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SUMMARY

Trypanosomosis is one of the major constraints to rural development in sub-Saharan Africa. Studies of the
species distribution and landscape genetics allows for targeting tsetse-infested areas and optimizing the
management of tsetse fly populations. In this chapter, a review is provided on 1) available spatial tools and
landscape genetics, 2) the use of tsetse distribution models to rank populations according to their level of
isolation to assist identifying populations that can be targeted for eradication, and 3) the use of tsetse
distribution models to optimize tsetse control efforts within an area-wide integrated pest management
context.
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1. INTRODUCTION — THE TSETSE AND TRYPANOSOMOSIS PROBLEM

Tsetse flies (Glossina spp.) are widely distributed in sub-Saharan Africa and inhabit
semi-arid, sub-humid and humid lowlands in 37 countries across the continent with a
potential distribution range of some 8.7 million km? (Rogers and Robinson 2004).
They transmit trypanosomes, the causative agents of sleeping sickness (human
African trypanosomosis, HAT) and nagana (African animal trypanosomosis, AAT).
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Together, the animal and human diseases pose health threats and a great economic
burden to vast regions of sub-Saharan Africa where they are endemic (Swallow 1999;
Diall et al. 2017).

The number of HAT cases has substantially declined in the last 15 years, mainly
through increased disease surveillance and treatment of affected patients (WHO
2013), and since 2012 in Trypanosoma brucei gambiense HAT foci, thanks to
increased vector control (Courtin et al. 2015; Mahamat et al. 2017). Whereas in 2000
there were more than 25 000 newly reported cases, this had decreased to 7106 new
cases by 2012. In 2018, less than 1000 new cases of HAT were reported to the World
Health Organization (WHO 2019), which represents the lowest number of sleeping
sickness cases ever recorded. In some countries with ongoing conflicts, there is
obviously the likelihood of under-reporting of cases. There is, however, general
consensus that the complete elimination of HAT as a public health problem can only
be possible through the inclusion of an effective vector management component
(Solano et al. 2013; Feldmann et al. 2021).

Contrary to the advances made with the management of HAT, the AAT continues
to represent the greatest animal health constraint to improved livestock production in
sub-Saharan Africa, causing economic losses amounting to USD 4.75 billion annually
and putting approximately 50 million cattle at risk (i.e. milk and meat production)
(Swallow 1999; Scoones 2016). The disease also prevents the integration of crop
farming and livestock keeping, a crucial component for the development of
sustainable agricultural systems (Alsan 2015).

Early death can result in chronically infected animals if AAT is not treated, and at
least three million cattle and other domestic animals succumb to the disease each year
(Hursey and Slingenbergh 1995). When not lethal, AAT brings livestock into a
chronically debilitating condition and reduces fertility, weight gain, meat and milk
production by at least 50%, as well as the work efficiency of oxen used to cultivate
the land (Budd 1999; Swallow 1999; Shaw 2004). The disease has also indirect
negative effects on the development of commercial domestic and livestock
production, i.e. it discourages the use of more-productive exotic and cross-bred cattle,
depresses the growth and distribution of livestock populations, reduces the potential
opportunities for integration of livestock keeping and crop production through less
draught power to cultivate land and to transport farm products to market, and less
manure to fertilize (in an environment-friendly way) soils for better crop production.

In addition, the scarcity of domestic animals leads to a serious shortage of animal
protein for human consumption and as people tend to avoid areas infested with tsetse
flies, they affect human settlement (Shaw 2004). Consequently, tsetse flies and the
AAT it transmits are considered as one of the root causes of hunger and poverty in
about one third of the African continent (Feldmann et al. 2021). AAT therefore is an
important limiting factor to reach Sustainable Development Goals 1 (No Poverty) and
2 (Zero Hunger) (UN 2019).

Understanding the distribution of tsetse flies in space and time is essential in
selecting the most appropriate intervention strategies for the area-wide management
of tsetse populations in different parts of sub-Saharan Africa. Despite substantial
efforts for more than a century, deliberate efforts to reduce the vast tsetse belt have
had very limited success (Vreysen et al. 2013).
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In past decades, spraying of insecticides was effective in controlling tsetse fly
populations in certain areas of the African continent, e.g. to stop the advancing front
of tsetse flies in south-eastern Zimbabwe and south-western Mozambique between
1962 and 1974 (Robertson and Kluge 1968; Lovemore 1972, 1973, 1974; Robertson
et al. 1972), and to eliminate tsetse flies in Zimbabwe (Jordan 1986), Nigeria
(MacLennan and Kirby 1958), Botswana (Davies 1980), Zambia (Paynter and Brady
1992), the Zambezi region (formerly Caprivi Strip) of Namibia, and in Malawi (Vale
1999). However, although the spraying of non-residual pyrethroids as ultra-low
volume formulations either using ground fogging techniques or the sequential aerosol
technique (SAT) was until recently still used in Burkina Faso, Ethiopia, Ghana,
Guinea and Zimbabwe (Bouyer and Vreysen 2018), the spraying of residual
insecticides is no longer recommended anymore on environmental grounds.

Whereas in the past, suppression methods were often used alone and against only
certain segments of the tsetse population, in the last decades it has become evident
that more sustainable tsetse population management can be obtained when applying
two compatible strategies, i.e. area-wide integrated pest management (AW-IPM)
(Vreysen et al. 2007) and the phased conditional approach (PCA) (Bouyer and
Vreysen 2018). The management of tsetse fly populations can be implemented using
two basic approaches, i.e. on a localised field-by-field basis or on an area-wide basis
(total population management) (AW-IPM) (Hendrichs et al. 2007; Klassen and
Vreysen 2021). AW-IPM is an approach that consists of a coordinated effort against
all sub-units of a target pest population in an ecosystem before the pest population has
reached damaging proportions. Local field-by-field pest control is a reactive effort
when the pest population reaches damaging levels and is carried out individually and
independent of the action of neighbouring farmers. These two strategies have different
objectives. Whereas population suppression (the reduction of the insect pest density
below a threshold preventing damage or disease transmission) can be the objective in
both cases, local population elimination (eradication would signify the elimination of
all populations of a given insect species from the planet) is only possible using the
second approach, with higher costs but proportional longer-term impacts (Vreysen
2006; Bouyer et al. 2013).

The AW-IPM approach minimizes the risk of reinvasion, as areas that are of no
interest to the farmers are also targeted. This approach usually requires several years
of planning and a specialised organization with dedicated staff to implement the
control activities, in an adaptive management scheme. The AW-IPM can benefit from
advanced technologies such as geographic information systems (GIS), population
genetics (increasingly being used for designing and implementing tsetse control
efforts; Bouyer et al. 2021), remote sensing and aerial dissemination techniques
(Vreysen 2006; Dicko et al. 2014; Klassen and Vreysen 2021).

This chapter highlights the integration of species distribution modelling and
landscape genetics to facilitate the management of tsetse populations. First, it presents
a general overview of spatial tools and landscape genetics. Second, it presents how
modelling the distribution of tsetse populations and ranking them according to their
level of isolation can help to identify populations that can be targeted for eradication.
Finally, it presents how tsetse distribution models can be used to optimize tsetse
control efforts within an AW-IPM context.
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2. GENERAL OVERVIEW OF SPATIAL TOOLS AND LANDSCAPE
GENETICS

2.1. Spatial Modelling and Geographic Information Systems

Spatial tools have long been important to natural resource applications. The GIS,
global positioning system (GPS), and remote sensing (RS) are spatial tools that have
become more and more important for decision-making in the control of diseases, i.e.
to locate important target sites, to predict population change based on climatic trends,
to report potential anomalies, but also to analyse landscape patterns, disaster
management, etc. Data can, in many instances, only be fully understood when they
can be placed in a geographic context. Hence the benefits that can be derived from
using GIS, which are computer-based tools that analyse, store, manipulate and
visualize geographic information, usually in a map (Bouyer et al. 2021). GPS is a
satellite navigation system used to determine the exact position of an object, whereas
RS aims at providing access to a range of satellite-derived data products about the
earth’s surface using electromagnetic sensors.

These geospatial tools have made the design and the implementation of AW-IPM
programmes and disease control much more effective and cost-efficient. The
importance of geomatic tools to assist various stages of planning and application of
the Sterile Insect Technique (SIT) as part of an AW-IPM approach is presented
elsewhere (Bouyer et al. 2021) and includes the selection of project sites, planning of
pre-intervention surveys and feasibility assessments before the start of the operational
implementation campaign. Geomatic tools are also essential to monitor and analyse
insect populations during area-wide control efforts to be able to implement adaptive
management (Vreysen et al. 2013).

2.2. Landscape Genetics Approach

Landscape genetics, that associates tsetse population genetics with spatial tools, is an
innovative and emerging approach that enables understanding how geographic and
environmental features structure genetic variation at the population and individual
scales (Feldmann and Ready 2014). Genetic markers with varying temporal or spatial
resolution can be used to implement landscape genetics, depending on ecological
questions (De Meets et al. 2007). This approach can not only be used for improving
ecological knowledge, but also for explaining observed spatial genetic patterns as
clines, isolation by distance, genetic boundaries to gene flow, metapopulations and
random patterns (Manel et al. 2003), in order to manage properly the genetic diversity.

Various approaches have been used to quantify the spatial structure relying on
landscape ecology. However, most involve the incorporation of the notion of
landscape resistance or friction (i.e. the impediments to gene flow) caused by
landscape features. The most common approach employed involves measuring the
“cost” distance between populations sampled based on one or more alternative
landscape resistance models (Manel et al. 2003).

Informing on the resistance of landscape to movement is essential to refine species
distribution models. The geographic distribution of a given species can be seen as the
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intersection between biotic (B), abiotic (A) and movement (M) factors in a BAM
diagram (Soberdén and Peterson 2005). However, most species distribution models
neglect the latter (Barve et al. 2011), often because they are based on
presence/absence data and rarely include genetic data. It is however essential to
account for movement, as a given landscape can be suitable for a given species, but
not inhabited because it is out of reach for this species. Moreover, friction should not
be mapped based on expert knowledge, as this is very subjective and therefore
essentially unpredictable.

Tsetse studies have demonstrated that the environmental parameters driving
landscape suitability are totally different from those driving landscape friction
(Bouyer et al. 2015). This can be described as the “salamander paradox”, i.e. if a forest
salamander finds itself at 100 m from the edge of a forest, in an area where the ground
is bare and very inhospitable to its survival, it will either die quickly or move as fast
as possible to the forest. Conversely, if the salamander finds itself in the forest, it will
be in a location with all suitable conditions and it will not disperse much. Therefore,
the friction of the forest will be higher than that of the bare ground, which seems
counter-intuitive (Peterman et al. 2014).

Insect pest populations can be structured at micro-geographic scales, which must
be accounted for to optimize control. For example, the inclusion of population
genetics data in control programmes against tsetse populations of the palpalis group
in West Africa provided information on the level of genetic isolation of the target
populations from the neighbouring ones, which allowed informed decisions for
developing control strategies. However, for population genetic tools to provide
accurate inferences, individuals must be sampled at the smallest scale possible and
the molecular markers carefully selected (Solano et al. 2010a).

3. APPLICATION OF DISTRIBUTION MODELS AND LANDSCAPE
GENETICS FOR TSETSE CONTROL

3.1. Mapping Landscape to Identify Isolated Tsetse Populations

Understanding how geographic and environmental features structure genetic variation
of tsetse populations is essential for the development of intervention strategies of these
cyclical vectors of HAT and AAT in sub-Saharan Africa. Evidence of restricted or
absence of gene flow allows genetically isolated islands to be identified (Solano et al.
2009), or isolated ecological population islands (Solano et al. 2010b), from where the
tsetse populations present could be eradicated without risk of reinvasion.

For example, two environment-friendly tsetse eradication campaigns achieved the
creation of a sustainable tsetse-free zone, i.e. (1) on the Island of Unguja, Zanzibar
where an AW-IPM strategy was used to sustainably remove an isolated population of
Glossina austeni Newstead using the integration of insecticide-impregnated screens,
insecticide pour-on on livestock and the SIT (Vreysen et al. 2000), and (2) in the
Okavango Delta of Botswana, where an isolated population of Glossina morsitans
centralis (Machado) was sustainably removed using the SAT in combination with
traps and targets in the barrier zones (Vreysen et al. 2000; Kgori et al. 20006).
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Recently, landscape genetics has established itself as an important area of
research/investigation in the field of tsetse fly control (Bouyer et al. 2015; Bouyer and
Lancelot 2018; Saarman et al. 2018). This has allowed the identification of potentially
isolated tsetse populations, which offers the opportunity of:

1) selecting the most appropriate intervention strategies for stage 1 of the
progressive control pathway (PCP) for AAT (Diall et al. 2017), a stepwise approach
leading to their reduction, elimination and finally, vector eradication,

2) planning an integrated management approach (stage 2 of the PCP), and

3) the choice of suppression and elimination activities (stages 3 and 4 of the PCP).

Bouyer et al. (2015) developed a friction map between 37 populations of Glossina
palpalis gambiensis (Robineau-Desvoidy) in different areas of West Africa by
iterating linear regression models of genetic distance between the populations and
environmental data as predictors and by determining least-cost dispersal paths. The
effect of environmental factors on genetic distance was studied using a linear
regression model to estimate the relationship between genetic distance and a set of
environmental factors. The main variables influencing genetic distance were:

1) the geographic distance,

2) being located within the same river basin or not, and

3) three metrics of habitat fragmentation, namely the patch density, the surface of
suitable area, and the maximum distance between the habitat patches (Bouyer et al.
2015).

A density-based clustering algorithm, applied to the Maxent open-source software
output (Phillips et al. 2019), identified eight potentially isolated clusters of suitable
habitats containing tsetse populations that were located at least 10 km away from the
main tsetse belt (Fig. 1) (Bouyer et al. 2015). This is essential for selecting potential
target areas that contain isolated tsetse fly populations that could potentially be
eradicated in a sustainable way.

Moreover, the population with the highest predicted genetic distance from the
main tsetse belt (P =0.003) was located in the Niayes area of Senegal and is the target
of an ongoing eradication campaign (Vreysen et al., this volume).

In line with Bouyer et al. (2015)’s approach for identifying isolated tsetse
populations, Saarman et al. (2018) developed methods to create a connectivity surface
to identify isolated habitat areas reflecting the genetic and ecological connectivity at
a spatial scale of interest. By integrating genetic data from 38 samples, remotely
sensed environmental data, and hundreds of field-survey observations from northern
Uganda, the approach of Saarman et al. allowed the identification of isolated habitat
of Glossina fuscipes fuscipes Newstead. To identify isolated habitats, the
methodological framework (1) first identifies environmental parameters in correlation
with genetic differentiation, (2) predicts spatial connectivity using field-survey
observations and the most predictive important environmental parameter(s), and
(3) overlays the connectivity surface onto a habitat suitability map (Saarman et al.
2018).
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Figure 1. Identification of 8 isolated populations of Glossina palpalis gambiensis in West
Africa. The main tsetse belt predicted by Maxent' for a sensitivity of 0.90 is in grey and
habitat patches are shown as filled, red shapes. Contours and shapes of isolated patches were
defined as 5-km radius buffers around pixels of habitat patches. The genetic distance of these
patches to the main tsetse belt (reddish scale) was predicted by the AICc-best regression
model along least-cost paths. Star symbols after cluster numbers represent the p values for
the friction between the patches and the general habitat: (***) p = 10-3, (**) 10-3 <p <
10-2, (*) 10-2 <p < 5 10—2 (modified from Bouyer et al. 2015).

IThe open-source Maxent software is based on the maximum-entropy approach for modelling
species niches and distributions (Phillips et al. 2019).

The results from this approach indicate that net photosynthesis is the most
powerful predictor of genetic differentiation for G. f. fuscipes in northern Uganda. Of
the 40 distinct landscape patches of adequate size and distance (purple outlines in Fig.
2a), the resulting connectivity area identified a large, well-connected habitat area in
north-western Uganda, as well as 24 plots that contained habitat that was for > 25%
considered suitable for G. f. fuscipes according to the model (purple outlines in Fig.
2b). These 24 isolated plots were selected as possible candidates to locally create
tsetse-free zones and / or testing of new control methods or approaches.

Landscape genetics may also be used to locate areas of high friction where barriers
to tsetse dispersal such as insecticide targets or traps are more likely to isolate the
target areas.

3.2. Tsetse Distribution Models to Optimize Vector Control

Tsetse distribution models are not only used to map the risk of AAT (Dicko et al.
2015) but are also very useful to optimize tsetse control operations. These models are
very useful for selecting priority intervention areas and guiding the management of
the vector control operations during all stages of the PCP for addressing AAT (Diall
et al. 2017). For example, these models were applied in pilot studies of tsetse control
targeting one riverine tsetse species, G. palpalis gambiensis in the Niayes area in
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Senegal (Dicko et al. 2014), and two savannah species, G. morsitans morsitans
Westwood and G. pallidipes Austin in the Masoka area, mid-Zambezi valley in
Zimbabwe (Chikowere et al. 2017).
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Figure 2a (top). Location of discrete isolated patches in purple and identification of 24
isolated patches of Glossina fuscipes fuscipes in northern Uganda. A Maxent model was used
to produce a connectivity surface, using the environmental variables significantly correlated

with genetic differentiation from the previous step and field-survey presence data from 317
traps from northern Uganda.

Figure 2b (bottom). Habitat suitable for Glossina fuscipes fuscipes predicted by updating
the habitat suitability map obtained with 317 presence data and 12 environmental variables
relevant to tsetse ecology by Maxent model. Twenty-four isolated patches identified by the
model (purple polygons), the three transects (black lines) used for the field survey, and the
location of the tsetse sample from one of the isolated patches used to validate the method
(modified from Saarman et al. 2018).
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Using a regularized logistic regression and Maxent, Dicko et al. (2014) compared
the probability of presence of G. palpalis gambiensis and habitat suitability,
respectively. The nature of predictions differed between regularized logistic
regression (probability) and Maxent (index). The result provided a better
understanding of the relationship between tsetse presence and various environmental
parameters as measured by RS. Maxent predicted very well suitable areas considered
the most important for an eradication objective, based on an expert-based landscape
classification, as some suitable patches can be unoccupied at a certain time and
colonized later (Peck 2012), but must nevertheless be included in the target area when
applying an AW-IPM strategy (Cecilia et al. 2019).
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Figure 3. Optimization of the integrated control strategy using model predictions. Maxent
model was used to predict the suitable habitats for Glossina palpalis gambiensis in Senegal.
In block 1, the suitable habitats allowed to delimitate two polygons for aerial releases (RLI
and RL2) where the number of sterile males released per km? was adapted to the availability
of suitable habitat based on Maxent predictions. In block 1, the green and grey lines present
the track flying records of aerial releases on 14th April 2014 in RLI and 11th April 2014 in

RL2 respectively. In block 2, 1,347 insecticide-impregnated traps were deployed from
December 2012 to February 2013 in the predicted suitable sites (blue diamonds) to suppress
the Glossina palpalis gambiensis populations (modified from Dicko et al. 2014).

Maxent predictions were used throughout the eradication campaign in the Niayes
area of Senegal to make the entire operation more efficient in terms of deployment of
insecticide-treated targets, release density of sterile males, and the selection of sites
to deploy the monitoring traps used for programme evaluation (Fig. 3). Thereby,
Maxent predictions allowed optimizing efficiency and reducing the cost of the
eradication campaign.
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4. CONCLUSIONS

Species distribution modelling and landscape genetics are crucial for planning and
optimizing tsetse fly control programmes, especially when sustainable eradication is
the selected strategy. Potentially isolated clusters of tsetse fly habitats were identified
based on species distribution models and ranked according to their predicted genetic
distance to the main tsetse population to locate potential target populations for
eradication.

Integrating distribution models and genetic studies in feasibility studies for control
operations may also be useful to apply the PCP for controlling AAT, a stepwise
approach leading to the suppression, elimination and eradication of vector populations
and disease (Diall et al. 2017). Furthermore, distribution models can help improve the
efficiency of control activities, leading to a reduction in costs. Finally, these
distribution modelling and landscape genetics approaches should be integrated in the
future, not only into tsetse control efforts, but might also help in the area-wide
management of other pests as well.
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