducted in February 

2016. Error bars show standard error of the mean.
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2.3.3 Grid sampling ς G. pallidipes 
In sampling conducted in October 2016, the trap with the highest back transformed daily 

average trap catch of 87 was at the North Ikorongo site and the lowest back transformed 

daily average catch of 0.3 was at the Inner Ikorongo site (Figure 15). When log transforming 

all catches had one added to them so that zero catches could be processed. 

When all four grids were combined and compared with Band 7 surface reflectance, there 

was a significant negative relationship between catch and Band 7 (P: 2.48-5, adj. R2: 0.246 

with catch decreasing as Band 7 increased (Figure 16). When examined by site, there was 

only a significant relationship at Ikoma (P: 0.00267, adj. R2: 0.475), which had a very similar 

slope. It is possible that when examined by site and sample size is small, the effect at Ikoma 

which is the site furthest inside a protected area is stronger due to the lack of 

anthropogenic factors which may be influencing catch. For NDVI, there was no significant 

relationship found between average catches and NDVI when the four grids were combined 

however two of the sites did show significant relationships. Average catches at Ikoma (P: 

0.0135, adj. R2: 0.338) and inner Ikorongo (P: 0.00449, adj. R2: 0.434) increased with NDVI. 

For LST, there was no significant relationship when all the sites were combined. By site, 

average catches at Ikoma did have a significant relationship (P: 0.000701, adj. R2: 0.569), 

with catches decreasing as temperature increased. For elevation, there was a significant 

relationship with average catch when all sites were combined (P: 0.0206, adj. R2: 0.0709), 

and two sites which were significant individually. Average catches at Grumeti were 

significant with elevation (P: 0.000109, adj. R2: 0.645) where as elevation increased, catches 

increased. Average catches at North Ikorongo were also significant (P: 0.00799, adj. R2: 

0.363), but as elevation increased, catches decreased.  

For grids, tree cover was examined using Hansen as done for the river transects, but also 

with a manually calculated percentage tree cover (Figure 17). For the manually calculated 

tree cover, with all sites combined this was significant with average catches (P: 2.92-5, adj. 

R2: 0.242). This was also significant for three of the sites individually. Ikoma had the most 

significant relationship (P: 0.000277, adj. R2: 0.624), followed by inner Ikorongo (P: 0.00103, 

adj. R2: 0.543), then North Ikorongo (P: 0.00258, adj. R2: 0.452). Average catches at Grumeti 

were not significant with manually calculated tree cover. For Hansen, the significant sites 

were the same. North Ikorongo has the most significant result (P: 0.00858, adj. R2: 0.357), 

followed by inner Ikorongo (P: 0.0373, adj. R2: 0.238) and Ikoma (P: 0.0373, adj. R2: 0.238). 

When sites were combined it was still significant (P: 0.00364, adj. R2: 0.118).  Hansen values 

were compared with the manually calculated percentage tree cover to see if the methods 
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were giving similar estimations and a significant relationship was found (P: 4.7-11, adj. R2: 

0.509), where a higher Hansen value equalled a higher manually calculated value. Hansen 

was also found to be significantly correlated with Band 7 (P: 1.8-6, adj. R2: 0.190) and NDVI 

(P: 0.00308, adj. R2: 0.0723) (Figure 18). 

Distance from a river was not significantly related to average catch when all sites were 

combined. Two of the transects did have significant relationships but in contrasting ways. 

At North Ikorongo, as distance from a river increased, average catches decreased (P: 

0.0204, adj. R2: 0.280), whereas at Grumeti catches increased as distance from a river 

increased (P: 0.00106, adj. R2: 0.515).  
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Figure 15. Average daily trap catches of G. pallidipes during the grid sampling at Grumeti (A), Ikoma (B), North Ikorongo (C) and inner Ikorongo (D). 

Grumeti Ikoma 

North Ikorongo Inner Ikorongo 
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Figure 16. The log average G. pallidipes daily trap catch compared against Band 7 surface reflectance, NDVI, LST and elevation from sampling conducted in October 2016. A dark blue line 

indicates significant relationships with all sites combined. Lines matching the colour of specific sites indicate a significant relationship for that site. Error bars show standard error of the mean. 
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Figure 17. The log average G. pallidipes daily trap catch compared against a manually calculated percentage tree cover (TL), Hansen tree cover (TR) and distance from a river (LL). A dark blue 

line indicates significant relationships with all sites combined. Lines matching the colour of specific sites indicate a significant relationship for that site. This was from sampling conducted in 

October 2016. Error bars show standard error of the mean. 
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Figure 18. Hansen tree cover compared with a manually calculated percentage tree cover (TL), Band 7 surface reflectance and NDVI. Band 7 Surface Reflectance and NDVI values were taken 

from an October 2016 satellite image. 
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2.3.4 Grid sampling ς G. swynnertoni 
In sampling conducted in October 2016, the trap with the highest back transformed daily 

average trap catch of 36 was at the Ikoma site and the lowest back transformed daily 

average catch of 0 was at the North Ikorongo site (Figure 19). When log transforming all 

catches had one added to them so that zero catches could be processed. 

For Band 7, NDVI, LST and elevation there were no significant relationships with average 

catch when all sites were combined (Figure 20). For Band 7, NDVI and land surface 

temperature there were also no significant relationships within sites. For elevation, 

Grumeti was the only site where a significant relationship was seen (P: 0.0111, adj. R2: 

0.335) where catches increased as elevation increased. This effect was not seen when sites 

were combined for elevation. 

Percentage tree cover was significant with all sites combined for both the manually 

calculated method (P: 0.0199, adj. R2: 0.0719) and with Hansen (P: 0.000137, adj. R2: 0.204) 

(Figure 21). For both methods, as percentage tree cover increased, average catch 

decreased. Neither method for percentage tree cover showed a significant relationship by 

site. Average catch compared with distance from a river did not show any significant 

relationships either with all sites combined or individually. 
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Figure 19. Average daily trap catches of G. swynnertoni during the grid sampling at Grumeti (A), Ikoma (B), North Ikorongo (C) and inner Ikorongo (D). 

Grumeti Ikoma 

North Ikorongo Inner Ikorongo 
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Figure 20. The log average G. swynnertoni daily trap catch compared against Band 7 surface reflectance, NDVI, LST and elevation from sampling conducted in October 2016. A dark blue line 

indicates significant relationships with all sites combined. Lines matching the colour of specific sites indicate a significant relationship for that site. Error bars show standard error of the mean. 
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Figure 21. The log average G. swynnertoni daily trap catch compared against a manually calculated percentage tree cover (TL), Hansen tree cover (TR) and distance from a river (LL). A dark 

blue line indicates significant relationships with all sites combined. Lines matching the colour of specific sites indicate a significant relationship for that site. This was from sampling conducted in 

October 2016. Error bars show standard error of the mean
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2.3.5 River transect and grid sampling combined ς G. pallidipes 
When all transects and grids are combined and the average catches compared with the 

environmental variables, almost all were significantly related (Figure 22). Band 7 surface 

reflectance was highly significant (P: 2.41-5, adj. R2: 0.150) and had the highest adj. R2 value 

for the combined analysis. The overall trend showed that as Band 7 values increased, 

catches decreased, as they did when the river transects and grids were analysed within 

their time points. NDVI was the only variable which did not have a significant relationship 

with the combined catches. Land surface temperature analysis showed that as temperature 

increased between ~27 and ~38 °C, average catches decreased (P: 0.0134, adj. R2: 0.0483). 

As elevation increased between ~1200 and ~1500 m, catches also significantly increased (P: 

0.00252, adj. R2: 0.0756).  

As percentage tree cover as determined by Hansen increased, average catches also 

increased significantly (P: 0.00214, adj. R2: 0.0783) (Figure 23). The distance from a river 

was also significantly related to average catch (P: 0.00346, adj. R2: 0.070). Whilst significant 

relationships are reported in this section, many of them are weakly related with small 

adjusted R2 values. The relationship between distance from a river and elevation was 

examined (Figure 24) to highlight how the two variables are geographically linked and that 

elevation is serving as a proxy for distance from river. The relationship was significant at six 

of the eight sites; at the Grumeti grid site (P: 0.000169, adj. R2: 0.623), Grumeti river 

(P:0.0193, adj. R2: 0.415), Ikorongo grid site (P: 0.000340, adj. R2: 0.585), the inner Ikorongo 

grid (P: 2.74-6, 0.813), the north Ikorongo river site (P:0.000494, adj. R2: 0.730), Robanda (P: 

0.0284, adj. R2: 0.367) but not at Ikoma and Park Nyigoti, most likely due to the rivers in the 

shapefile in these two areas being very small and not well defined in the landscape.
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Figure 22. The log average G. pallidipes daily trap catch compared against Band 7 surface reflectance, NDVI, LST and elevation. A dark blue line indicates significant relationships with all sites 

combined. This combines data from the February 2016 and October 2016 sampling. Error bars show standard error of the mean 
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Figure 23. The log average G. pallidipes daily trap catch compared against percentage tree cover as determined by Hansen (L) and distance from a river (R). A dark blue line indicates significant 

relationships with all sites combined. This combines data from the February 2016 and October 2016 sampling. Error bars show standard error of the mean 
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Figure 24. Showing the relationship between elevation and distance from river by transect. Coloured lines show significant relationships.
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2.3.6 River transects and grid sampling combined ς G. swynnertoni 
Environmental variables were generally not significantly correlated with G. swynnertoni 

average catches when data from river transects and the grid sampling was combined. There 

were no significant relationships with Band 7, NDVI, elevation or distance from a river 

(Figure 25). 

There was however a significant relationship between average catch and LST (P: 0.0240, 

adj. R2: 0.0389) where as temperature increased, average catches decreased (Figure 26). 

The percentage tree cover as determined by Hansen was also significantly correlated with 

average catch (P: 0.0184, adj. R2: 0.0431), where as percentage tree cover increased, 

average catches decreased. 
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Figure 25. The log average G. swynnertoni daily trap catch compared against Band 7 surface reflectance, NDVI, LST and elevation. A dark blue line indicates significant relationships with all 

sites combined. This combines data from the February 2016 and October 2016 sampling. Error bars show standard error of the mean 
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Figure 26. The log average G. swynnertoni daily trap catch compared against a percentage tree cover as determined by Hansen (L) and distance from a river (R). A dark blue line indicates 

significant relationships with all sites combined. This combines data from the February 2016 and October 2016 sampling. Error bars show standard error of the mean 
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2.3.7 Estimating the age of tsetse 
Female flies collected from each grid set during October 2016 were analysed to determine 

their age with the pteridine method. To calibrate pteridine levels for the species, a 

subsample (~60) were dissected to determine their ovarian age category. The head of the 

dissected fly was kept and measured for the amount of pteridine with a fluorimeter. After 

calculating the standardised fluorescence values, they were compared with the ovarian age 

category using a linear regression model.  

For calibration of G. pallidipes, the relationship between ovarian age and standardised 

fluorescence was significant (P: 2.36-10, adj. R2: 0.476) with fluorescence increasing as 

ovarian age increased (Figure 27). Variation of standardised fluorescence within ovarian age 

categories appeared to generally increase in flies over 30 days old. 

For G. swynnertoni, the relationship between ovarian age and standardised fluorescence 

was also significant (P: 7.83-16, adj. R2: 0.646), with the same trend that was seen for G. 

pallidipes (Figure 27). There appeared to be less variation in standardised fluorescence 

values in flies over 30 days old than there was for G. pallidipes as reflected in the higher adj. 

R2 value. 

After the remaining fly heads had been processed for pteridine only and an estimated age 

calculated using the equation of the line, the frequency of flies in each age category was 

compared across areas. For G. pallidipes, the majority of flies in each area were young and 

the oldest flies were found in the smallest numbers (Figure 28). The oldest fly was found at 

North Ikorongo, with no flies older than 80 days old found at Inner Ikorongo or Ikoma. The 

decline in frequency of flies in each age group as they get older appears less steep at 

Grumeti. A generalised linear model for a Poisson distribution found significant differences 

between Ikoma and Grumeti (P: 0.0154), but not between any of the other sites.  

For G. swynnertoni, sample sizes were only large enough for analysis at Ikoma, Inner 

Ikorongo and Grumeti. At three sites it appears as though the proportion of flies aged 0-10 

days old was low, then rose to a peak between 11 - 40 days old, before decreasing as flies 

got older (Figure 29). The oldest flies were found at Ikoma and Inner Ikorongo. At Grumeti, 

there was a steeper drop between the category with the highest frequency (age 21-30 d 

old) and the categories next oldest or youngest. A generalised linear model for a poisson 

distribution found no significant differences across sites. 
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Figure 27. Calibration curves for pteridine assay. The age of flies by ovarian dissection was compared to the standardised fluorescence value from the pteridine to give a straight line with 

equations y=0.00685 x + 0.4422 and y=0.005516 x + 0.2913 for G. pallidipes (L, n=63) and G. swynnertoni (R, n=64) respectively. 

 

G. pallidipes G. swynnertoni 
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Figure 28. Composition of age groups of G. pallidipes population at Ikoma (TL, n=130), Inner Ikorongo (TR, n=97), Grumeti (LL, n=143) and North Ikorongo (LR, n=135). 

Ikoma Inner Ikorongo 

Grumeti North Ikorongo 
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Figure 29. Composition of age groups of G. swynnertoni population at Ikoma (TL, n=208), Inner Ikorongo (TR, n=203) and Grumeti (LL, n=170).

Grumeti 

Ikoma Inner Ikorongo 
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2.3.8 Estimating fat content 
With all G. pallidipes flies included (n=97) the mean dried thoracic weight was 5.34 ± 1.03 

mg. After flies with a thoracic weight of less than or greater than 2SD were removed, this 

left a sample size of 90. Three of the removed flies were from Inner Ikorongo, two from the 

border and two from the Serengeti National Park group. The new mean dried thoracic 

weight for all G. pallidipes was 5.51 ± 0.86 mg. The mean fat content for each group of flies 

was calculated (Table 1) and the group of flies with the largest mean fat content was the 

group containing flies from the border areas. 

Table 1. Mean fat content and SD for each group of G. pallidipes flies collected in October 2016. 

Location N Mean fat content 

(mg) 

SD 

Border 53 1.426 0.939 

SNP 17 0.794 0.649 

Inner Ikorongo 20 0.860 0.804 

 

A one-way ANOVA was conducted on the three groups and gave a significant result (P: 

0.00718). A Tukey multiple-pairwise comparison was then conducted on the ANOVA result 

which gave a significant difference between the means at the border and the Serengeti 

National Park (P: 0.0272), and a significant difference between the border and Inner 

Ikorongo (P: 0.0377). There was no significant difference between the means from the 

Serengeti National Park and Inner Ikorongo (P: 0.971).  

With all G. swynnertoni flies included (n=243) the mean dried thoracic weight was 3.90 ± 

0.55 mg. After flies with a thoracic weight of less than or greater than 2SD were removed, 

this left a sample size of 236. All seven removed flies were all from the Serengeti National 

Park group. The new mean dried thoracic weight for all G. swynnertoni was 3.95 ± 0.47 mg. 

The mean fat content for each group of flies was calculated (Table 2) and the group of flies 

with the largest mean fat content was again the group containing flies from the border 

areas. A one-way ANOVA was conducted on the three groups and was not significant (P: 

0.218).  
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Table 2. Mean fat content and SD for each group of G. swynnertoni flies collected in October 2016. 

Location N Mean fat content (mg) SD 

Border 70 0.716 0.511 

SNP 86 0.678 0.612 

Inner Ikorongo 80 0.544 0.767 
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2.4 Discussion 
 

2.4.1 River transects 
The river transects in February 2016 found significant relationships between average G. 

pallidipes catch and every environmental variable when all four transects were combined in 

the same data set. The trend of these relationships all matched with results described in 

earlier literature (Kitron et al., 1996; Sciarretta et al., 2010; Lord et al., 2018). Percentage 

tree cover and distance from river are very closely related as the water in the rivers will 

allow riparian vegetation to grow which provides suitable habitat for G. pallidipes. Catches 

also increase with NDVI, the measure of vegetation, which is also closely linked with rivers 

as riparian vegetation is normally much more dense than surrounding vegetation and will 

give higher values from satellite images. Band 7 is also generally higher in areas around 

rivers as the riparian vegetation will provide more shade so soil moisture is more likely to 

remain and these are areas where flies are less likely to desiccate. The shade provided will 

also reduce land surface temperature.  

However, within each transect site, significant relationships were rarely seen. At Grumeti, 

only Band 7 was significantly related to average catch and at Robanda only LST was 

significant. Elevation at North Ikorongo was significant, however the trend was opposite to 

the overall trend and was likely due to the effect of the site as the transect extended either 

side of a river at the bottom of a valley, where there was a large amount of riparian 

vegetation. This is reinforced by the fact that distance from a river was also a significant 

factor for average catch at North Ikorongo. This shows that when enough data points are 

included over a large area, trends can be seen, however with small sample sizes over small 

areas, it is generally not possible to replicate the larger-scale results. 

For G. swynnertoni average catches on the river transects, there were no significant 

relationships by transect however with all transects combined Band 7 and LST were 

significant. This likely highlights the limits of both tsetse species that they cannot survive in 

very hot, dry areas. The fact that there were no significant relationships with percentage 

tree cover and distance from river highlights the difference between the species, as G. 

swynnertoni are known to be more able to spread more equally across the habitat in an 

area (Lord et al., 2018). 
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2.4.2 Grid sampling 
The results from the October 2016 grid sampling showed slightly different results to those 

gained from the river transects for G. pallidipes. While Band 7, elevation and percentage 

tree cover were still significant with all grids combined; NDVI, LST and distance from a river 

were not. When all grids are combined, it appears that the data points from Grumeti fit less 

well with general patterns.  Within grids, Grumeti was significantly correlated with distance 

from a river and elevation, however the trends were opposite to what is normally expected 

for G. pallidipes. When at the field site in Grumeti, numerous cattle herds were seen near 

the river at the border and there was evidence of sustained trampling of the low-lying 

vegetation near to the river from where herds had been taken to water, which was not 

seen to the same degree at other sites. If these herds had been treated with insecticide 

which kills tsetse, this would explain why catches were low near to the river, but increased 

as the traps were further from the river. The significant relationship with elevation likely 

reflects distance from a river as the traps along the river were at the lowest points. 

There were more significant relationships found with environmental variables within grids 

than within river transects. Catches at Ikoma were significantly related to Band 7, NDVI, LST 

and percentage tree cover. This is the site which is most shielded from external factors such 

as control as it was furthest into a protected area and therefore indicates that 

environmental effects are most strong in the absence of human interventions. Elevation 

across this area did not differ much and the river used in the shapefile for analysis was dry 

at the time of sampling so the lack of significance with these factors might be expected. 

Inner Ikorongo was also a relatively protected area, although had been subject to recent 

disturbance due to the construction of a bridge in the sampling area, and was significantly 

correlated with NDVI and percentage tree cover. Catches at the North Ikorongo grid were 

significantly correlated with elevation, percentage tree cover and distance from a river, 

which was similar to the results for the North Ikorongo river transect. Although this site 

bordered a farming area like Grumeti, the rivers in the North Ikorongo area did not travel 

along the border line as it does at Grumeti. The presence of insecticide treated cattle is 

therefore less likely to have the same impact. 

There were slightly fewer significant relationships with G. swynnertoni catches from the 

four grids as there was for the river transects, although it was for different factors. For the 

grids with all grids combined the only significant factor was percentage tree cover, which 

was opposite to the trend seen for G. pallidipes. Within grids this was however not 
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significant. It appears as though the higher catches seen in Ikoma, which are likely to have 

occurred due to more wild hosts and lack of control, are biasing the relationship as without 

Ikoma included the relationship for all grids would no longer be significant.  

2.4.3 Combined analysis 
Combining the river transects and grid sampling data points should provide a greater power 

to examine relationships. For G. pallidipes this showed significant relationships for all the 

environmental variables apart from NDVI. This highlights the importance of environmental 

variability on G. pallidipes abundances. Although NDVI is often correlated with G. pallidipes 

ŎŀǘŎƘΣ ǘƘŜ ƭŜǾŜƭǎ ƻŦ ΨƎǊŜŜƴ-ƴŜǎǎΩ ŎƻǳƭŘ ƘŀǾŜ ǾŀǊƛŜŘ ŀŎǊƻǎǎ ǘƘŜ ǘǿƻ ǎŜŀǎƻƴǎ ǎŀƳǇƭed in 

depending on new growth or drought and this may have made the data points spread 

across a greater range of values when the two time-points are viewed together. 

For G. swynnertoni, only LST and percentage tree cover were significantly related to 

average catch. This again reinforces that G. swynnertoni is capable of surviving over a 

greater range of conditions, however LST is still a critical factor. The relationship with 

percentage tree cover again highlights the difference to G. pallidipes. 

2.4.4 Method for determining tree cover 
Percentage tree cover was the environmental variable which has the highest number of 

significant relationships with individual grids. The manually calculated method provided 

greater adj. R2 values when relationships were significant, however is much more time-

consuming and could be vulnerable to the bias of the researcher knowing what the site 

looks like in real life. Using the Hansen file provides a much quicker way of extracting data, 

and was significantly correlateŘ ǿƛǘƘ ǘƘŜ Ƴŀƴǳŀƭ ƳŜǘƘƻŘ ǿƘƛŎƘ ǇǊƻǾŜǎ ƛǘΩǎ ŀŎŎǳǊŀŎȅΦ  

However, the Hansen tree cover file is from 2000 and is not regularly updated and would 

therefore not reflect any effects caused by burning of vegetation, intentional or wild. It is 

also significantly correlated with both Band 7 and NDVI, which can be collected more 

frequently from Landsat images so those are perhaps more useful. 

2.4.5 Pteridine analysis 
The grid sites studied were deliberately chosen to provide a range of different scenarios. 

Ikoma and Inner Ikorongo were inside protected areas, whereas Grumeti and North 

Ikorongo were on borders of protected areas. It was hypothesised that at Grumeti and 

North Ikorongo the tsetse populations may be subjected to a higher mortality due to the 

presence of humans and cattle and that may be seen through a different age structuring in 

the populations. It would be likely that an area subject to a high mortality would have fewer 
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young flies as those born there may not survive very long, and are likely to be populated by 

older flies which had travelled in from another area. The pteridine analysis did show a 

significant difference between Grumeti and Ikoma for G. pallidipes, and in terms of 

potential insecticide exposure these two sites are likely to be the most contrasting so this 

theory may fit. However the fact that there was no significant differences between the 

other populations could indicate that levels of dispersal of flies in and out of populations 

are similar. 

Although the relationship between ovarian age and standardised fluorescence for G. 

pallidipes flies was significant, there is still a level of variation within each age category 

which means that for example a fly with ovarian age of 30 days could have the same 

standardised fluorescence as a fly <8 days old. The slope of the relationship for G. 

swynnertoni was steeper which would reduce the level of uncertainty seen for G. pallidipes, 

however it appears that flies <20 days old by ovarian age category have very points below 

the standard curve, which could explain why it appears that there are fewer young flies in 

the G. swynnertoni populations. This is still however the first time this method has been 

applied for G. swynnertoni and shows potential for further use. For both species there is 

also likely a trapping bias (Vale, 1974; Hargrove and Ackley, 2015) as only stationary traps 

were used to collect flies which will not give the entire picture of the population structure.  

2.4.6 Fat content 
It was hypothesised that flies living in more suitable habitat will be in a better nutritional 

state and have a greater fat content. The results of this study for G. pallidipes however 

appear to show the opposite. Flies caught in border areas of Grumeti and North Ikorongo 

were found to have a significantly greater fat content than those collected in the Serengeti 

National Park or deeper inside Ikorongo. This is a similar result to the result gained by 

Bursell, (1966) where although the habitat is less likely to be suitable in these areas, the 

flies appeared to have a greater fat content. It is possible that if control is ongoing in these 

border areas, it is biasing the type of flies caught in traps. Inside the Serengeti National Park 

or Ikorongo, there will not be an increased mortality from human impacts, however on 

border areas if cattle are treated with insecticide it is likely that very hungry flies may have 

attempted to feed on these cattle and subsequently died, meaning this section of the 

population is not being caught in traps and only gives a select picture of the population. 

Although age structure makes it appear as though flies are equally dispersed, age structure 

is likely showing a long-term effect and due to potentially high rates of mortality, fat 

content is showing a more local, short-term effect. As G. swynnertoni are likely to be 
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dispersing further if this theory is correct then it is likely that the effect will be seen less 

strongly, and while G. swynnertoni flies caught on the border did still have a higher fat 

content, it was not significantly different to flies caught in protected areas.  

2.4.7 Limitations and solutions 
The limitations of this study were mainly logistical. Satellite images were used to select 

areas within sites which had a range of vegetation cover, from highly vegetated riparian 

areas, to open savannah areas. The initial plan had been to set out grids with a square 4 by 

4 trap set-up of equal spacing from each other, however due to a lack of road access, traps 

were mostly set out on foot and due to the presence of wild animals and/or difficult terrain, 

the shapes of the grids were modified to be closer to the roads. A comparable even spread 

across areas with different types of vegetation for each was therefore not always achieved.  

A technical limitation of this chapter was that the pteridine method could only be 

calibrated using female flies, as their age could be independently determined by ovarian 

dissection. To be able to calibrate males from the area, pupae would have had to have been 

collected, hatched and kept alive until they reached set ages when their pteridine level 

could be determined, such as done by Lehane and Hargrove (1988) on Redcliff Island in 

Lake Kariba, Zimbabwe. Using only females may have introduced a bias into the age 

structure of the population, as female flies tend to live longer and travel further distances 

(Vale, Hursey, Hargove, et al., 1984).   

Percentage tree cover was a factor which was highly correlated with G. pallidipes 

abundance, however establishing this manually using QGIS is very time consuming and the 

Hansen images can be unreliable over time. One method which could provide a quicker 

solution for larger areas would be to use supervised classification techniques (Fornace et 

al., 2018). This method would be first applied to identify vegetation suitable for tsetse over 

a small area to optimise the technique before the image classification is then applied over 

the entire area of interest. This method was successfully used by Carrasco-Escobar et al., 

(2019) to detect mosquito larvae habitats. 
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2.5 Conclusion 
Environmental variables generally correlated well with G. pallidipes catches over small 

scales (~100 m) inside protected areas. This is much less likely in border areas, and in some 

border areas where a high mortality is expected, the patterns appear to be the opposite to 

what would normally be expected for the species. As expected, catches of G. swynnertoni 

did not correlate with many of the most commonly examined environmental variables, 

apart from percentage tree cover, which re-confirmed that the species is more commonly 

found in and suited to open areas. 

The age structure of tsetse populations mostly did not differ in each area for either species, 

perhaps indicating a similar level of immigration/emigration from each population, despite 

differences in habitat. Fat content for G. pallidipes across different habitats did show 

significant differences, however, this is likely due to sampling bias and/or differences in 

mortality. 

Overall, these findings show that G. pallidipes abundance could be predicted well, when 

inside protected areas. It also indicates that it would be more difficult to predict in border 

areas, and there are likely external factors such as vector control which could be obscuring 

the impact of environmental variables on the distribution and abundance of tsetse. 
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Chapter 3: Use of insecticide-treated cattle to control tsetse at 

the interface of conservation and farming areas 

 

3.1 Introduction  
Treating cattle with insecticide is a method of vector control which has been utilised for 

several decades (Hargrove et al., 2000). As part of a collaborating project, a questionnaire 

was conducted (Allan, 2019) with livestock keepers in the same areas of the Serengeti 

where tsetse sampling had been undertaken. The livestock keepers were asked about their 

knowledge and practices of vector-borne disease and vector control, and they reported a 

high level of use of insecticide on their cattle (Allan, 2019). This could explain why in areas 

where cattle are present, the predictive tsetse abundance model (Lord et al., 2018) does 

not work well as a high mortality due to vector control is not incorporated into the model. 

Malele et al., (2011) states that high numbers of insecticide treated livestock have altered 

the ecology of tsetse and their hosts and that this has led to the disappearance of species of 

tsetse in Tanzania.  

3.1.1 Impact of insecticide on tsetse densities and trypanosomiasis 
One of the first reported uses of insecticide applied to cattle is from Thomson (1987). The 

author investigated the effect of deltamethrin on G. pallidipes and G. m. morsitans when 

applied to cattle as a spray or as an impregnated ear tag. The study took place at the 

Rekomitjie Research Station in Zimbabwe. One ox was sprayed with Decatix ς a 

deltamethrin based dip made up to 0.0046%, and a second ox had two ear tags applied 

which were impregnated with 0.4 g deltamethrin. A third ox was left untreated to provide a 

control. Flies were caught during twelve sessions over eight weeks from the sprayed and 

untreated cattle, and during sixteen sessions over nine weeks from the tagged cow and the 

control cow. Any flies which landed on the oxen were caught with a hand net, before being 

placed into glass tubes and transported to the insectary where their condition was assessed 

on arrival, and 48 h later, using descriptions of knockdown from Quinlan and Gatehouse 

(1981). A bioassay was also performed on the tagged ox to determine which part of the 

cow gave the highest mortality to flies which were exposed for 30 s. Mortality of flies which 

had been in contact with the sprayed ox was 95% during the first two weeks after 

treatment, and a knock down within 4 h of exposure was at least 70% for eight weeks. For 

flies which had been in contact with the tagged ox, knock down was never higher than 41% 

and mortality never higher than 16%. The difference in results was attributed to the 

distribution of insecticide. The insecticide on the sprayed cow was assumed to be relatively 
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evenly distributed, however the bioassay on the tagged cow showed a higher mortality on 

the head, neck and the top of the front legs, indicating that this is where the insecticide 

concentration is higher. The number of cattle used in this study is however very low which 

means that results would need to be compared with other studies to be convincing. 

A paper by Thompson et al., (1991) examined results from five studies, including three 

larger scale studies. The first involved a herd of 2,403 cattle in Zimbabwe which were 

normally all dipped weekly for tick control with an acaricide called dioxathion, an 

organophosphate. Between January 1983 and March 1984, the dip in one out of the five 

tanks was changed to deltamethrin and 331 cattle were treated with this instead. Over the 

study period trypanosomiasis in the deltamethrin-treated cattle reduced from 8.9% to 3.9% 

while the acaricide-treated cattle cases increased from 1.7% to 3.5%. This suggested that 

the tsetse population around the deltamethrin cattle had decreased, but without recorded 

tsetse densities before and after the results cannot definitely be linked. A separate study in 

the Thompson et al., (1991) paper from Zanzibar found 46% of cattle in an area of 20 km2 

were infected with T. congolense or T. vivax. There was an average catch of 1 tsetse per 

target per day, at 26 locations. The cattle were treated with a trypanocides but within two 

months, 38% of 150 cattle were infected again. A total of 700 cattle were then treated with 

a pour-on of 1% deltamethrin. Within 37 days the apparent tsetse densities had dropped to 

zero and were not caught during a two month observation period. None of initially sampled 

cattle had been re-infected during the same period. While this study was on a larger scale 

than that from Zimbabwe, Zanzibar is an island with little risk of reinvasion from adjacent 

uncontrolled areas. Thus the results from Zanzibar did not provide strong evidence that use 

of insecticide-treated cattle would be effective in larger mainland areas of Tanzania. The 

largest separate study in the paper reports on 26,244 cattle in Zimbabwe which were 

dipped fortnightly with deltamethrin at a concentration of 37.5 ppm. Four months after 

dipping began, another 11,667 cattle in surrounding areas began being treated with pour-

on 1% deltamethrin. The number of trypanosomiasis cases per month in the dipped cattle 

dropped to zero from approximately 10 within three months from the start of dipping, and 

from approximately 10 to zero within six months for the pour-on treated cattle. These 

three larger scale studies have shown that trypanosomiasis cases have fallen, however it is 

only on Zanzibar where they examined actual tsetse densities. 

Bovine trypanosomiasis was also reduced in Zambia with deltamethrin dipping (Luguru, 

Bennett and Chizyuka, 1993). Three herds were sampled for trypanosomes, treated with a 

trypanocide and then dipped in a 0.00375% deltamethrin wash. Two herds were dipped 
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every two weeks and the third was dipped weekly. Before dipping began, rates of 

trypanosome positive cattle were between 27 ς 51%. During dipping the rates declined to 1 

ς 3%. 

At the site which is now Saadani National Park in Tanzania, ITC was frequently used when 

the Mkwaja ranch was in operation (Fox et al., 1993). The ranch opened in 1954 and 

trypanosomiasis was initially controlled well with prophylactic trypanocides. However, by 

1988 the trypanosomes appeared to be developing resistance. Aerial spraying, ground 

spraying and SIT had been attempted previously. Aerial spraying was found to be too 

expensive, ground spraying too environmentally damaging, and the SIT trial could not 

maintain results with a 1 km vegetation-cleared barrier as re-invasion occurred (Williamson 

et al., 1983). In 1989, dipping of almost eight thousand cattle with 0.00375% deltamethrin 

began, initially every two weeks but reduced to weekly intervals during rainy periods. 

Apparent densities of tsetse in June of 1989 were recorded as 142 but fell quickly after 

dipping began. Glossina m. morsitans, G. pallidipes and G. brevipalpis were reduced by 

almost 100%, 90% and 70% respectively by April 1990 and remained roughly at these levels 

until March 1991 (Fox et al., 1993). This paper is one of the best large-scale studies of ITC 

which include data on changes in the population density of tsetse following the treatment 

of cattle. 

Deltamethrin was also tested at a ranch in Uganda which had previously only been treating 

for ticks using dioxathion (Okello-Onen et al., 1994). Between April and July 1989, a herd of 

700 cattle was treated with 0.00376% deltamethrin every two weeks at three time points in 

the season when there was light rain, followed by weekly dipping during the heavier rainy 

season. A control herd of 200 was treated only with dioxathion. Before deltamethrin 

treatment began, the average G. pallidipes catches per trap per day at the treatment ranch 

and the control (non-intervention) ranch were 6.50 and 6.0 respectively. At the treatment 

camp the average daily catch per trap dropped to 0.20 during the fourth week after the 

second treatment, and during the following eight weeks no tsetse were caught. At the 

control ranch the number of tsetse fluctuated and towards the end of the trial did drop to 

0.2 tsetse per trap per day, however the overall average across the treatment period was 

4.83, which is significantly higher than the overall average of 0.81 for the treatment ranch. 

The drop to 0.2 at the control ranch was attributed to a very dry period of weather. This 

paper also shows a frequent use of deltamethrin on a large number of cattle having a 

significant impact on tsetse densities. 
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Several studies in the 1990s reported successes of controlling tsetse numbers using 

insecticide treated cattle. Leak (1995) describes how in the Ghibe valley, Ethiopia, between 

1991 and 1993, 2000 - 4000 cattle were given a monthly treatment of the pyrethroid 

cypermethrin applied as a pour-on. This resulted in a 93% reduction of the apparent density 

of G. pallidipes, and a reduction of 83% of apparent density of G. m. submorsitans. This was 

associated with a decrease in the prevalence of trypanosomes detected in the cattle of over 

74%. A study in Burkina Faso (Bauer et al., 1995) measured tsetse density changes after 

1500 to 2000 cattle were treated with deltamethrin spot on. The cattle were initially 

treated at monthly intervals for four months, before decreasing treatments to every two 

months. Initial tsetse densities were 54.2 flies per trap per day, consisting mostly of G. m. 

submorsitans, and after 11 months of treatment the densities had been reduced to 0.06-2.0 

flies per trap per day, which mostly consisted of G. palpalis gambiensis.  

In Eastern Zambia a trial of cyfluthrin was undertaken using a pour-on to try to treat just 

less than 100% of the total cattle population for one year (Van Den Bossche et al., 2004). 

Treatments were given every seven weeks but the number of cattle treated varied. The 

average for the trial period was 61.6% out of all the cattle in the area. The maximum 

average was 88.3% ±10.2%  and the lowest average was 33.6 ± 1.1%. Prevalence dropped 

from approximately 10% one month after treatment began, to 0 cases after nine months. In 

this area, sales of trypanocidal drugs declined from 13,134 sales in the year preceding 

treatment to 3,738 in the year when treatment was taking place, indicating farmers 

confidence in the insecticide treatments to protect their cattle. Tsetse densities were not 

reported in this, however other studies had started to build evidence that the reducing 

tsetse densities and reduced cases of trypanosomiasis were linked. 

In Ethiopia, the effect of treating cattle with a pour-on formulation of deltamethrin was 

compared against deltamethrin-targets targets against G. pallidipes (Bekele et al., 2010). 

Two sites were set up in the southern rift valley of Ethiopia. At one site, 460 targets 

deployed at a density of 4 per km2 and at a second site, 409 cattle were treated with 1% 

deltamethrin pour-on. Both were effective with the catch of tsetse from monitoring traps 

declining by 88.9% and 94.9% respectively.  

Gouteux et al., (1996) describes the treatment of cattle with pour-on formulations of 

flumethrin or deltamethrin to control G. fuscipes fuscipes in the Central African Republic. 

Four herds, each of about 40 cattle, were treated every three weeks with flumethrin during 

the rainy season and with deltamethrin every six weeks in the dry season. The use of 
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insecticide on these herds appeared to cause no changes to the apparent density of tsetse, 

or have any impact on the prevalence of trypanosomes in the cattle. The authors concluded 

that in this setting of small herds which are geographically isolated such as is the case of the 

Fulani farmers, the use of insecticide treatments on cattle is not sufficient to control tsetse 

and trypanosomiasis. Although this paper examines the impact on a riverine species of 

tsetse, it is important to examine cases where ITC had failed to see if there was any 

transferable lessons to be learn. 

Another study where ITC was unsuccessful for its desired purpose was in Zimbabwe 

(Warnes et al., 1999). A barrier of insecticide treated targets had been in operation with 4 

to 5 targets per km2, alongside the use of 5400 cattle treated with a deltamethrin dip and 

pour on every two weeks and every month, respectively. The barrier of targets and cattle 

was approximately 20 km wide from the reinvasion front. Tsetse catches and 

trypanosomiasis incidence was monitored for roughly 8 months, then the treated targets 

were removed leaving ITC as the sole vector control method. Within the first month after 

removal of the targets the numbers of tsetse and the distance tsetse were caught from the 

reinvasion front increased, and gradually continued to rise over the following seven 

months. Trypanosomiasis prevalence had also increased so the targets were re-deployed, 

causing the tsetse catches and trypanosomiasis prevalence to decrease. The authors stated 

that their study was designed to see if ITC could prevent tsetse invasion, rather than control 

populations to manageable levels. They concluded that ITC was not capable of stopping 

tsetse invasion due to uneven distribution of cattle along the invasion front. 

Overall, there is substantial evidence that the use of ITC can suppress tsetse populations, as 

long as the insecticide treatment is used in high enough quantities. This is likely to be 

especially effective on border areas such as in our study areas around the Serengeti, as 

reinvasion would not be occurring from all sides, and is therefore more easily maintained.  

3.1.2 Knock down and mortality caused by insecticide to tsetse 
To confirm that insecticide is reducing cases of trypanosomiasis and densities of tsetse by 

causing fly mortality rather than through repellent effects, many bioassays and 

observational studies have been performed. In the Thompson et al., (1991) paper, the 

author examined knock down of G. pallidipes exposed to one cow treated with a 

deltamethrin spray (46 ppm) and one treated with a deltamethrin pour on (1%). Wild flies 

which landed on the cows at periods over the following ten weeks were collected with 

hand nets and taken to an insectary to monitor. Over the first two weeks of the study, 

>90% of flies were knocked down by both types of treatment. At six weeks post treatment, 
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knock down of flies for the pour on was 40% and 49% for the spray and these had declined 

respectively to 16-20% and 0-7% by week 10.  

Okiria and Kalunda (1994) also examined knockdown with three species of tsetse. One cow 

was dipped in 0.00375% deltamethrin and another cow was dipped in water. The 

susceptibility of wild G. fuscipes fuscipes and colony-reared G. morsitans and G. pallidipes 

was examined. The flies were exposed to the cow and allowed to feed. Knock down was 

observed at 30 min post blood meal, and mortality measured at 6, 24 and 48 h after 

feeding. Tsetse were exposed to the cow on days 0, 3, 7, 14, 17, 21, 24, 28 and 31 days after 

treatment. All flies which were exposed to the treated cow within 21 days were knocked 

down within 30 min. At 31 days, G. f. fuscipes did not show any knock-down, however G. 

pallidipes and G. morsitans had 80% and 40% knocked down within 30 min respectively. 

The main species caught in the Serengeti and Saadani sites in Tanzania was G. pallidipes so 

this study gives confidence that G. pallidipes is significantly affected by pyrethroids, and for 

deltamethrin this high effect lasted for a month. 

Knock down of wild caught G. pallidipes and G. m. morsitans was investigated against three 

different types of insecticide in Zimbabwe (Vale, Mutika and Lovemore, 1999). 

Deltamathrin, alphacypermethrin and cyfluthrin provided at least 50% knock down for 5-24 

days in hot months, and 24-55 days during cooler months. Subsequent modelling found 

that 4-21 annual applications of insecticide would provide a good level of tsetse control in 

areas greater than 1000 km2 for at least 10 km from the area where the tsetse would be re-

invading from, assuming that the insecticide-treated cattle made up at least 50% of the 

tsetse diet. 

Tsetse are attracted to cattle making them an ideal bait for tsetse (Vale, 1974), but 

evidence that the presence of insecticide on cattle would not make them less attractive was 

needed. It was also important to confirm that the reason for reduced trypanosomiasis in 

tsetse controlled areas was due to the death of tsetse, or if not, perhaps the insecticide was 

affecting the ability of tsetse to probe and feed. If it was the latter, a gap in treatment of 

insecticide could cause a sharp rise of cases if tsetse are not dying, and are then given a 

chance to feed again.  An experiment in Kenya (Baylis, Mbwabi and Stevenson, 1994) 

treated groups of two to four cattle with either Spot On ς a deltamethrin-based insecticide 

or Ectopor ς a cypermethrin based insecticide, and one control group which was untreated. 

One animal per day would be placed within an incomplete circle of electric nets which 

sampled a proportion of the tsetse that visited and fed on the cattle. Their experiment 
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found that a pour-on of deltamethrin or cypermethrin did not significantly affect the 

number of G. pallidipes attracted to cattle, or the proportion of flies which had fed from it. 

The authors acknowledged there was however large variation within their data, and 

recommended that if this variation was to be overcome, a greater number of host animals 

and experimental days would be needed. Torr et al., (2007) also found no evidence that 

deltamethrin was repellent to G. pallidipes or G. m. morsitans.  

3.1.3 Impact of ITC use on cattle health/productivity 
If the use of ITC would help improve the health of farmers herd, this would make its uptake 

more likely. There are several papers which report on the impact of ITC on cattle health and 

productivity. For instance, Luguru et al., (1993) stated that cattle owners had commented 

that there was a higher number of calves born and greater milk production during dipping 

which had not been seen before dipping began.  

At Mkwaja ranch, the calving rate rose from 58% to 77% following the introduction of 

dipping with deltamethrin. Weaning weight also increased from 124 kg to 145 kg in the 

same time period. Using a three year average from before deltamethrin treatment began, 

mortality attributed to trypanosomiasis dropped from 0.4% to 0.1% during treatment, 

abortions dropped from 0.75% to 0.33%, and pre-weaning mortality dropped from 14.4% to 

4.6% (Fox et al., 1993). 

In Burkina Faso, the study by Bauer et al., (1995) reported an improvement in cattle 

measurements as tsetse densities decreased following treatment with insecticides. They 

recorded a weight increase of calves aged 6-12 months from 122.3 kg to 213.6 kg over a 

year from October 1993 to October 1994. An average daily weight gain of more than 400 g 

was measured over four months from April 1994. In a second study from Burkina Faso, 

(Bauer et al., 1999) reported that incidence of AAT declined from 30% before insecticide 

treatment to 5%. This was maintained during the rest of the intervention period up to 1996. 

The percentage of abortions also dropped from 66% in 1993/94, to 10.1% in 1996/97, and 

milk offtake increased fivefold during rainy seasons and elevenfold in the dry season over 

the same time period. In this study, 1500 insecticide impregnated targets were also utilised 

during the dry seasons alongside insecticide on the cattle and helped reduce the tsetse 

populations by 90%. 

As part of the tsetse control programme in the Ghibe valley in Ethiopia (Rowlands et al., 

1999), calf mortality was reduced by 57% and the body weight of adult males increased by 
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8% following mass treatment of cattle with pyrethroids. The body weight of cows and the 

calving rate however did not increase, despite a reduction of tsetse densities of 63%.  

3.1.4 Restricted application of ITC 
Although ITC is a relatively cheap method of vector control, the cost may still be prohibitive 

for poor cattle owners. Studies in Zimbabwe have found that tsetse do not land equally on 

all parts of cattle to feed, but instead feed more on the belly and lower legs, and more 

often on older cattle (Torr and Hargrove, 1998). It was suggested that ITC could be more 

cost-effective if the whole animal did not need to be treated, and farmers could therefore 

treat more animals with the same amount of insecticide (Torr, Maudlin and G. A. Vale, 

2007). 

Torr et al., (2007) exposed wild, female G. pallidipes to cattle which had been treated with 

either a 1% pour-on or a 0.005% suspension concentrate of deltamethrin. The insecticide 

was applied to the whole body, belly and legs, legs, front legs, middle and lower front legs, 

or lower front legs. Knock-down achieved when the whole body was treated was highest, 

however the knock-down percentages achieved when only the legs and belly had been 

treated were still relatively similar. The other treatment options did not compare as 

favourably. The authors calculated that treating only the legs and belly at 2 weekly 

intervals, rather than treating the whole animal monthly, would make cost savings of 40% 

and improve efficacy by 27%. 

Restricted application of deltamethrin can be done on an individual animal by not treating 

the whole body, but application can also be restricted in the sense that only a percentage 

of the herd is treated. This was tested in south-eastern Uganda over an 18 month period 

(Muhanguzi et al., 2014). Cattle were selected from 20 villages and a protocol of no 

treatment, 25%, 50% or 75% monthly treatment was applied to different herds. The paper 

does not report the impact of the interventions on density of tsetse but they did find that 

all levels of treatment (25-75%) provided similar levels of protection against AAT. The cost 

reductions of this method were also calculated and made it an attractive option for vector 

control, as treating 25% of the cattle would cost a village US $1.72 per animal per year, 

compared with $5.17 per animal per year to treat 75% of the cattle (Muhanguzi et al., 

2015). 

One concern about the use of ITC is the impact that insecticide may be having on non-

target species. Vale et al., (1999) found concentrations of up to 0.15 ppm 

alphacypermethrin in dung from the treated cattle for almost two weeks after the cattle 
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had been treated.  Approximately 500 dead or dying dung beetles were collected from 

inside or very near to the dung of a cow the day after it had been treated with 

alphacypermethrin. Vale et al., (2015) found that restricted application of insecticide can 

mitigate these risks. Their results found that dung was likely contaminated with insecticide 

by a combination of cattle ingesting the insecticide as they licked themselves and the dung 

coming into contact with the body when the cattle defecate. By applying insecticide to only 

the legs and belly, the numbers of dead dung beetles found on dung pats was reduced to 

negligible levels. 

3.1.5 Tick resistance 
Although insecticides may be useful for reducing tsetse numbers and other disease vectors, 

when used inappropriately they are leading to resistance in ticks, and possibly worsening 

the rates of tick-borne disease. Important tick-borne diseases include anaplasmosis, 

babesiosis and East Coast fever. Tick resistance to insecticide has developed largely because 

the doses needed to kill ticks are greater than those needed to kill tsetse. In the 1970s and 

1980s, tick control was very successful in South Africa and Zimbabwe. Here, large areas of 

each country were treated with sprays by government teams. Unfortunately, various 

political, social and economic issues focused the governments priorities elsewhere and 

capacity for control programmes was vastly diminished. Responsibility for control then 

shifted to the livestock owners themselves (Eisler et al., 2003). Since then, many studies 

have reported increasing acaricide resistance. 

A study of Rhipicephalus microplus in South Africa found one of three populations to be 

highly resistant to synthetic pyrethroids and moderately resistant to pyriprol (Lovis et al., 

2013). A recent study in Zimbabwe reported 38% of Rhipicephalus microplus ticks collected 

from cattle at a communal dipping tank had complete resistance genotypes against amitraz 

(Sungirai et al., 2018). 

A study of Rhipicephalus appendiculatus and Rhipacephalus decoloratus in Uganda found 

many acaricide resistant ticks. Resistance to synthetic pyrethroids was found in 90% of tick 

populations. Many ticks were also resistant to multiple acaricides. This includes 60% and 

63% of the above mentioned species being resistant to two times the discriminating dose of 

cypermethrin and deltamethrin. Of the farms studied, 40% of them had rotated their 

acaricide but used the same molecule in a different brand, and 7% of farms had mixed two 

different formulations together (Vudriko et al., 2016). In the absence of proper education 

on how to rotate products effectively, farmers have attempted to come up with solutions 

which may have exacerbated the problem.  
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3.1.6 Integrated control 
The areas where Trypanosoma spp. are found substantially overlaps with areas where tick-

borne pathogens are found (Figure 30). This can have significant impacts on mortality; for 

cattle infected with ECF, the likelihood of death was six times higher if co-infected with 

Trypanosoma sp. (Thumbi et al., 2014). Despite the risk of acaricide resistance developing 

in ticks, if managed properly there is great potential to integrate the control of both 

vectors, and would be especially useful in resource-poor settings.  

 

Figure 30. The distribution of cattle diseases pathogens spread by ticks and tsetse (Minjauw and Mcleod, 2003).  

If young cattle are over-treated with insecticide for tsetse or tick control, they will not be 

able to build up a natural immunity to tick-borne disease (Eisler et al., 2003). If for some 

reason there was a gap in application of insecticide, whole herds would be susceptible to 

disease and mortality rates likely to be high if they became infected. Integrated control of 

tsetse and ticks should aim to maintain endemic stability where infection can occur without 

a high rate of clinical disease (Eisler et al., 2003). There are several ways this can be done. 

As tsetse are more sensitive to insecticides than ticks, it should be ensured that the 

treatment times are as long as possible without leaving the animals exposed. To allow 

young animals to gain immunity, only the older cattle in a herd should be treated, and as 

tsetse preferentially feed on older cattle (Torr, Maudlin and G. A. Vale, 2007) this should 

not impact on tsetse control. Restricted application of insecticide is also useful for reducing 

the impact on ticks. For example, Rhipicephalus appendiculatus is associated with attaching 

to the ears of cattle (Kimaro, Toribio and Mor, 2017), whereas tsetse feed mainly on the 

legs so insecticide application should be focused on the belly and legs (Torr, Maudlin and G. 

A. Vale, 2007). 

3.1.7 Modelling of insecticide treated cattle as a method of vector control 
The use of insecticide treated cattle has been shown to be effective in most scenarios, but 

occasionally it has not been sufficient as a standalone tool to reduce tsetse densities and/or 

trypanosomiasis transmission. To allow end-users to determine if ITC would be effective in 

a specific area, and to calculate under what conditions it would need to be applied, models 

have been developed to assist with designing control strategies.  



83 
 

One of the first was developed by Vale and Torr (2005) and was used to calculate the cost 

and effects of SIT and ITC. The parameters they used for SIT were weekly releases of three 

sterile males released for every one wild male and for ITC this was 3.5 cattle per km2. For a 

population of 2500 males and 5000 female tsetse per km2, ITC control would take 187 days 

to eliminate the population and SIT would take 609 days. The authors state that even under 

the most favourable conditions, SIT would still cost 20 times more than ITC. ITC is therefore 

not only a much cheaper option to implement, it would also be able to eliminate 

populations in a much faster time, and reduce the risk of trypanosomiasis so less 

trypanocidal drugs would need to be bought which would also save the cattle owners 

money. 

Torr and Vale (2011) then investigated the impact that distribution of cattle in an area may 

have on the effectiveness of ITC. They found that an uneven distribution of cattle over a 

small scale was not likely to alter the efficacy of ITC, however any areas over 3 km2 wide 

without any cattle in should have insecticide treated targets placed within them to maintain 

impact. Most of the areas around the Serengeti and the bordering game reserves have 

cattle dispersed every few km.  

Hargrove et al., (2012) also used models to show that in areas of Uganda where wild hosts 

are scarce, Rhodesian HAT could be more effectively controlled with ITC, rather than 

trypanocides.  

Cost is one of the most important factors when considering different tsetse control 

measures (Shaw et al., 2013). To compare the costs of different methods, Shaw et al., 

(2013) modelled the cost of controlling trypanosomiasis over a hypothetical area of 10,000 

km2 in Uganda. The cheapest method of control was ITC followed by traps, SAT, then SIT. 

Continuous control was recommended as total elimination in some areas can be very 

difficult to achieve, especially when the risk of reinvasion is high. Kajunguri et al., (2014) 

used a model of the transmission of T. b. rhodesiense in tsetse to support results which 

suggest that ITC is capable of reducing tsetse density and T. b. rhodesiense incidence in 

humans, and that ITC is best applied in a restricted manner to improve cost-effectiveness.  

3.1.8 Public perception of ITC 
Public understanding and acceptance of control methods is vital for successful operations. 

One of the first studies to assess farmers perceptions of the use of ITC was conducted in 

southwest Ethiopia (Swallow, Mulatu and Leak, 1995). Survey results were gathered from 

166 participants, from the same study area and time reported on by Leak (1995). For 
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almost two years, the pour on treatments were provided free of charge, then after 

December 1992 a charge was introduced for each animal. When the pour-on was free, 99% 

of participants had used it. After the charge had been introduced, this dropped to 67% of 

participants. This drop was attributed to the cost but also to the fact that the number of 

tsetse had declined and farmers perceiving that there was a lower risk of trypanosomiasis. 

Geographical distance to a crush (structure used for restraining cattle) was found to be 

significant, as was the number of oxen and cows in the herd. If a house was double the 

distance from the crush as the mean household, they were 36% less likely to travel to the 

crush, and if a household had 10% more oxen, or 10% more cows than the average 

household, they were 2.8% and 4.4% respectively more likely to get the treatment. The 

reduction in demand for the pour-on following the cost increase did not affect the impact 

on tsetse or incidence of AAT, suggesting that even though participation declined, a 

sufficient number of farmers were still using the insecticide and thereby controlling the 

tsetse population. 

A questionnaire was used during the tsetse control programme in Yale, Burkina Faso to 

assess the impact on cattle health attributed to tsetse and trypanosomiasis control, which 

could not be gathered by health monitoring (Kamuanga et al., 2001). Farmers perceived 

that generally a reduction of trypanosomiasis cases led to the amount of milk each cow was 

producing to increase. Women are normally responsible for milking, and the gross income 

of the women increased from US $1.60 to US $3.25. Over 90% of participants believed this 

increase was due to improved animal health resulting from trypanosomiasis control. Almost 

90% of participants were also aware that fewer cattle were dying from trypanosomiasis. 

Farmers reported that their offtake (proportion of animals sold in a year) was higher before 

tsetse control began, and as control was underway there was an increase in the numbers of 

2-3 year old female cows as it was possible for farmers to build up their herd sizes. Farmers 

did however continue to use preventative trypanocidal drugs even when they were aware 

that the risk of trypanosomiasis had become much lower.  

An investigation into the knowledge and attitudes of farmers in Uganda about tsetse and 

trypanosomiasis control was undertaken by (Magona, Walubengo and Olaho-Mukani, 

2004). A questionnaire was done in two districts, one of which was Busia district, where 

Okiria et al., (2002) described a vector control programme involving the treatment of ~1000 

cattle with insecticide. Awareness of trypanosomiasis as a problem was high at 87.6%. 

Despite this, only 18.5% of participants across the two districts were aware of pour-on 

applications as a method of control, in comparison to 76.5% who were aware of trapping 
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tsetse. Participants were then given a selection of options of what type of tsetse and 

trypanosomiasis control they would prefer to participate with in the future, and only 25.9% 

said that they would be willing to pay for and use pour-ons, in comparison to 69.1% who 

said they would be willing to pay for prophylactic and curative trypanocidal drugs. The most 

highly preferred option would be for the government to provide traps and for the cattle 

owners to maintain and deploy them themselves. This preference was believed to be based 

on the fact that the government had previously deployed traps in southeastern Uganda as a 

means of controlling HAT, and the community felt the government had the resources to 

continue to provide it. 

Again in Uganda, interviews were undertaken to determine insecticide usage and reasons 

farmers may or may not be using it (Bardosh, Waiswa and Welburn, 2013). In one area 

where HAT is considered high-risk, insecticides being bought which are effective against 

tsetse and ticks were bought in much lower volumes than those effective against ticks only. 

Factors affecting insecticide choice included the farmers knowledge of the disease, brand 

recognition, price and availability. Stakeholders considered restricting the market for 

products only effective against ticks to help improve tsetse control.  

3.1.9 Current ITC situation in Tanzania 
A questionnaire was administered to 70 households in the Serengeti District near to the 

national park by Mwaseba and Kigoda (2017) to investigate knowledge, attitudes and 

practices about tsetse control in their area. Their results found that generally, farmers were 

not able to correctly identify tsetse flies, however they were mostly knowledgeable about 

tsetse control measures. Most (80%) respondents said that recommended control methods 

were easy to use, and 70% said the methods were effective, however 73% said that control 

methods were expensive and 70% said they had not actually used any method of control 

against tsetse. Of those who did carry out disease control, 58% were either spraying or 

dipping and 42% were using treatments (paper does not specify what is meant by 

treatment). This was in contrast to data collected by colleagues from the Roslin Institute 

who also carried out a questionnaire in the Serengeti District, where the majority of 

farmers said they did use vector control methods (Allan, 2019). 

At a national stakeholders meeting held in 2017 in Arusha, Tanzania, the head of the tsetse 

control division (Mrs Joyce Daffa) reported that the government had been offering 

guidance and subsidies towards the purchase of insecticides in the country. There is little 

data on sales of insecticide in the country, although Stanley (2016) reported on revenue 

gained from a dipping fee of 3,680,000 TSH between 2012 and 2014 in Makundusi village, 
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Serengeti. As of February 2017, there were at least 15 functional community dips in 

operation across the Serengeti District (Appendix A.5). 

At a further meeting with stakeholders in 2019 (Oliva Manangwa, pers. comm.), more 

information was gained from the Tanzanian government on recent developments. In the 

last two decades, the Government of Tanzania has been introducing policies regarding the 

methods and types of insecticide used to control tsetse and ticks. In areas where both ticks 

and tsetse are present, the government has advised pyrethroids should be used to treat 

their livestock. In areas where only ticks are present, non-pyrethroid insecticides such as 

Amitraz should be used. This policy was designed to reduce the likelihood of resistance 

developing in ticks. 

It is compulsory by law that cattle should be treated with insecticide. The policy differs by 

season with animals being treated every 14 days in the dry season, and every 7 days in the 

wet season. However, it is not compulsory for the whole herd to be treated at these 

intervals and in practice farmers treat only a portion of their herds at each application time 

on the understanding that the treated portion will provide a herd protection.  

Between 2006 and 2014 the government also had a policy of subsidising insecticides. The 

subsidy was applied through government agrovet shops and at the point of dipping. The 

value of the subsidy was 40% of the cost, with the livestock owner paying the remaining 

60%. In real terms this equated to a cost of 200 Tanzanian shillings per animal to be dipped 

in a dip-tank. The Sokoine University of Agriculture (SUA) was commissioned to evaluate 

this policy in relation to tick-borne disease prevalence (Mbassa et al., 2017). In their report, 

they find that the percentage of cattle that were dipped did not increase between 

2006/2007 (8.8%) and 2013/2014 (3.23%), despite an increase to 47.2% in 2008/2009. 

Regarding knowledge of the subsidy, they found even in villages with community dips only 

42.2% of study participants were aware of the subsidy. In villages without dips, awareness 

was even lower at 26.9%. They examined reported cases of East-Coast Fever, anaplasmosis, 

babesiosis and ehrlichiosis and did not find a reduction in tick-borne disease during the 

subsidy period however the data was mostly incomplete, which the author attribute to a 

lack of diagnostic or insecticide testing facilities and poor communication links between the 

ministry and individual districts. Despite the lack of evidence that the policy has been 

successful in reducing tick-borne disease disease, the government re-started its subsidy 

policy in 2018. There is no mention of tsetse or trypanosome prevalence in the report, and 

it is possible that this is where the policy has had a large but unrecognised impact. 
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The maintenance of the community dips where farmers could access subsidised control is 

the responsibility of both the livestock keepers and the government. In a document 

provided from the Tsetse Control Division, they report that many of the community dips are 

actually out of order, so it is possible that the balance and processes for carrying out 

maintenance are not working as effectively as possible. The government did however 

report that in the last few months a concerted effort has been made to repair these dip-

tanks. 

Apart from government spending, it would have been difficult to get details on insecticide 

sales and distribution as each district had a different supplier. However, there is now a 

national supplier called Farmbase, which could make gaining detailed information much 

easier for any research over the coming years.  

3.1.10 Methods of detecting insecticide  
The presence and effect of insecticide control can be monitored by assessing its impact on 

tsetse and cattle health and productivity. However, being able to quantify insecticide 

concentrations in intervention areas would give additional evidence to directly support 

monitoring activities. There are a variety of physico-chemical methods available to do this. 

3.1.10.1 Gas Chromatography-Mass Spectrometry (GCMS) 

One method of detecting and quantifying insecticide in samples is to use gas 

chromatography ς mass spectrometry (GCMS). Molecules in a sample are separated in a 

gas chromatograph by their relative affinity for the stationary phase of the column 

depending on their chemical properties. As the sample comes out of the column, the 

different molecules will come out at different times which are then passed into the mass 

spectrometer. The mass spectrometer then ionizes the compound and the resultant 

fragments can be detected and used to infer the identify of the original compound. This 

method costs in the region of £50 per sample to analyse if sent to an external provider of 

analysis and/or requires a well-resourced and equipped chemistry laboratory.  It is not 

appropriate for resource poor settings. 

3.1.10.2 High Performance Liquid Chromatography (HPLC) 

HPLC involves the sample being passed through a column in a liquid phase, where 

molecules then bind to the stationary phase in the column based on their polarity. The 

molecules which have the greatest interaction with the stationary phase will leave the 

column the slowest. The retention time that is seen with a peak for a known standard of 

insecticide can then be compared with unknown samples to confirm presence with the 

same retention time and quantify the amount present. HPLC is potentially more reliable 
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than GCMS, as HPLC does not heat the samples which occurs in GCMS, which could degrade 

the samples. HPLC is also an expensive option and costs in the region of £50 per sample if 

sent to an external provider, or ~ £3 if done in-house (Ismail et al., 2016), not including high 

initial equipment costs. As with GCMS it is not appropriate for routine use in resource poor 

settings. 

3.1.10.3 Insecticide quantification Kit (IQK) 

As a way to monitor indoor residual spraying programmes for mosquito control in the field, 

an insecticide quantification kit was developed (Russell et al., 2014). This is a colorimetric 

test with a solution which turns red in the presence of cyanopyrethroids. The concentration 

of pyrethroid is indicated by the intensity of the colour and the colour is a function of the 

concentration and the time that the reaction proceeds. This test involves three reagents, 

and involves the detection of cyanide ions from the insecticide released by alkaline 

hydrolysis. This costs approximately £1 per sample and can be performed by anyone with 

very little training required in resource poor settings (Russell et al., 2014). This relatively 

simple method has the potential for routine use in tsetse control programmes. 
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3.1.11 Chapter objectives 
Lord et al., (2018) showed that the density of tsetse in farming areas bordering the 

Serengeti National Park were lower than expected.  Results presented in this thesis 

(Chapter 2) also suggest that the density of tsetse is lower outside the conservation area 

despite suitable habitat being present. One potential explanation for the unexpectedly low 

numbers of tsetse is that livestock keepers are treating their cattle with pyrethroids. The 

study presented in this chapter had the overarching aim of quantifying the use of 

insecticides by livestock keepers using a questionnaire survey and analysing cattle hair for 

the presence of pyrethroids.   

Although an estimation of insecticide use can be gained from a questionnaire there are 

several factors which may be providing an inaccurate picture of the true situation. For 

instance, even if insecticide use is reportedly high, farmers will buy the insecticide as a 

concentrate and this will require dilution if not using a community dip. This means correct 

concentrations may not always be applied, leaving their animals vulnerable. There is also 

the possibility that farmers will provide answers which they think will be well received, 

rather than what they are practicing. Lastly, recall of the precise timing and concentration 

of insecticide applied may be poor. To gain a better and more objective picture of the 

control situation, molecular methods will be used to quantify insecticide concentrations 

present in herds alongside asking them details about the last method of treatment that 

they used. 

A questionnaire conducted by colleagues from the Roslin Institute (Allan, 2019) was biased 

as the group of farmers interviewed were involved in a longitudinal study about foot and 

mouth disease (FMD). They were originally recruited to that study because they had alerted 

livestock officers about the potential of FMD being in their cattle.  These farmers were 

therefore demonstrably more aware of diseases affecting their livestock and as owners of 

large herds, wealthier. Accordingly, a cross sectional survey of randomly-selected herds in 

Serengeti district was conducted to gather information on the treatment of cattle with 

insecticides. By implementing a random method of selecting herds, the survey would 

include the resource-poor livestock keepers with smaller herds, as well as the larger, and 

richer farms. Together these would provide a better representation of the overall 

insecticide use in the area. 

During this study, a short questionnaire was performed and hair was collected from cattle. 

The questionnaire asked about insecticide use on each individual animal as hair was 

collected. The hair was returned to LSTM where it was analysed for insecticide using GCMS, 
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HPLC and a colorimetric method (IQK) which had previously been developed for analysing 

pyrethroids applied to bednets or walls to control malaria mosquitoes (Russell et al., 2014). 

Quantitative analysis of the amounts of insecticide on cattle hair was also complemented 

by bioassays to assess whether the quantities detected are likely to have an impact on 

tsetse survival. 

Therefore, the objectives of this chapter are to: 

¶ Gather information from a questionnaire survey of livestock keepers about 

individual animal practices within their herds 

¶ Quantify insecticide use in the Serengeti study area 

¶ Determine if this insecticide use is sufficient to impact on tsetse populations 

¶ Develop a cost-effective method for measuring insecticide concentration on cattle 

hair 
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3.2 Methods 
 

3.2.1 Methods for Serengeti sampling 

 

3.2.1.1 Selection process 

Data on village locations was collected for collaborating projects (Allan, 2019). Sample size 

was determined with the aim of determining trypanosome prevalence in herds near to the 

National Park and game reserves. Sampling was stratified to include only the villages whose 

centres were less than 5 km from the boundary of the Grumeti game reserve, Ikorongo 

game reserve and Serengeti National Park. Within this sample, eight villages were randomly 

selected. Village leaders were then visited and a list of all of the sub-villages within that 

village requested. Sub villages were further stratified as close or far from boundary.  Within 

those which were close to the boundary, one sub village was randomly selected, and within 

those which were further away from the boundary, another was randomly selected 

another.  

From sub village leaders a list of the households within each sub village was requested, and 

households which owned cattle were highlighted. From this highlighted list, three 

households to have their cattle sampled and to complete a questionnaire were selected, 

three households for questionnaire only, and three further households to provide reserve 

herds should there be any problems locating, questioning or sampling from the selected 

herds on the day of sampling. The final list of households covered the majority of the area 

of interest at a range of distances from the protected border (Figure 31). The list of selected 

households was returned to the sub village leader so that they could contact the head of 

household and inform them of the research and ask if they were happy to participate in the 

study. Consent forms were provided on the day of sampling. 
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Figure 31. Map of cattle sampling households 

3.2.1.2 Sampling 

Sampling began by 06:00 hours to ensure cattle had not already left to graze. As part of the 

ZELS project a variety of samples were taken. Blood samples were taken from the ear 

capillary onto FTA cards and another from the jugular into both whole blood tubes and 

PAXGENE tubes. Tick samples were collected if they were of the species Rhipicephalus 

appendiculatus which are found on the ears. 

The aim was to sample cattle at three households per day. The maximum number of cattle 

sampled per herd was 20; if herds were smaller than this all cattle would be sampled. If 

herds were larger than 20, the cattle would be randomly selected and after sampling would 

be marked with blue dye to avoid re-sampling. Calves were only sampled over 1 years old. 

The cattle were restrained by experienced handlers and livestock officers to reduce stress. 

Hair was collected using disposable razors to avoid contamination between animals. A 

sample of hair weighing > 0.04 g from the flank of each animal, and on roughly every third 

animal a sample was also taken from the belly (Figure 32). All hair was stored in heat-sealed 

aluminium bags. 

 






























































































































































































































































































































