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Chapter 1

General introduction



Chapter 1

Malaria is one of the major public threats in the world, especially in tropical and sub-tropical
countries (WHO 2019). The World Health Organization estimated 228 million new malaria
cases and 405,000 deaths in 2018, with 93% of the morbidity and 94% of the mortality
occurring in African regions (WHO 2019). During the last decade, huge improvements have
been made in reducing the malaria burden in endemic countries around the world
(Mmbando et al. 2010; O’'Meara et al. 2010; WHO 2015, 2019). Between 2010 and 2018, the
global incidence of malaria declined from 71 in 2010 to 57 cases in 2018 per 1,000 people at
risk. Although the total number of malaria cases for 2018 decreased by 23 million compared
t0 2010, the data of 2016-2018 show a lack of progress as the reduction in malaria has stalled
for the past few years (WHO 2018, 2019) The most vulnerable populations are children under
five years of age and pregnant women. In 2018, an estimated 272,000 (67%) of all malaria
deaths worldwide were children under five years of age (WHO 2019). This burden of malaria
is not only felt in the health sector, but also heavily affects economic development (WHO
2019). The economic burden caused by malaria morbidity and mortality was estimated at 2.7
trillion USD in 2018 (WHO 2019). The amount invested in 2018 was less than the estimated
5.0 billion USD needed to stay on track towards the milestones of the Global Technical
Strategy for malaria 2016 — 2030 (WHO 2019).

Malaria in Rwanda

In line with other African countries, Rwanda made significant progress in reducing and
controlling the malaria burden from 2005 till 2011 (Karema et al. 2012; PMI 2019). This was
made possible through the implementation and scaling-up of various vector control
interventions (Karema et al. 2012; PMI 2013). These vector control interventions include
long-lasting insecticidal treated bed nets (LLINs) and indoor residual spraying (IRS) in high
endemic districts. For control of the parasite, artemisinin-based combination therapy (ACTs)
constitutes the first line of defence (Karema et al. 2012). From a survey carried out in 2005,
malaria was the leading cause of morbidity in children under the age of five. Malaria dropped
to the third cause of morbidity in 2008, and by 2012 dropped further to the fourth cause of
morbidity in children less than five years of age (PMI 2019). According to data from the Health
Management Information System (HMIS) of Rwanda, between 2005 and 2011 the overall
incidence of malaria decreased by 86%, and in-patient malaria deaths decreased by 74% (PMI
2019).

Despite these successes, the country experienced an eight-fold increase of reported malaria
cases across the country from 2012 to 2016. Malaria incidence increased every year in the
country from 48 per 1,000 population in 2012 to 403 per 1,000in 2016 (MOH 2019). Increases
of malaria cases were observed in all districts, but the eastern and southern provinces were
the most affected regions with the largest increases of malaria cases (PMI 2019). A five-fold
increase in malaria cases was denoted in the eastern province and a thirteen-fold increase of
malaria cases was reported in the southern province (PMI 2019). An increase in malaria-
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related deaths was also reported during the same period from 419 deaths in 2013 to 715
deaths in 2016. Failure to effectively sustain the progress gained in malaria reduction and
control achieved in the period from 2005 up to 2011 was due to multiple factors. These
factors can be classified as environmental, biological, socio-economic, and institutional (see
Chapter 2). Among these are an increase in rice cultivation (and hence breeding opportunities
for malaria vectors), development of resistance of vectors to pyrethroid insecticides and
increased rainfall, low universal coverage of Insecticide Treated Nets (ITNs) (43 percent
coverage of ITNs for two people), inconsistent vector control activities, an increase in the
total number of patients seeking care in health facilities, an increased number of health
facilities reporting malaria cases in the health-management information system, better
availability of rapid diagnostic tests (RDTs) and of ACTs (encouraging patients to seek
treatment in well-stocked health facilities), (PMI 2019). In response to the dramatic increase
in malaria cases over the past several years, in 2017 the Malaria and Other Parasitic Diseases
Division (MOPDD) revised its National Malaria Control Strategic Plan (MSP) 2013-2020 and
removed the focus on pre-elimination and reoriented the programme towards controlling
malaria transmission (MOH 2017b; PMI 2019). One of the strategies of MSP aims to
effectively protect 90% of the population at risk by 2024 with locally appropriate preventive
and vector control interventions, based on evidence (MOH 2017b, 2019). To realize this
strategy, a strong integrated vector management programme has been implemented with
the aim of maintaining the effectiveness of vector control despite the threat of insecticide
resistance in the country (Hakizimana 2019; Hakizimana et al. 2016; MOH 2019). In response
to this plan, Rwanda has tried to reverse the general malaria situation (MOH 2019). As a
result, with the end of the reporting Fiscal Year 2018-2019, malaria incidence in Rwanda
reduced from 389 per 1,000 person per year in 2017-2018 to 321 per 1,000, and the number
of deaths due to malaria decreased significantly as well from 392 in 2017-2018 to 264 in 2018-
2019 (MOH 2019).

Malaria parasites, the vectors, and its transmission to the host

Malaria is a protozoan disease caused by Plasmodium parasites. The parasites are spread to
a person through the bite of an infected female Anopheles mosquito (Maier et al. 2019; White
et al. 2014). In humans, malaria is caused by one of the five species of Plasmodium, namely
P. falciparum, P. vivax, P. ovale, P. malariae and P. knowlesi (Kantele & Jokiranta 2011). P.
falciparum and P. vivax are the most prevalent malaria parasite species worldwide, with P.
falciparum the most common across much of Sub-Saharan Africa (WHO 2019). Few infections
are caused by P. ovale and P. malariae (White et al. 2014). Plasmodium falciparum is
associated with complications such as acute kidney injury, conscious alteration, convulsions,
cerebral malaria, respiratory distress, liver dysfunction and hypoglycaemia (White et al.
2014). In terms of malaria transmission, the density, longevity, biting habits and vector
competence of the Anopheles vectors are the main determinants of the intensity of malaria
transmission. There are 462 formally named Anopheles species, and 70 of these have been
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demonstrated to be competent vectors of human malaria (Hay et al. 2010; Massey et al.
2016). Anopheles gambiae and An. funestus species complexes are the primary vectors of P.
falciparum malaria in Sub-Saharan Africa (Kelly-Hope et al. 2009). As in many Sub-Saharan
African countries, the Anopheles gambiae complex is the primary vector species in Rwanda,
consisting of the sibling species An. gambiae s.s. Giles and An. arabiensis Patton (MOH 2013;
PMI 2019; Sinka et al. 2010; White 1974). As there is no non-human reservoir for human
Plasmodium, it is considered that malaria can be eradicated with joint national and
international efforts by focusing on interruption of parasite transmission. However, people
coming from endemic regions can import malaria, causing recurrence of symptomatic cases
(Abong’O et al. 2018; Dhiman 2019; Sturrock et al. 2015). This risk is also the primary reason
why following successful elimination, ongoing rigorous surveillance is needed to identify and
treat imported cases, before local vector populations can pick-up an infection and initiate the
transmission.

Current strategies for malaria vector control

Vector control strategies focus on (1) adult mosquitoes when they are most active and (2) on
controlling larval populations in habitats where mosquitoes are most likely to breed
(Watentena & Okoye 2019). Long-lasting insecticide-treated nets (LLINs) and indoor residual
spraying (IRS) remain the principal physical way to protect the human host from infected bites
from vectors. These interventions are mostly effective in targeting malaria vectors indoors
(Maharaj et al. 2019). Although these vector control interventions have contributed to
approximately 70% of the total aversion of malaria cases especially in Africa including Rwanda
(Bhatt et al. 2015), they are insufficient to completely eliminate or reduce the transmission
of malaria. A fraction of the malaria vectors bites outdoors and therefore these interventions
do not provide protection to individuals when they are outside their homes (Maharaj et al.
2019). There are currently insufficient tools to provide protection when people are outdoors
(Killeen 2014). Failure to maintain the progress made in malaria control has been attributed
to operational and financial challenges, growing insecticide and drug resistance, as well as to
a dynamic response of malaria vectors in terms of avoiding vector interventions by an
evolutionary change in their biting behaviour (Akogbéto et al. 2020; Durnez & Coosemans
2013; Ferreira et al. 2017; Hakizimana et al. 2016; Killeen 2014; Russell et al. 2011). These
developments emphasize the need for continued mosquito and insecticide resistance
surveillance.

Mosquito surveillance is critical for the success of any malaria control and elimination
programme (Alonso et al. 2011; Dykstra, 2008; Feachem et al. 2010; Tanner & Savigny 2008;
WHO 2019). Surveillance systems for the management of vector-borne diseases depend on
collaboration with skilled scientists, including entomologists, epidemiologists, and
statisticians (Coleman & Hemingway 2008). However, these skills are rarely represented in
the average malaria control programme (Coleman & Hemingway 2008). In Rwanda, disease
surveillance is done through early diagnosis combined with prompt and effective treatment
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both at a health facility and community level using 30,000 Community Health Workers
(CHWSs) (MOPDD 2013). Entomological surveillance is carried out by the National Malaria
Control Programme (NMCP) and includes malaria vector collections in sentinel sites by means
of active surveillance to assess vector bionomics, the resistance of the vector to insecticides
and bioassays for quality control of residual efficacy of IRS campaigns and LLINs (MOH 2019).
The Government of Rwanda is currently working on a revised national strategy for vision 2050
(PMI 2019). However, the Rwanda Malaria Strategic Plan targets to keep malaria trends on a
downward trajectory (PMI 2019). To achieve this goal, control of transmission occurring
indoor with LLINs and IRS must be improved and supplemented with vector control
interventions that target adult mosquitoes outdoors or their aquatic habitats (Hakizimana et
al. 2018).

Innovations in malaria vector control

Knowing that active data collection via experimental studies and field work is time-
consuming, cost intensive and laborious (Hoel et al. 2015; Kampen et al. 2015; Kilama et al.
2014; Laguna-Aguilar et al. 2012; Matowo et al. 2016; Onyango et al. 2013; Silver 2008;
Sukumaran et al. 2015), alternative approaches need to be investigated that can simplify data
collection and that do not require the need for experts or scientists at a local level (Coleman
& Hemingway 2008). ‘Citizen science’ is defined as the participation of the general public not
only in the generation and sharing of data but also in raising participants’ awareness and
empowering citizens. This type of community participation approach has been successfully
implemented in several developed countries for the surveillance of native and invasive
mosquito species (Braz et al. 2020; Caley et al. 2020; Jordan et al. 2017; Kampen et al. 2015;
Palmer et al. 2017; Tyson et al. 2018). Several recent studies suggest that the application of
citizen science for mosquito surveillance can complement vector control and can help in
decision-making for vector-borne disease control including malaria (Braz et al. 2020; Jager et
al. 2019; Jordan et al. 2017; Palmer et al. 2017; Tarter et al. 2019). Data sharing by citizens
through an open web-based source can enable ‘passive’ monitoring of Anopheles malaria
vectors, thereby providing information regarding their bionomics (Braz et al. 2020; Johnson
et al. 2020; Mufioz et al. 2020; Vogels et al. 2015). Recently, a study conducted in rural
Tanzania showed that a community participation approach applied in less well-resourced
areas could predict outdoor biting malaria vector density and distribution (Mwangungulu et
al. 2016). Applying citizen science in mosquito monitoring presents an interesting alternative
for monitoring and control. It could provide a solution in tracking disease-carrying mosquitoes
at low cost (Palmer et al. 2017). It expands opportunities for generating large amounts of
distribution data, especially in locations where traditional sampling methods could not reach.
Hence, it can provide spatial and temporal occurrence data of (invasive) mosquitoes carrying
diseases for the benefit of community members. However, the engagement of citizens in
mosquito collection is limited by their willingness to participate, which in turn largely depends
on personal interests, awareness of the social responsibility, and strong partnerships
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(Bartumeus et al. 2019). Additionally, the value of engaging citizens in mosquito collection is
also determined by the ability of volunteers to use specific mosquito collection tools.
Moreover, factors such as cost, ease of use, portability and the effectiveness of collection,
especially the number of vector species caught, are crucial when deciding the approach or type
of trap to be deployed (Bazin & Williams 2018). Citizen science for adult mosquito surveillance,
specifically for malaria vectors in a rural context, has not been thoroughly investigated. For this
purpose, mosquito collection schemes that citizens will use to capture adult mosquitoes need
to be developed and validated in the field. Next to a suitable mosquito collection method, an
infrastructure for data collection and analysis needs to be developed and evaluated. This
should include mechanisms for providing feedback, as this is essential for the sustainability of
any citizen science program (Braz et al. 2020; Rotman et al. 2014, 2012).

Progress in information and communication technologies (ICT), emerging digital
technologies, and especially mobile devices has shown to be useful for improving public
health in several contexts (Braz et al. 2020; Guilbaud & Guilbaud 2017; Hamer et al. 2018;
Johnson et al. 2020; Kampen et al. 2015; Oltra et al. 2016; Palmer et al. 2018). In low income
countries, digital technologies and mobile phones have been introduced to accelerate
improvements in healthcare and to facilitate communication and to support data collection,
management, and use in real-time during supervision and monitoring (Entsieh et al. 2015;
Gibson et al. 2017; Kolff et al. 2018). Some studies showed that the use of mobile phones
indeed contribute to the improvement of maternal and child health in developing countries
(Barron et al. 2016; Entsieh et al. 2015; Ngabo et al. 2012). However, applications of mobile
phone technology and ICT in malaria vector control are quite sparse and present challenges
(Eskenazi et al. 2014; Mangam et al. 2016). Thus far, no studies have investigated how a
citizen science approach in combination with emerging digital technologies can provide
information on malaria vector bionomics and malaria transmission patterns in an African
context. There is a scope for it to contribute to the monitoring of malaria vectors and malaria
surveillance (Johnson et al. 2018; Jordan et al. 2017; Palmer et al. 2017; Walther & Kampen.
2017).

Besides investigating the ecological questions related to the implementation of a citizen
science approach for malaria control, it will be critical to also address a series of social
questions related to the adoption of novel technologies and approaches. Therefore, the
results presented in this thesis are the result of an interdisciplinary project conducted in
collaboration with a social component (PhD thesis Asingizwe 2020) that focused on the role
of human behaviour in designing and adopting new intervention strategies for malaria
control. The specific malaria project was conducted as part of a multidisciplinary programme
entitled “Environmental Virtual Observatories for Connective Action (EVOCA)” which had the
aim to develop virtual platforms and participatory monitoring programmes towards inducing
connective action to address development challenges in crop, water, health and wildlife
management (Cieslik et al. 2018).
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Aim of this thesis

The aim of this thesis was to investigate the opportunities for citizen science in malaria vector

surveillance in low resource settings in Rwanda, especially in areas where routine mosquito
monitoring is not established. Ultimately, the aim is, with this approach, to contribute to the

improvement of malaria vector control. Therefore, this thesis focuses on mosquitoes as key

players in the transmission of malaria, their spatial and temporal distribution, the

determinants of their distribution using citizen science data, and the role of citizens in the

design of a monitoring programme (see Figure 1). The work described in this thesis has the

following specific objectives:

1.

To identify factors that contributed to the upsurge of malaria in Rwanda and
define the desired characteristics for a system that uses citizen science for malaria
mosquito surveillance.

To define the link between perception of mosquito nuisance and actual vector
abundance as an indicator of malaria vector hotspots.

To evaluate a co-design process for the sustained implementation of a citizen
science programme for malaria mosquito surveillance.

To assess the efficiency of a handmade, carbon-dioxide baited trap for collecting
adult malaria vectors for use in a citizen science programme for malaria mosquito
surveillance.

To evaluate the value of a citizen science programme in providing insight into
potential malaria vector hotspots and other malaria related information, and to

determine predictors of malaria vector distribution.
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Outline of the thesis

For Chapter 2, | reviewed the literature that investigated the environmental, biological, socio-
economic and institutional factors that have contributed to the resurgence of malaria in
general, and in the Rwandan context specifically. In addition, the chapter examines the
current challenges for the vector control surveillance system in Rwanda and explores the
opportunity and feasibility of a citizen science approach as a new and alternative strategy to
contribute to the improvement of malaria mosquito surveillance in low resource settings.

Chapter 3 assesses the species composition of malaria vectors in particular using a
conventional standard mosquito collection tool through entomological surveys and
determines the factors that explain malaria vector abundance collected through household
surveys. Additionally, it investigates the correlation between perception of mosquito
nuisance by citizens and actual malaria vector abundance as an indicator of malaria vectors
hotspots for use in a citizen science programme.

In Chapter 4, the co-design process that was initiated in collaboration with communities in
Ruhuha, Rwanda through participatory design workshops, was evaluated with the aim to
develop and eventually implement a citizen science programme for sustained malaria
mosquito surveillance. The chapter focuses on both the technical and social components of
such a program.

In Chapter 5, | investigate the development and evaluation of a simple, handmade trap with
different chemical and physical attractants for capturing malaria vectors. The trap was tested
under both laboratory and field conditions with the intention to use it in a citizen science
programme for malaria mosquito surveillance in rural Rwanda.

Chapter 6 evaluates the results of a one-year citizen science programme and focuses on
hotspots of malaria vectors and other malaria related information gathered by volunteers in
Ruhuha, Rwanda. In addition, the chapter describes the environmental predictors obtained
using remotely sensed data for the presence of the malaria vector hotspots in Ruhuha,
Rwanda.

For Chapter 7, | integrate the results of this thesis in a broader context by identifying the
mosquito-related factors that are most important for malaria establishment. The results
obtained from this thesis will be discussed in light of improving malaria vector surveillance
and the opportunities for citizen science. Finally, recommendations for managing malaria in
rural Rwanda will be put forward.
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Chapter 2

Abstract

Despite the implementation of a number of interventions aimed at controlling malaria,
Rwanda is experiencing a countrywide resurgence of malaria cases over the past five years.
To support malaria control, mosquito surveillance activities, such as systematic reporting of
the distribution, the diversity and the infectivity rate of malaria vectors throughout the
country, have been undertaken. However, mosquito monitoring programmes are not carried
out to monitor the impact of all vector control interventions or to determine the distribution
of mosquito species in all areas, especially in the remote regions of the country. With a target
of reducing malaria mortality by 2020, implementation of mosquito surveillance in those
regions is urgently needed as well. In this paper, a citizen science approach as a capacity
resource for malaria vector monitoring for the Rwandan National Malaria Control
Programme is presented. The ultimate aim is to complement existing mosquito surveillance
currently in place by providing key information on the spatio-temporal distribution of
mosquito nuisance and malaria vectors. This will contribute to an insight into the ecology of
malaria vectors and thereby to a better understanding of malaria transmission patterns in
Rwanda.
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Introduction

Over the last decade, increased international investment coupled with the increase in malaria
control interventions at country-level, have resulted in a substantial reduction of the global
burden of malaria, particularly in Sub-Saharan Africa (SSA) (Chizema-Kawesha et al. 2010;
Jaenisch et al. 2010; Mmbando et al. 2010; O’Meara et al. 2010). This reduction has been
mostly attributed to the wide-scale deployment of Long-lasting insecticide treated bed nets
(LLINs), indoor residual spraying (IRS) and artemisinin-based combination therapy (ACT)
(WHO 2016b). However, malaria continues to cause significant morbidity and mortality and
threatens the economic development of SSA in particular (WHO 2016b). In 2016, 216 million
malaria cases were reported globally, and these had resulted in approximately 445,000
fatalities. SSA alone accounted for more than 90% of the malaria case mortalities (WHO
2017b). Importantly, after years of steady progress in malaria control, the World Health
Organization (WHO) now reported that this progress had stalled.

Rwanda is one of the countries in SSA where malaria remains a major public health concern,
putting the entire population at risk, including 1.8 million children under the age of five and
443,000 women (PMI 2017). The northern and the western regions, representing 60% of the
country, are epidemic-prone. The remaining 40% of the country is malaria endemic with main
foci in the eastern and south-eastern parts. In these regions the altitude is approximately
below 1,500 meters above sea level and characterized by marshy plains, rice cultivation, and
brick-making, all of which create suitable breeding sites for mosquitoes (PMI 2015).

Coordinated efforts to fight malaria began in the 1950s and continued until 1994, when the
Rwandan genocide engulfed health research and further progress was not possible
(Binagwaho et al. 2014). The government of Rwanda, as part of the 15 high burden countries
in SSA, benefited from the financial support of the Global Health Initiative (GHI) to scale up
malaria prevention and treatment interventions as well as reduce malaria-related mortality
by 50%. The first comprehensive national malaria strategic plan of Rwanda for the years 2005
to 2010 received support from partners for scaling up vector control interventions. The
primary donors were the Global Funds to fight HIV/AIDS, Tuberculosis and Malaria, and the
United States President’s Malaria Initiative (PMI) (Karema et al. 2012). After its launch,
malaria dropped from being the leading cause of morbidity and mortality in children under
five in 2005 to the third-leading cause in 2008 and subsequently the fourth-leading cause in
2012 (PMI 2017). Among children under five years, a reduction of more than 50% in malaria
mortality and morbidity was observed (Otten et al. 2009). Further, a major decline of 86% in
malaria incidence, 87% in malaria cases and 74 % of malaria deaths was reported between
2005 and 2011 (NISR, 2015; PMI, 2017). This reduction has been attributed to the scale-up of
ACT, and to deployment of LLINs and IRS in high-risk districts of Rwanda (Karema et al. 2012).

During the last few years, malaria incidence has increased in some SSA regions, especially in
the East African highland areas (Chaves et al. 2012; Hay et al. 2002; O’Meara et al. 2010;
Wandiga et al. 2010). In Rwanda, malaria incidence increased again in 2009 due to logistic
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delays in the provision of new treated nets at a time when the effectiveness of the previously
distributed LLINs was waning (Karema et al. 2012). The number of malaria cases declined
again in 2010 following a massive LLIN distribution campaign in the country (Karema et al.
2012). According to the Rwanda Health Management Information System (HMIS), the
country has experienced an increase of malaria morbidity since the end of 2012 to 2016.
Rwanda has faced an increase from 1.1 million cases in 2013-2014 to more than 4.7 million
of simple malaria cases in 2016. This increase was observed across all age groups. The 10
districts with the largest number of cases accounted for more than 62% of all malaria cases,
mostly in the eastern and southern provinces (MOH 2017).

Malaria resurgence has been attributed to various interrelated factors that can be divided
into four main groups including environmental, biological, socio-economic and institutional
factors (Himeidan & Kweka 2012; Lindsay & Martens 1998; Protopopoff et al. 2009;
Wijngaarden et al. 2012). To prevent and reduce malaria, there is a need to understand the
system that underlies the interactions between the parasite, the mosquito vector and the
human host (Figure 1). Malaria control relies on the surveillance anchored in this vector-
parasite-host system. This requires data on spatial and temporal variability of malaria
mosquito populations, parasite prevalence and malaria cases (Mnzava et al. 2014). Mosquito
surveillance and a clear understanding of local transmission ecology of malaria vectors are
central to reduce transmission and prevent re-establishment of the infection (Mnzava et al.
2014). Although mosquito surveillance is undertaken in Rwanda, the country has faced
challenges, because frequently there is a sparsity of essential data on malaria vector
bionomics (both the ecology of a mosquito species and its behaviour, e.g. host biting
preferences) in remote regions. Moreover, the current methods used for mosquito
monitoring, such as human landing catches, are constrained by costs and ethical concerns.

Several citizen science networks from developed countries provide large amounts of relevant
data on mosquito bionomics and have proven their potential in mosquito monitoring
(Bartumeus et al. 2018; Kampen et al. 2015; Tyson et al. 2018; Yujia 2017). We understand
citizen science as the involvement of volunteer citizens in observation, classification,
collection and/or the analysis of data (Kullenberg & Kasperowski 2016). The same termis also
defined by others as engagement in scientific research with members of the public who join
scientists in the collection and analysis of the large amount of data generated (Bonney et al.
2016). Among the myriad of definitions, the approach involves the participation of the public
in the generation, sharing and possibly analysis of data. In many cases, volunteers are
presented with websites and mobile or smart phone applications to report their observations
which afterwards are analysed and visualised (Crain et al. 2014; Kampen et al. 2015). These
innnovative tools give prospect to resolve connectivity and communication issues related to
mosquito monitoring. In addition there is a prospect to be used as a data collection tool in
rural areas as it has been demonstrated in some African countries where mobile phonses
have been used for malaria surveillance activities (Zurovac et al. 2012).
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Moreover, a citizen science approach can build capacity in mosquito monitoring especially
where it is minimal or nonexistent (Mnzava et al. 2014). This, on its turn, may create more
participation, involvement and awareness, resulting in more sustainable malaria control
(Kampen et al. 2015; Yujia He 2017).

The question therefore is whether a citizen science approach can work similarly in Rwanda.
Our case study project intends to set-up a citizen science approach for mosquito monitoring
using a web-based reporting platform in Ruhuha sector, Rwanda. Ruhuha is one of the
thirteen administrative sectors of Bugesera District in the Eastern province of Rwanda.
Ruhuha is known as a high malaria transmission setting composed of five administrative cells
(Kateera et al. 2015). This area has experienced an increase in malaria incidence in the last
few years. Pre-existing collaborations among local partners and project members in malaria
control studies guided the selection of Ruhuha (Ingabire et al. 2014; Ingabire, Hakizimana, et
al. 2016; Ingabire, Kateera, et al. 2016; Kateera, Rulisa, et al. 2015; Kateera, Mens, et al. 2015).

The objectives of this chapter are i) to analyse how environmental, biological, socio-economic
and institutional factors contribute to the resurgence of malaria; ii) to analyse the current
surveillance and control systems/activities in Rwanda; iii) to determine the potential of a
citizen science approach and the role of digital technology tools therein to support malaria
vector surveillance and control; and iv) to describe opportunities and challenges that citizen
science presents, including a possible workflow of a citizen science network in Rwanda for
malaria mosquito monitoring. A companion paper focuses particularly on the factors that
determine the adoption of the approach, as well as the mechanisms involved in the adoption
process (Asingizwe et al. 2018). In this chapter, we emphasise the opportunities of citizen
science in providing knowledge on biological factors, such as malaria vector species and
population dynamics, in the context of environmental, socio-economic and institutional
factors. This could lead to a better understanding of malaria transmission dynamics, and thus
support decision making in malaria control.

Determinants of malaria transmission and their roles in resurgence
Environmental factors

Climatic and non-climatic environmental factors are main drivers of the trends in malaria
incidence and possibly in malaria resurgence (Bhunu et al. 2016; Parham et al. 2015; Stern et
al. 2011). Rainfall, temperature and humidity are important climatic determinants of vector
abundance and distribution between low- and high-altitude areas (Omumbo et al. 2011;
Stern et al. 2011). These factors influence directly and indirectly the availability of (breeding)
habitats, growth and development, reproduction, survival of malaria vectors and hence the
pathogen (Githeko et al. 2000). Breeding habitats of malaria mosquito species range from
large, permanent bodies of water to small temporary pools and puddles (Fletcher et al. 1992;
Himeidan & Kweka 2012; Kweka et al. 2013; Sattler et al. 2005).
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Variability in humidity affects the pathogen of infectious disease such as malaria. Humidity
was found to affect malaria parasite development in Anopheles mosquitoes (Patz et al. 2000).

In Rwanda, malaria transmission occurs year-round, often in two peaks associated with the
two rainy seasons. One from March to June and another, shorter season from November to
December, alternated with a long and a short dry season (MOH 2016; PMI 2015). The country
has experienced unusual climate patterns including variability in rainfall frequency and
intensity, extreme temperatures as well as increased temperature over the last thirty years
(Loevinsohn 1994; Mutabazi 2010; Rwanyiziri & Rugema 2013). The analysis of trends in
rainfall showed that rainy seasons have become shorter, with higher intensity of rainfall.
Events such as droughts and floods associated with heavy rainfall and extreme temperatures
were increasingly reported in the eastern and northern regions of Rwanda. While in the north
floods were more frequent, the eastern part was affected by droughts and extreme
temperatures (REMA 2006). Such changes in rain patterns directly affect the availability of
breeding places. A study conducted by the Stockholm Environment Institute (SEI) in 2009
states that climate variability has and will have significant economic costs in Rwanda, and can
result in a large increase in the health burden of malaria in the absence of adaptation in the
coming years (SEI 2009).

Non-climatic environmental factors encompass factors responsible for proliferation of
malaria vector breeding sites. The majority of the mosquito breeding sites in Africa are man-
made (Chaki et al. 2009) and are the result of deforestation, land-use changes (irrigation in a
riceland), construction of roads, water control systems (dams, canals, irrigation canals and
reservoirs), commercial development and human settlement. All of these factors can create
breeding sites for malaria mosquitoes (Keiser et al. 2005; Norris 2004; De Silva & Marshall
2012; Stern et al. 2011; Yewhalaw et al. 2009). In Western Africa, it has been found that after
deforestation and irrigation, an increase in P. falciparum malaria transmission by An. gambiae
occurred in villages in proximity to forest, by An. funestus in the savannah, and by An.
arabiensis in urban and peri-urban areas (Patz et al. 2000). The development of agriculture in
Rwanda has led to an important transformation of the ecological landscape, creating suitable
habitats for malaria vectors. Evidence shows that an increase of rice cultivation in the south-
eastern and western of the country was linked to an increase in malaria incidence in those
regions (MOH 2017b). Studies suggest that the introduction of intensive irrigation increases
malaria transmission. Human movement from high- to lowland areas has facilitated the
distribution of parasites. Migration has been demonstrated as a key factor in the
maintenance, or increase of malaria transmission, and hence its resurgence, as well as in the
spread of antimalarial drug resistance (Lindsay & Martens 1998; Lynch et al. 2015). The influx
of new populations from other regions is probably a side effect of deforestation and the
initiation of agriculture, livestock keeping, mining and construction. Resettled populations
lacking familiarity with the environment of the area may inadvertently engage in practices
leading to infection and, in turn, become reservoirs of infection, leading rapidly to the
increase of malaria incidence (Patz et al. 2000).
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Biological factors

Several biological factors have been suggested as leading causes of malaria resurgence. These
relate to the pathogen and health status of the human population, as well as to pyrethroid
insecticide resistance, and feeding and biting behaviour changes of the malaria mosquito
population. The health status of the population can be affected by malnutrition, a weakened
immunity by HIV infection, spread of drug-resistance of the parasites and loss of immunity
(Bates et al. 2004; Delenasaw & Kweka 2016; Protopopoff et al. 2009; Reddy et al. 2011;
Russell et al. 2011). Acquired immunity to malaria protects millions of people routinely
exposed to Plasmodium falciparum infection from severe disease and death in high malaria
transmission areas. This acquired immunity is lost when the individual is no longer repeatedly
exposed to the parasites, for example after migrating from an endemic area to a
hypoendemic malaria zone (Doolan et al. 2009). A study conducted in Kabale, Uganda,
showed that residents, who travelled to areas of higher transmission intensity than their
home of origin characterized by a low transmission intensity, had a higher risk of malaria than
those that had not travelled. They were more susceptible to malaria infection because they
had lower or no immunity against malaria infection due to low or no exposure to malaria
infection (Anderson et al. 2009; Lynch et al. 2015). Other factors such as pregnancy status,
age, sex and genetic background influence the degree of immunity that an individual develops
against malaria infection and thus are underlying risk factors for malaria (Bates et al. 2004).

In the nineties, parasites have been reported with resistance to the drug chloroquine in
Rwanda (Loevinsohn 1994). In response to high rates of resistance to chloroquine recorded
around the country, the Rwandan Ministry of Health (MOH) switched its first-line antimalarial
treatment policy from chloroquine to amodiaquine (AQ) and sulphadoxine-pyrimethamine
(SP, also called Fansidar®), implemented from 2002 up to 2005. In 2006, the country shifted
from AQ-SP to an ACT, artemether-lumefantrine (Karema et al. 2012). Artemisinin and ACT
are the currently used drugs to tackle malaria. Resistance to malaria drugs leads to treatment
failure and increases the risk to maintain malaria infection and spread the disease among the
population. Although resistance to ACT is emerging and spreading from the Greater Mekong
Subregion in Asia, no case of resistance to the currently used ACT has been reported yet in
Rwanda (WHO 2016a).

Extensive use of IRS and high coverage of LLINs impregnated with pyrethroids have
contributed to the development of resistance in malaria mosquitoes against these
compounds. High levels of pyrethroid insecticide resistance reduce the effectiveness of LLINs
(Delenasaw & Kweka 2016). The use of LLINs and IRS may also cause shifts in mosquito
behaviour in three ways: a shift in repellency, a shift in sibling species ratio and a shift in
behaviour resistance. The shift in repellency is defined as the effect that some insecticide
ingredients impregnated in nets or from IRS can exert on the mosquitoes (Bradley et al. 2015).
According to Alipour et al. (2005), excito-repellency occurs in the vector population after an
application of insecticides. Mosquitoes leave sprayed houses for non-sprayed houses or
outdoor shelters before receiving a lethal dose of insecticide (Alipour et al. 2005).
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This is less of a long-term threat to control because these changes are phenotypic and
temporary. The shift in sibling species ratio describes a change in the relative abundance of
species. This is the case for Anopheles gambiae s.s. and An. arabiensis. These species differ in
their tendency to bite indoors, and therefore one species is more affected by indoor
interventions than the other (Bradley et al. 2015). A shift in behavioural resistance is defined
as genetically-determined behavioural resistant variants evolving within a species and
becoming more common due to selection pressure caused by the insecticide (Bradley et al.
2015; Killeen 2014; Reddy et al. 2011; Russell et al. 2011). It has been demonstrated that the
insecticide resistance trait in malaria vectors can also affect house entry behaviour (Asidi et
al. 2005; Chandre et al. 2010), leading to an increase of exophilic biting behaviour. This results
in malaria transmission outdoors where there is no coverage with adequate vector control
interventions, thereby rendering malaria elimination infeasible (Killeen 2014).

Similar to other countries in Africa, vector control in Rwanda is highly dependent on the use
of pyrethroids, the only class of insecticides currently recommended for LLIN treatment. A
nationwide insecticide resistance survey conducted in 2011 and 2013 revealed a gradual
increase of insecticide resistance to pyrethroids (lambda-cyhalothrin, deltametrin,
permethrin) and organochlorines (DDT) (Hakizimana et al. 2016). This is a great concern
because pyrethroids are the only class of insecticides currently recommended for LLINs (WHO
2015). In addition, changes in feeding and biting behaviour of malaria vectors have increased
the concerns for the National Malaria Control programme as well. Entomological surveys
conducted in 12 sentinel sites throughout the country showed an increase of entomological
inoculation rate (EIR: number of infective bites per person per year) from an approximate of
24 in 2013 to 65 in 2015 (MOH 2016). The current vector surveillance information in the
country shows that between 52% and 57% of An. gambiae and 52 % and 54% of An. funestus
feed outdoors (MOH 2017b).

Socio-economic factors

A large number of socio-economic factors may influence malaria risk (Kienberger &
Hagenlocher 2014). These include socio-economic status (poverty, level of education etc.),
failure to use and misuse of treated bed nets, failure to sustain effective malaria control, and
introduction of unsustainable control measures. Poverty puts some groups of people or
individuals at high risk of malaria infection because they have limited capacity to respond to
iliness. Poverty coupled to level of education can also influence malaria incidence as it affects
knowledge about malaria prevention (Bizimana et al. 2015). A study conducted in the
southern highlands of Rwanda demonstrated that a low level of education was associated
with increased risk of malaria infection and parasite load in children (Gahutu et al. 2011).
Similarly, the interplay of poverty and other socio-economic variables intensified the
vulnerability of communities to malaria infection in the highlands of the Lake Victoria basin
(Wandiga et al. 2010). Socio-economic variables included food shortage, non-use of treated
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bed nets due to unavailability of sufficient bed nets per household etc.. Another study
conducted in Rwanda found that maintaining universal net coverage is not enough to protect
the population from malaria. In that study, factors such as poverty, education level, birth
spacing and antenatal clinic attendance were risk factors linked to ITN use at individual,
household and community level (Ruyange et al. 2016). In a study conducted in Ruhuha,
Rwanda, it has been reported that bedbug infestation jeopardized the use of bed nets.
Despite LLIN availability, seasonal use of nets, as well as non-use of nets by males were
reported in Ruhuha. Both were linked to a lack of knowledge and perception of malaria as a
non-severe infection. Participants in the survey underscored weather (e.g. high level of non-
use of LLINs in the dry season) as one of the reasons for inconsistent ITN use (Ingabire et al.
2014, 2015; Kateera et al. 2015). Misuse of treated bed nets as fences for protection of
vegetable gardens or as chicken pens, can put populations at risk of malaria, thus enhancing
malaria resurgence (Alaii et al. 2003; Honjo et al. 2013; Mboera et al. 2013). However, other
authors argue that many of these examples on misuse and non-use of bed nets are not
evidence based and rather anecdotal (Eisele et al. 2011; Honjo et al. 2013; Minakawa et al.
2008).

Institutional factors

In addition to socio-economic, biological and environmental factors, institutional and
political factors may ultimately also influence malaria risk. For example, failure to sustain
previously effective malaria control measures due to limited resources, and the relaxation of
vector control activities have both shown to contribute to malaria resurgence. This
resurgence has been described as post-eradication epidemics (Najera et al. 1998). Cessation
or interruption of control measures or ending of mosquito control such as spraying with
Dichloro Diphenyl Trichloroethane (DDT), and disruption of antimalaria drug prophylaxis
provision have played a role in the resurgence of malaria (Fisher 1985; ljumba & Lindsay
2001; Mouchet 1998). Apparently, cessation of DDT was associated to a poor understanding
of the parasite-host-environment-human system that required a continuous surveillance
even if the containment of the disease was a success. Mouchet reported that IRS with DDT
and distribution of chloroquine resulted in the elimination of malaria in Madagascar in 1960.
Because of the success of the malaria programme, insecticide treatments were abolished,
except in three suspected outbreaks sites until 1975. In 1986, a malaria epidemic broke out
following the interruption of insecticide application since 1975 and cessation of chloroquine
distribution since 1979 due to drug stock out. The cases increased exponentially from 1986
to 1988, and the disease persisted at a very high level until the end of 1993 (Mouchet 1998).

In Rwanda, institutional factors that have contributed to the resurgence of malaria also
include the non-universal or drop in coverage of effective vector control interventions. This
relates especially to the significant drop of LLIN, IRS coverage at community level and the
deployment of bed nets with sub-optimal concentrations of insecticides (Binagwaho &
Karema 2015; Hakizimana et al. 2014; Karema et al. 2012; MOH 2017b). Lack or delay in
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acquiring the funds to cover activities planned for malaria can also jeopardize malaria control
(Head et al. 2017). In 2016, delays in acquiring funds affected timely IRS implementation,
hence causing an increase of malaria cases in Bugesera district from November 2016 and April
2017 (MOH 2017b). In response to the resurgence of malaria, an Integrated Vector
Management (IVM) programme was recently initiated in Rwanda as a framework for malaria
interventions based on local ecology, disease epidemiology, socio-economic factors and
inter-sectoral collaboration (PMI 2014; USAID 2012a, 2012b). The IVM approach
encompasses environmental modifications through both infrastructural development and
sanitation services to regulate the vectors with the final aim to improve public health (Karina
et al. 2015). As IVM is at its initiation phase, collaboration among local and intersectoral
institutions involved in malaria prevention and control is still low. Despite the efforts made
in building local infrastructure and skills needed to sustain the coverage, technical capacity
and funds necessary to cover the mosquito monitoring activities are still inadequate.
Moreover, mosquito monitoring programmes are often inexistent in remote areas of the
country (Mnzava et al. 2014; MOH 2017b).
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Figure 1. A conceptual model explaining Interrelated factors determining the resurgence of malaria in Rwanda.
This figure is adapted from Lindsay & Martens (Lindsay et al. 1998), Lindsay et al. (2004) and Protopopoff et al.
(2009). Factors are categorized into four main groups. The green label represents environmental factors, the
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represents institutional factors.
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Surveillance and control of malaria and mosquitoes in Rwanda
Surveillance and control of malaria

Any anti-malaria programme relies on a properly functioning information system. Rwanda
has a malaria surveillance system in place through the Health Management Information
System (HMIS) (Karema et al. 2012). A wide range of aggregate epidemiological or health data
(e.g. malaria cases, but also demographic data reported from public health facilities) are
reported into the HMIS and used for planning purposes and decision-making. HMIS is a
reporting system that enables sharing of both qualitative and quantitative data. Qualitative
data include patient profile and various demographic indicators from health surveys.
Quantitative data include the number of malaria cases from health facilities, the proportion
of malaria-attributed deaths among children under 5 years old and among all age groups at
the health facility, as well as malaria Rapid Diagnostic Test (RDT) positivity rate in fever cases
at community level and at the health facility. Within the HMIS for malaria control, Community
Health Workers (CHWSs) play a central role, as they are key in the diagnosis and treatment of
malaria at the community level. On a monthly basis, CHWs report all data on malaria cases
via the HMIS treated at the community level to the health centers. The data captured through
the HMIS enables the Malaria and Other Parasitic Disease Division (MOPDD) of the Rwanda
Biomedical Center to respond promptly to the community level needs (PMI 2017).

Surveillance and control of mosquitoes

Effective surveillance of malaria is critical for the distribution of appropriate vector control
measures and resources to areas with a high malaria burden (Alonso et al. 2011; Feachem et
al. 2010; Tanner & Savigny 2008). In line with WHO recommendations, vector control in
Rwanda is guided by local epidemiological and entomological data, including vector
behaviour and insecticide resistance. These data have been collected across the country in
twelve sentinel sites since 2010 (Hakizimana et al. 2016). The National Malaria Control
Programme (NMCP) is responsible for implementing the control measures countrywide. IRS
and LLINs are the main measures used for vector control in Rwanda. In five districts with high
malaria burden, IRS is applied (PMI 2017). Monitoring of insecticide resistance is carried out
as well in these five high malaria burden districts (Hakizimana et al. 2016; Karema et al. 2012).
Moreover, in response to resistance to insecticides, an insecticide resistance management
plan has been developed and implemented since 2013 (Hakizimana et al. 2016).

For an effective malaria surveillance system, relevant entomological data, such as malaria
vector bionomics (both the ecology of a mosquito species and its behaviour like host biting
preferences), in combination with environmental data (e.g. temperature, rainfall) can help in
the planning, implementation and management of vector control operations. Studies
conducted in Rwanda showed the potential of using meteorological variables such as rainfall
and temperature to explain patterns of malaria infection (Karema et al. 2012; Loevinsohn
1994). Quantitative spatial models have linked climatic factors with malaria occurrence,
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particularly in Africa (Kleinschmidt et al. 2000; Bhunu et al. 2016). Such disease risk mapping
can be used to differentiate areas with epidemic or seasonal transmission from those with
more stable transmission patterns where early detection is likely to be less useful (Kuhn et al.
2004). Geographic Information System-based surveys using satellites have identified
probable vector breeding sites and mosquito abundance. Malaria risk is associated with the
proximity of human hosts and mosquito breeding sites. Integration of remote sensing,
epidemiological and climatological data have been used to predict malaria outbreaks
(Ceccato et al. 2005). Based on such models, a malaria warning platform (map room) has been
developed since 2014 through the Enhanced National Climate Services (ENACTS) project
(Dinku et al. 2016). The platform provides national maps of malaria risk, based on historic
climate data from weather station observations and malaria reported case data. Predictive
maps and charts provide forecasts of malaria epidemics and outbreaks (ENACTS 2016).

Monitoring of malaria vectors, species composition, malaria vector abundance and dynamics,
their feeding patterns and host finding strategies is part of an active malaria vector
surveillance programme. This consists of deploying mosquito sampling techniques or
strategies to determine feeding behaviour and the distribution of Anopheles species
responsible for malaria transmission (Busula et al. 2015; Diabaté et al. 2013; Hiscox et al. 2014;
Homan 2015; Kilama et al. 2014; Onyango et al. 2013; Sikaala et al. 2014). In Rwanda,
Pyrethrum Spray Catches (PSC) and Human Landing Catches (HLC) are used as mosquito
collection methods during entomological surveys (PMI 2017). HLC is the standard method
used and targets adult mosquitoes both indoors as well as in the peri-domestic environment
(Ferguson et al. 2010). HLC is used as the ‘golden standard’ method to estimate biting rates
and malaria transmission by mosquitoes. However, deploying this technique on a large scale
is costly, labour intensive and time consuming, may cause collector fatigue and has raised
ethical concerns of exposing collectors to mosquito-borne parasites (Frederick et al. 2016;
Govella et al. 2010; Onyango et al. 2013). Without proper prophylaxis, concerns about risk of
malaria among HLC collectors can be an impediment to use HLC for research purposes
(Gimnig et al. 2013).

Interestingly, there is no ‘Vector Management Information System’ yet at the central level in
which entomological data such as vector density, resting behaviour, species composition,
larval habitats, infection rate, blood feeding index and parity rate are uploaded. Currently,
the entomological activities carried out on a monthly basis at sentinel sites are related to
vector bionomics, vector resistance to insecticides and bioassays for quality control and
status of residual efficacy of IRS and LLINs. Although such indicators are collected, the current
system does not provide free access to information to improve our understanding of the
parasite-host-environment-human system. Therefore, the development of a citizen science
approach that implements the principles of community participation could serve as an
addition to the existing system in place for malaria control. It may offer a novel way of data
generation on malaria vectors in resource-constrained settings. This proposed approach
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would provide with mosquito nuisance indicator (level of biting nuisance experienced), a
dimension currently missing from the information system on vector control.

Potential of citizen science and emerging information and communication
technology to support malaria mosquito monitoring in Rwanda

Citizen science for mosquito surveillance and control

With regards to control of invasive mosquito species, data sharing on mosquito sightings by
citizens through an open web-based platform can enable “passive” monitoring of several
species of mosquitoes, thereby providing information regarding the bionomics of (invasive)
mosquito species (Franzoni & Sauermann 2014; Kampen et al. 2015; Medlock et al. 2012;
Vogels et al. 2015; Walther & Kampen 2017). Such approaches open up opportunities not only
for monitoring invasive mosquito species, but also for malaria vector surveillance. A study
conducted by Vogels et al. (2015), showed that a web-based reporting platform helped to
identify Culex pipiens as responsible for indoor biting nuisance in the Netherlands and that a
particular biotype of this species, molestus, remained active throughout the winter. In this
case, Dutch citizens were requested to catch mosquitoes indoor and in their backyards. Prior
to sending a mosquito specimen to the laboratory, a form was filled with a specific code via
the mosquito radar web-platform that allowed linking the mosquito sample that was sent in
with the accompanying data provided online. Statistical analysis based on these collected
data provided spatial and temporal maps of vector species, and explained the biting nuisance
that the population was experiencing (Vogels et al. 2015).

Another study conducted by Lozano-Fuentes et al. (2013), proposed a cell phone—based
system (called Chaak) that deals with the collection of mosquitoes at the early stage (larvae)
of dengue mosquitoes in artificial containers on individual premises. Numbers of immature
stages of Aedes aegypti L. present per type of container (e.g. buckets, tyres, cisterns) and per
house were uploaded via surveyors’ cell phones to the central repository of the Chaak system
upon Wi-Fi connection. The study involved surveyors who were field workers using their own
mobile phones. Maps representing the spatial distribution of the immature vectors were built
based on data aggregated in the system. Recently, the Global Mosquito Alert was launched
with the aim to stimulate citizen science approaches in tracking and controlling mosquitoes
and mosquito-borne diseases. This global alert includes scientists and volunteers from different
countries around the world (Yujia He 2017).

Another study conducted in rural Tanzania showed that community-based participation
mapping could predict densities and distribution of disease-transmitting mosquitoes in
remote rural areas. The study relied on local knowledge and experience of the community
members to identify areas with the most abundant or least abundant mosquito biting or
presence (Mwangungulu et al. 2016). This study revealed that scientific research could rely
on community participation, knowledge, and experience although mobile phones were not
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used in this case. This makes such an approach a relevant option to explore for malaria
control programmes.

Digital technology tools to support malaria mosquito monitoring

Participation in malaria surveillance and vector control in resource-limited settings in SSA
malaria endemic countries has been stimulated using digital technology tools such as mobile
phones. Short Message Service (SMS) text message has been used for malaria surveillance
and control (Githinji et al. 2014; Kamanga et al. 2010; Zurovac et al. 2012). SMS text
messaging has been explored in different settings for stock monitoring of ACT and RDT
(Asiimwe et al. 2011; Hamainza et al. 2014; Kabanywanyi et al. 2010; Kamanga et al. 2010).
In rural Uganda, an SMS-based reporting system supported by RapidSMS improved data
reporting and return of key indicators, thereby supporting the management of RDT
deployment by the National Malaria control programme. Frontline health workers sent an
SMS form filled with malaria surveillance data on a weekly basis (e.g. number of malaria cases
diagnosed, tested, and treated) to the peripheral health centers. Data reported via SMS were
aggregated and analysed and the reports were shared with the health team involved in the
study. The potential use of an SMS-based reporting system has been recognized for its
immediate communication, ease of use and reduction in data transmission delays. Asiimwe
etal. (2011) demonstrated the feasibility of reporting real-time epidemiological key data that
are useful for malaria control managers.

A study conducted in five districts in rural Kenya showed the feasability of using an “SMS for
life”, which is web-based and composed of an SMS management tool and a web-based
reporting application. The system showed the feasability of using SMS text mesages in
reporting the counts of four basic malaria surveilance indicators: number of outpatients
recorded, number of outpatients tested for malaria, number of outpatients positive for
malaria and number of outpatients treated with any anti-malarial treatment from peripheral
health facilities. The website also provided current and historical data and summaries of
testing rates, test positivity rates and appropiate treatment rates at each health facility and
aggregated at the district level (Githinji et al. 2014). The same SMS text message has been
used for disease surveillance in Madagascar, Zambia, and Ethiopia and for anti-malaria drug
stock out monitoring in Tanzania. All SMS text messages were sent from health workers’
personal mobile phones in remote areas without additional software applications (Barrington
et al. 2010; Davis et al. 2011; Randrianasolo et al. 2010; Yukich et al. 2014).

Apart from being used in reporting malaria surveillance data, text messaging has also been
used for household mobilization in malaria prevention and control. Mangam et al. (2016)
demonstrated that mobile Health (mhealth) was effective to mobilize households for
executing an IRS campaign in Mali. Similarly, the South-African mSpray (a mobile phone
project for IRS) provided timely and accurate data for monitoring of spray activities and
locations for more targeted mosquito control (Eskenazi et al. 2014).
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In Rwanda, several studies reported from health programmes pinpointed the opportunities
that mobile phone technologies can present in Rwanda. Nsanzimana et al. (2012)
demonstrated that mobile phone and internet-based reporting of key HIV Care and
Treatment (HCT) indicators facilitated the rapid reporting of national Anti-Retroviral
Treatment (ART) scale-up in the country. Another study by Ngabo et al. (2012) revealed that
RapidSMS has contributed to the improvement of child and maternal death rates during
pregnancy, thereby achieving one of the Millennium Development Goals. RapidSMS was used
to develop an SMS-based system for improving Maternal and Child Health (MCH), which is a
free and open-source software development framework. The RapidSMS-MCH system was
customized to permit interactive communication among the Community Health Worker
(CHW), who follows mother-child pairs in his/her community, a national centralized
database, the health facility and in case of an emergency alert, the ambulance driver. The
RapidSMS-MCH system was piloted in the Northern Province of Rwanda in Musanze district
for a period of 12 months. RapidSMS highlights the opportunity that mobile phones can be
used as a data reporting tool in rural areas and shows that a community participation
approach can raise participants’ awareness and empower the communities or citizens
(Bucagu 2016; Munyaneza et al. 2014; Ngabo et al. 2012). However, no studies have reported
the use of mobile phones as a collection and reporting tool for data on mosquito bionomics.
We aim to fill this void by proposing an approach that will use an open-source toolkit that
will be downloadable as an application. In order to realize this, minimal or no new
infrastructure should be required, it should be locally maintained, and it should fit into the
existing workflow of the health network system. Furthermore, it should be able to run in
areas with limited connection and electricity.

Opportunities and challenges for citizen science: a framework for malaria mosquito
monitoring in Rwanda

The approach is to implement a citizen science platform for malaria mosquito monitoring in
Ruhuha by starting with using a paper-based form used by the community members. This will
initially report entomological data, and other malaria related information, which later will be
digitalized to feed a web-based platform. With these data, we will thus specifically collect
information that can address the question related to malaria vectors. Below we also explain
how this approach can address the concern on non-existence of mosquito monitoring in
remote regions.

Before the conception and the design of the proposed platform, inclusion of key stakeholders
involved in malaria prevention and control is an essential step for this study. The technical
design and the implementation of such approach will be an iterative development process
(Larman 2004) that relies on feedback from the different stakeholders engaged in malaria
vector monitoring surveillance and control with the community as the end users (Asiimwe et
al. 2011). As this will involve different actors involved in malaria surveillance and control, the
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citizen science approach will provide opportunities to strengthen the collaboration with the
communities.

The importance of stakeholder involvement in malaria control in Rwanda was demonstrated
by Ingabire et al. (2016), who used an intervention mapping approach including three main
categories of stakeholders including a primary category (lay community), a secondary
category (administrative and health institutions), and a tertiary category that are key
stakeholders (policy makers and funders). The approach improved the adoption of the vector
measures used in malaria control in the area (Ingabire et al. 2016). Such approach will enable
participation of each stakeholder in problem definition, the design process of the platform,
and the content of the platform proposed.

The approach is that, primarily, the open-based website platform will be fed with data filled
in a paper form. The data will be reported to the CHWs who are also members of the earlier
established Community Malaria Action Teams (CMATSs) (Ingabire et al. 2014). Community
members or citizens will collect information on mosquito nuisance that they experience
indoor or in their immediate home environment. Data other than mosquito nuisance (e.g. on
mosquito habitats, mosquito specimens collected and their bionomics etc.) will be reported
and afterwards digitalized to feed the web-based platform. Malaria vector bionomics
(nuisance and specimen collected) can be linked with available climate data from nearby
weather stations, in order to understand the role of environmental factors on malaria
mosquito population dynamics and biting nuisance experienced by the community.

After this initial stage, a mobile application (SMS or smartphone app) that also collects global
positioning system (GPS) data, will be designed and used to capture the entomological data
that were initially reported via the paper-based form. Linking the citizen science data with
malaria incidence data collected at the health center level will provide knowledge on the
malaria transmission patterns and the ecology of malaria vectors. This will complement the
malaria vector control interventions that are implemented by the NMCP.

Rolling out a citizen science approach will require political commitment for the overall
success of the project. This will also rely on the communication and information flow already
in place. Therefore, CHWs will be important as they are members of the current workforce
of the national health system in Rwanda and link up individuals, families and communities
countrywide (Bucagu 2016; Condo et al. 2014).

Besides the need of stakeholder involvement, the implementation of citizen science requires
expertise in programming, mobile telephone services for specific applications, considerable
investment cost, mobile phone ownership and time associated with the setting up (design
and implementation) of the system. Asiimwe et al. (2011) reported that the initial investment
costed more than $50,000. The period from conception of the approach to the
implementation of the system took three months and involved 147 health facilities. Although
cost for the implementation of the RapidSMS system was not described in detail, Ngabo et
al. (2012) reported that considerable investment was used for the implementation of the
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alert system piloted over a period of 12 months in Musanze District involving 432 CHWs, 13
health centers as well as one district hospital. In addition, the Government of Rwanda
through the Ministry of Health covered the cost of SMS messaging although the SMS text
messaging was free of charge for CHWSs (Ngabo et al. 2012).

Poorly designed technology, lack of interest among decision makers, especially when it comes
to the sustainability of the project, and lack of resources for implementation and running the
project are factors that can impede the implementation of the citizen science project. Lack of
time for participation, technological related problems, and local infrastructural barriers are
the key factors to take into account when mobilizing communities (Rotman et al. 2014).
Mobilizing, attracting and retaining participants in citizen science projects is a complex
process because it relies on numerous cognitive, behavioural and social characteristics (Crain
et al. 2014). However, if set-up properly, we argue that citizen science provides unique
opportunities for involving malaria-affected communities in understanding and solving their
health issues.

Finally, although internet and mobile phone ownership are increasing on the African
continent, lack of steady electrical supply, poor network coverage and internet access as well
as telephone maintenance remain challenges in some remote areas where CHWs live far from
the health centers (Asiimwe et al. 2011; Ngabo et al. 2012). Guidelines and policies for health
care data reporting were required for the RapidSMS based reporting tools adopted by the
NMCP (Asiimwe et al. 2011; Ngabo et al. 2012). In addition, mobile phones used by the CHWs
are not replaced in case of damage. Instead, CHWs are encouraged to purchase another
mobile through a cooperative (Condo et al. 2014).

Conclusions

Malaria incidence is on the rise in many African countries, including Rwanda. Although
malaria vector control is in place in Rwanda, current surveillance is costly and there is
inadequate capacity to scale up malaria vector surveillance. CHWs are involved in many
community-based interventions in Rwanda as “linkers” and “delivery channels” between
communities and the highest ranked stakeholders such as the Ministry of Health. Much of
the success of the health interventions has required community participation. However,
limited infrastructure and the lack of comprehensive information systems for malaria vector
distribution have made it difficult to monitor the indicators of malaria pre-elimination. We
conclude that a citizen science approach for malaria mosquito monitoring can support
malaria vector surveillance and control by providing insight in vector species distribution and
malaria transmission patterns. We expect that the data generated via citizen science are
relevant for the planning, implementation and evaluation of vector control activities by
NMCP. Thus, the involvement of the local communities in the science of mosquito ecology
will lead to more sustainable solutions for malaria control. Moreover, the citizen science
approach presents opportunities to bring down institutional barriers, such as low level of
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community involvement in vector control, limited financial resources for mosquito
surveillance and the current exclusion of more remote areas in mosquito monitoring.
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Abstract

Many countries, including Rwanda, have mosquito monitoring programmes in place to
support decision making in the fight against malaria. However, these programmes can be
costly, and require technical (entomological) expertise. Involving citizens in data collection
can greatly support such activities, but this has not yet been thoroughly investigated in a rural
African context. Prior to the implementation of such a citizen science approach, we
conducted a household entomological survey in October-November 2017 and repeated this
one year later. The survey was conducted in Busoro and Ruhuha sectors, in southern and
eastern province of Rwanda, respectively. The goal was to evaluate the perception of
mosquito nuisance reported by citizens as a potential indicator for malaria vector hotspots.
Firstly, we determined mosquito abundance and species composition using Centers for
Disease Control and Prevention (CDC) light traps inside the houses. Secondly, we interviewed
household members about malaria risk factors and their perceived level of mosquito
nuisance. Tiled roofs, walls made of mud and wood, as well as the number of occupants in
the house were predictors for the number of mosquitoes (Culicidae) in the houses, while the
presence of eaves plus walls made of mud and wood were predictors for malaria vector
abundance. Perception of mosquito nuisance reported indoors tended to be significantly
correlated with the number of Anopheles gambiae s.l. and Culicidae collected indoors, but
this varied across years and sectors. At the village level, nuisance also significantly correlated
with An. gambiae s.l. and total mosquito density, but only in 2018 and not in 2017. We
conclude that the perception of mosquito nuisance denoted in the questionnaire survey
could be used as a global indicator of malaria vector hotspots. Hence, involving citizens in
such activities can complement malaria mosquito surveillance and control.
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Introduction

Malaria remains a public health concern in Rwanda despite the gains made in malaria
reduction in the past decades (Karema et al. 2012). Since 2012, malaria has increased every
year, thereby impeding the progress made up to 2011 (MOH 2017b). From 2012 to 2016, the
country reported an eight-fold increase in malaria cases. Additionally, malaria—related deaths
increased from 325 in 2012 to 663 in 2016. The eastern and southern parts of the country
have been the most afflicted regions. The increase in malaria cases has been observed in all
districts, including districts that were previously defined as being at the pre-elimination
phase. This increase was observed across all age groups, suggesting the entire population is
at risk of acquiring a malaria infection (MOH 2017b).

In Rwanda, malaria vector surveillance is carried out monthly in twelve sentinel sites across
the country. It aims to monitor the key parameters of malaria vectors, and provides
entomological data, such as the entomological inoculation rate (EIR), to guide the planning of
vector control interventions (Hakizimana et al. 2018; Tusting et al. 2014). At present, the
monitoring of malaria mosquito density is combined with malaria incidence and helps to
determine the spatio-temporal spread of infections. However, active mosquito surveillance
is conducted in only 3% (12/416) of the sectors of the Rwandan territory, while in the
remaining 97%, mosquito monitoring is not implemented (MOH 2013). It is challenging to
implement the current mosquito surveillance in all areas of the country due to the inadequate
local capacity in entomology and the high costs related to extending vector surveillance
countrywide, hence alternative approaches are desired (Hakizimana et al. 2018).

Passive surveillance through citizen science is a tool to track mosquito presence and spread,
such as of Aedes albopictus, a potential vector of dengue, Zika and chikungunya viruses (Heym
et al. 2017; Palmer et al. 2017). Studies carried out in the Netherlands and Spain showed that
citizens provided scientifically valuable information through questionnaires and sending
mosquito samples to the laboratories in charge of mosquito identification. This can ease cost
constraints for mosquito surveillance (Palmer et al. 2017; Vogels et al. 2015). Mosquito
nuisance reported by citizens via a questionnaire in combination with actual mosquito
samples collected by the citizens revealed the presence or absence of the two biotypes of
Culex pipiens and their hybrids, which can be important vectors of West Nile virus (Vogels et
al. 2015).

In the current study, prior to the implementation of a wider citizen science programme for
malaria mosquito surveillance in Ruhuha, Rwanda (Chapters 4 and 6), we aimed to determine
mosquito species composition using a conventional mosquito trapping method in two rural
sectors of Rwanda by means of two cross-sectional surveys performed in 2017 and 2018. In
addition, we aimed to analyze the factors that could explain the observed spatial distribution
of mosquito species collected. Lastly, we investigated whether perceived mosquito nuisance

39



Chapter 3

reported by the participants could provide an indication of potential (malaria) mosquito
hotspots, especially in areas where malaria mosquito surveillance is not implemented.

Materials and methods
Study site

Household and entomological surveys were carried out in Ruhuha and Busoro sectors,
located respectively in Bugesera district (eastern province), and in Nyanza district (southern
province) in Rwanda (Figure 1). The choice of the study sites was based on the large number
of malaria cases reported in Ruhuha since 2012, and the long-term working relationship with
the local health center. Ruhuha sector covers 54 km? and is sub-divided into 35 villages
(Ingabire et al. 2014). An estimated 24,000 people are living in more than 5,100 households
(HHs) (Kateera et al. 2015). The area is a higher malaria endemic zone (Rulisa et al. 2013).
Busoro is a sector covering 74 km?and is subdivided into 41 villages. It has a total population
of approximately 34,000 people living in 8,000 households (HHs) (Asingizwe et al. 2019).
Irrigated rice fields are the main type of land use in both sectors. Both sectors differ from
each other by the area of irrigated rice fields which is relatively 40% larger in Busoro (178
hectares or 2.4% of the land surface) in comparison with Ruhuha (93 hectares or 1.7% of the
land surface) (Hakizimana 2019; Musabe 2012). Additionally, Ruhuha is located near the
shores of Lake Cyohoha South (Rwanyiziri & Rugema 2013). The wetlands potentially serve
as favourable places for mosquito breeding.

Study design

Household and entomological surveys were conducted in Ruhuha and Busoro for three weeks
in October-November 2017 and were repeated in a modified form in the same period in 2018.
Data from the household survey were coupled with entomological data collected for both
sectors and years. In addition to the demographic characteristics, we defined factors that
could explain the variation in mosquito abundance (Figure 2). Additionally, we assessed the
relationship between perceived mosquito nuisance experienced by the citizens in their house
and mosquitoes collected using CDC light traps in Busoro and Ruhuha.

Household selection

The studied households were selected among those that were part of a larger household
survey (Asingizwe et al. 2019). Six villages per sector were selected by simple random
sampling. In Busoro sector, the villages of Kireranyana, Gikombe, Karambi, Muhindo,
Rucyamo, and Runazi were selected while in Ruhuha sector, Kagasera, Kamweru, Kibaza,
Kiyovu, Mubano, and Rusenyi villages were selected for the study (Figure 1). At the village
level, lists of households were provided by the village leaders, and a systematic random
sampling was used to draw a sample of households to be visited. As a result, 30 to 31
households were selected for each village for the large household survey. From these
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households 6-8 households were selected for the household survey. In 2017, 82 households
were thus selected randomly (42 from Busoro and 40 from Ruhuha) and considered for our

study.

Muhindo

Rusenyi

Kireranyana

Legend

@ 2017

|

D Study villages
D Sector boundaries
: Lakes

- Forest

Marshlands

Eastem
Province

A 4 Health center
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Figure 1. Maps of Busoro and Ruhuha sectors, located in Bugesera and Nyanza districts (in grey) showing houses
randomly selected (blue and green dots for the different years of study) from six villages that were selected for
the household survey and mosquito survey using Centers for Disease Control and Prevention miniature light

traps (CDC-LT).

Sector
Ruhuha/ Busoro
Year
2017/2018
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Households
characteristics
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House building
materials
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Figure 2. Overview of different variables analysed in the present study.
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In 2018, the same survey was repeated by selecting randomly and directly from the list,
excluding households sampled during the previous survey in 2017. In other words,
households interviewed in 2017 were different from those from 2018. In 2018, 84 households
were selected, 42 from Busoro and 42 from Ruhuha. If household members were absent at
the time of the interview, the interviewers progressed to the next selected house. Only
residents above 18 years of age and who consented to participate in the study were
interviewed. The house occupied by the interviewed resident was selected for the mosquito
collection after obtaining informed consent.

Data collection
Household survey

For the household survey conducted in 2017 and 2018, we assessed perception of mosquito
nuisance experienced indoor and per season by the citizens in Busoro and Ruhuha. Six to
eight household surveys were carried out per day. The average interview time was 45 minutes
up to one hour per household. The questions were originally written in English and translated
into the local language (Kinyarwanda), and prior to the survey back translated into English.
The questionnaire was pre-tested in a pilot study of 10 households selected randomly in the
neighbouring Mareba sector, Eastern province, for its consistency, and then revised
accordingly. Field data collectors were trained in addressing the questionnaire before
conducting the survey. Only participants who consented were interviewed in the local
language (Kinyarwanda). All translations were made by professional translators including
members of the project team and cross-checked by native speakers. The translators were
asked to review and cross check the items and identify any problems in wording, terminology,
ability to understand and relevance.

Questionnaire data were collected in electronic forms using Open Data Kit (ODK) Collect
setup (Asingizwe et al. 2019; Raja et al. 2014). The questionnaire encompassed questions
with closed- and open-ended questions. The questionnaire contained different sections with
questions related to demographic data of the participants, perception of mosquito nuisance
and its seasonality, knowledge on malaria, and to vector and malaria control practices. For
statistical analysis, we used the data on demographic characteristics, household
characteristics and mosquito nuisance perceived indoor by the respondents in this study
(Figure 2).

Demographic characteristics

Demographic data included gender, age, marital status, education level, occupation,
Ubudehe category (a community-based social categorisation of the household and its
dependents into different groups based on their incomes) (Fenny et al. 2018), size of the
household, bed net ownership, and mobile phone ownership of the participants. Other
characteristics such as the house features (type of wall (mud/clay or wood), type of floor
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(cement or mud), type of roof (iron or tile sheets), presence of eaves, and livestock ownership
(species owned and location where they were kept)) were also included in the questionnaire.

Perception of mosquito nuisance

Respondents were asked to answer the question whether they experienced mosquito
nuisance in their environment. Participants who experienced mosquito nuisance were
requested to scale the level of nuisance experienced in the house on a 5-point Likert scale (1
= very little; 5 = very much). They were also requested to indicate when (rainy or dry seasons)
they experienced mosquito nuisance.

Mosquito collection by CDC light traps

Mosquitoes were collected in 2017 and 2018 in 166 selected houses in Ruhuha (82) and
Busoro (84) among the interviewed participants using a miniature CDC light trap. The CDC
light traps were set up in the bedroom and hung at the foot end of the bed, with the shield
of the trap at 1.5 meters from the floor (Mboera et al. 1998). The traps were set up at 6:00
pm, and the owner of the room was instructed to put off the light of the trap and tie the bag
connected to the collecting cup at 6:00 am the next morning to avoid mosquitoes escaping
from the traps. After their collection from the traps, mosquitoes were stored in labelled petri
dishes before morphological identification in the laboratory.

Mosquito identification

Mosquitoes were identified using standard morphological identification keys for anophelines
and culicines (Gillies & Coetzee 1987; Service 1993). Mosquitoes were scored as unfed or
blood fed. The mosquitoes were then stored under silica gel in labelled Eppendorf tubes with
the codes of the respondent interviewed and kept in an envelope with the name of the village
under cool conditions at the central Laboratory of Entomology for identification of
Plasmodium falciparum infection and further molecular species identification.

Laboratory processing

Blood meal identification. For samples collected in 2017, each mosquito abdomen was
ground in 100 microliter (ul) of phosphate-buffered saline (PBS), and then filled up to 1 ml

PBS. Blood meals were identified by direct ELISA using antihost (IgG) conjugate against human
and cow proteins in a single-step assay (Beier et al. 1988). The non-reacting samples were
then tested subsequently using goat 1gG. ELISA results were read visually (Beier & Koros
1991). The anthropophilic rate was determined as the proportion of mosquitoes that fed
exclusively on human blood among all fed mosquitoes.

Sporozoite rates. The head and thorax of all female An. gambiae s.|. mosquitoes collected in
2017 using CDC light traps were used to test for the presence of circumsporozoite protein
(CSP) of P. falciparum using Enzyme-Linked Immunosorbent Assay (ELISA). A sample with an
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Optical Density (OD) value above the cut-off (cut-off = 2 x mean OD of 7 negative samples)
was considered positive (Dotson et al. 2011). The sporozoite rate was calculated as the
number of mosquitoes infected with P. falciparum sporozoites divided by the total number
of mosquitoes processed.

Molecular species identification. For molecular identification of the sibling species of An.
gambiae s.l., a random sample of 9% (n=233/2,514) of the total number of An. gambiae s.|.
collected during the two years and from both sectors was identified using the rDNA-
Polymerase Chain Reaction (PCR) assay (Scott et al. 1993). If the initial PCR testing failed to
amplify a sample, then the PCR analysis was repeated once or twice until successful

amplification was achieved. If a sample could not be identified after three rounds of PCR, it
was scored as unknown (Minakawa et al. 1999).

Data analysis

Household survey data were imported from ODK software into Microsoft Excel (2016) and
checked for consistency in the values and answers. They were electronically loaded onto a
central server for backup, translated, and coupled with data from the entomological survey.
Statistical analysis was undertaken in SPSS 23.0 (SPSS Inc, Chicago, IL, USA), and included the
calculation of frequencies and Chi-squares statistics. Bivariate analysis of correlation between
the dependent variable (number of An. gambiae s.l. or Culicidae) and the independent
variables (number of members of the household, house structural features (floor, wall and
roof), species of animal kept in the house and presence of eaves) was performed to determine
predictors that could explain the mosquito abundance indoor. Only predictors that had a
screening significance lower than 0.10 were then considered for our final models. For this
purpose, Generalized Linear Models (GLM, negative binomial with log link) were used.
Besides house structural features, household size and livestock ownership, other factors
included in the GLM were sector (Ruhuha/Busoro) and the year of study (2017/2018) (see
Figure 2). All data on mosquito collections were entered into Excel to calculate the sporozoite
rate and human blood index and the various mosquito species identified were summarised
as proportions. Furthermore, Spearman correlation analysis was used to analyse the
relationship between mosquito nuisance reports by the respondents and number of
mosquitoes and species collected in the respondents’ houses (Figure 2).

Ethics statement

Permission from the Rwanda Institutional Review Board of the Rwandan Biomedical Center,
and Bugesera District office were obtained prior to the conduct of the study. A Memorandum
of Understanding was signed between University of Rwanda and CARITAS — a religion-based
organization that provides supervisory leadership to health centers — which allow working
with the health center. Informed consent was obtained from adult respondents before the
guestionnaire was addressed and the entomological survey carried out. All information was
evaluated anonymously.
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Results
Demographic characteristics

One hundred and sixty-six respondents were enrolled both in the household survey and
mosquito collection, out of 167 (n = 166/167, 99%) requested respondents to participate.
Table 1 provides an overview of the demographic characteristics of the participants. Overall,
both sectors were similar in their demographics. In both sectors more than half of the
respondents were female (64%). The average age of the respondents in Busoro was 44 years
(n =84), and 41 years (n = 82) in Ruhuha. Almost 76% of the respondents were schooled (no
category) while the remainder (24%) was unschooled. Respondents from Busoro were more
highly educated (81%) than those from Ruhuha (71%). Most of the respondents were farmers
(93%), followed by self-employed (1%), private officer (1%), student (1%), and unemployed
(4%). However, more respondents in Busoro than in Ruhuha were farmers (98% versus 89%).
In latter sector, more individuals were unemployed. There was no significant difference when
comparing Ubudehe categories between the two sectors. Most of the participants owned a
bed net (74%), but there was a significant difference in bed net ownership between Busoro
and Ruhuha (81% versus 66%). Almost half of the participants owned a mobile phone (46%).
There was no significant difference in mobile phone ownership when comparing both sectors.
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Table 1. Demographic and household characteristics of 166 respondents in Busoro and Ruhuha sector, Rwanda.
P-values are based on chi-square analysis of the proportions between the two sectors.

Variables Busoro Ruhuha Total P
n (%) n (%)

Gender
Male 38 (45) 22 (26) 60 (36) 0.014
Female 46 (55) 60 (73) 106 (64)

Age
19-24 7 (8) 8 (10) 15 (9)
25-44 31(37) 42 (51) 73 (44)
45-59 35 (42) 23 (28) 58 (35) 0.222
> 60 11 (13) 9 (10) 12 (12)

Marital Status
Never married 4(5) 7(9) 11 (7)
Married 40 (48) 36 (44) 76 (46)
Living together 16 (19) 19 (23) 35 (21) 0.444
Separated (Divorce) 11 (13) 5(6) 16 (10)
Widow 13 (16) 15 (18) 28 (17)

Education
None 16 (19) 24 (29) 40 (24)
Incomplete Primary 43 (51) 31(38) 74 (45)
Primary 15 (18) 19 (23) 34 (21) 0.342
| complete secondary 5(6) 3(3) 8 (5)
Secondary 5(6) 5(5) 10 (5)

Occupation
Farmer 82 (98) 73 (89) 155 (93)
Self-employed 0(0) 2(2) 2 (1)
Private officer 1(1) 0(0) 1(1) 0.088
Student 0(0) 1(1) 1(1)
Unemployed 1(1) 6 (4) 7 (4)

Ubudehe category
Category 1 12 (14) 16 (20) 28 (17)
Category 2 37 (44) 34 (42) 71 (43) 0.666
Category 3 35 (42) 32(39) 67 (36)

Size of the household
1to2 9(11) 9(11) 18 (11)
3t05 47 (56) 48 (58) 95 (57) 0.925
>=6 28 (33) 25(31) 53(32)

Bed net ownership
No 16 (19) 28 (34) 44 (27) 0.028
Yes 68 (81) 54 (66) 122 (74)

Mobile phone ownership
No 45 (54) 45 (55) 90 (54) 0.866
Yes 39 (46) 37 (45) 76 (46)
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House features

Most of the participants had mud floor houses (83%) with mud walls (59%), closed eaves
(65%) and iron sheet roofing (69%) (Table 2). There were no significant differences between
both sectors for house features (eaves presence, floor, wall features), except for iron sheeting
(100% in Ruhuha versus 38% in Busoro) (Table 2).

Table 2. Houses features of the 166 respondents in Busoro and Ruhuha sector, Rwanda. P-values are based on
Chi-square statistical comparisons.

Variables Busoro Ruhuha Total P
n (%) n (%)
House features
Eaves
No 55 (65) 53 (64) 108 (65) 0.909
Yes 29 (35) 29 (36) 58 (35)
Floor
Cement 13 (15) 16 (19) 29 (18) 0.494
Mud/Clay 71 (85) 66 (81) 137 (83)
Roof
Iron sheets 32 (38) 82 (100) 114 (69)
Tile sheets 52 (62) 0(0) 52 (31) < 0.0001
wall
Mud/clay 47 (56) 51 (62) 98 (59)
Wood & Mud 37 (44) 31(38) 68 (41) 0.414
Livestock ownership

Overall, there was a significant difference in livestock ownership when comparing both
sectors (P = 0.029). Of the respondents, 72% owned at least one species of livestock (cows,
pigs, poultry, rabbits, goats or sheep; Table 3). However, participants in Busoro owned more
livestock than participants in Ruhuha (80% versus 65%). Goats were the most frequently
owned livestock. Poultry ownership differed significantly between Busoro and Ruhuha (P =
0.003): respondents in Busoro owned more poultry indoor than Ruhuha.

Mosquito species composition by CDC light traps

From the mosquitoes collected in 2017 and 2018, 74% (n = 7,370) were collected in 2017
(Table 4) and 26% (n = 2,595) in 2018 (Table 5). Of all mosquitoes, 74.2% were
morphologically identified as culicines and 25.2% as anophelines. Among female mosquitoes
collected, 25.6% (n = 2,210) were fed and 77.8% (n = 7,755) were unfed. Of the total
anophelines collected (n = 2,514), 94.2% was An. gambiae s.l. Giles. Other Anopheles species
collected included An. brohieri (0.2%), An. funestus Giles (1.2%), An. maculipalpis Giles (1.1%),
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An. pharoensis Theobald (0.6%), An. rufipes Gough (0.5%), and An. ziemanni Grunberg
(2.2%). Busoro recorded 72.8% of the total An. gambiae s.l. collected, the remaining 27.2%
was collected in Ruhuha. An. funestus (n = 31), An. pharoensis Theobald (n = 14), and An.
ziemanni Grunberg (n=56) were the most frequently encountered other human-biting
Anopheles species identified in Busoro, while An. brohieri (n = 2),) An. rufipes (n = 13), and
An. maculipalpis Giles (n =5) were Anopheles species known as non-human biting. In Ruhuha,
An. pharoensis Theobald (n=1) was another human biting malaria vector, and An. brohieri (n
= 2), An. maculipalpis Giles (n = 22) were the non-human biting anophelines. The malaria
mosquito An. funestus was not collected in Ruhuha.

From 7,451 culicines, 99.7% (n = 7,425) consisted of Culex (Cx) spp. and 0.3% (n = 26) of
Mansonia spp. The highest proportion of culicines identified was Cx. quinquefasciatus
(99.6%), with 89.2% (n = 6,647) from Busoro and 10.4% (n = 778) from Ruhuha, respectively.

Table 3. Proportion of households keeping each species of livestock indoor and/or outdoor in Busoro and
Ruhuha sector, Rwanda. P-values are based on Chi-square statistical comparisons.

Species of  Busoro Ruhuha
livestock

Indoor Outdoor  Household Indoor Outdoor  Household P

n (%) n (%) without n (%) n (%) without

livestock livestock

Cow 0(0) 33 (49) 34 (51) 0(0) 28 (53) 25 (47) 0.697
Pig 0(0) 6(9) 61 (91) 0(0) 5(9) 48 (91) 0.928
Poultry 25 (37) 5(8) 37 (55) 9(17) 0(0) 44 (83) 0.003
Rabbit 2(3) 1(2) 64 (96) 2(4) 0(0) 51 (96) 0.654
Goat 44 (66) 10 (15) 13 (19) 30 (57) 11(21) 12 (23) 0.572
Sheep 0(0) 0(0) 67 (100) 1(2) 0(0) 52 (99) 0.259

Blood-feeding behaviour

0Of 1,046 Anopheles spp. collected, 100 were selected randomly. Ninety-eight specimens were
An. gambiae s.l., while the other two were An. maculipalpis and An. rufipes. Of all 100 blood
fed specimens, 82 (82%) had fed on a single host (human, goat or bovine), while 5 (5%) had
fed on mixed hosts and 13 were unspecified for the antigens assayed suggesting that these
An. gambiae s.l. had fed on other hosts than humans, goats, or cattle (Table 6). For the
remaining 87 Anopheles, 58% (n = 58) of the An. gambiae s.l. were engorged with human
blood and 1% (n=1) An. gambiae s.l. was engorged with blood of both human and goat origin.

Plasmodium falciparum infection rates

Of the 1,046 mosquitoes tested by ELISA, P. falciparum CSP antigen was detected in 14 out
of 1,013 mosquitoes, 11 out of 971 tested (1.1%) An. gambiae s.l. and 3 out of 42 tested An.
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ziemanni (7.1%). The overall sporozoite rate of anopheline species was 1.3%. The infection
rate was 0.5% (3/573) in Busoro and 2.3% (11/473) in Ruhuha.
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Table 6. Host blood antigen detected in three mosquito species collected from Busoro and Ruhuha sector,
Rwanda (October—-November 2017)

An. gambiae s.l. An. maculipalpis An. rufipes Total
Host blood n (%) n (%) n (%)

Human 58 (58) 0(0) 0(0) 58
Goat 2(2) 1(1) 0(0) 3
Bovine 20 (20) 0(0) 1(1) 21
Goat and Bovine 4(4) 0(0) 0(0) 4
Human and goat 1(1) 0(0) 0(0) 1
Unspecified 13 (13) 0(0) 0(0) 13
Total 98 (98) 1(1) 1(1) 100

Molecular identification of members of the An. gambiae complex

Of the 9.4% (236/2,514) of the An. gambiae s.l. selected for sibling species identification from
2017 and 2018, 145 (61.4%) were identified as An. gambiae s.s. Giles and 74 (31.4%) as An.
arabiensis Patton (Table 7). Sixteen (6.8%) were not amplified and one sample was
contaminated (0.4%).

Table 7. Members of the An. gambiae complex found among samples of An. gambiae s.l. tested from Ruhuha
and Busoro sector, Ruhuha

Sibling species 2017 2018
TOTAL
Busoro Ruhuha S/total Busoro Ruhuha S/total
n % n % n % n % n % n % n %

An. arabiensis 31 360 3 35 34 395 25 167 15 100 40 26.7 74 314

An. gambiae 13 151 31 360 44 512 9% 640 5 33 101 673 145 614
S.S.
Not amplified 4 47 3 35 7 8.1 6 40 3 20 9 6.0 16 6.8

Contaminated 1 1.2 0 00 1 1.2 0 00 O 00 0 0.0 1 0.4
TOTAL 49 570 37 43.0 86 100.0 127 847 23 153 150 100.0 236 100.0

Factors explaining mosquito abundance

After bivariate analysis, different livestock species kept in the houses such as poultry, rabbit,
goat and sheep (Table 3) did not show a statistically significant correlation (P > 0.1) with the
dependent variables. Therefore, they were not selected for GLM analysis. The house features
that included the materials used for the construction of the roof, and the wall, and the
number of occupants in the house were predictors for the number of mosquitoes (Culicidae)
in the houses. The predictors roof, wall, and size of the household had a statistically significant
effect on the number of mosquitoes indoor, while the floor composition did not contribute
statistically to a difference (Table 8).
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There were significantly more Culicidae in Busoro than in Ruhuha, and the incidence rate ratio
for 2017 was 2.5 times that of 2018 (P < 0.001; Table 8). Houses with tiled roofs were more
exposed to mosquitoes than houses with an iron roof (P = 0.002; Table 8). Likewise houses
with walls made of mud and wood had a larger number of mosquitoes (Culicidae) than houses
with walls made with mud (P < 0.001; Table 8).

Table 8. Determinants of mosquito and malaria vector abundance.

Culicidae
Variables B Incidence 95% Cl P
rate ratio

Sector Busoro 1.079 2.941 1.807 -4.787 <0.001
Ruhuha *

Year of the study 2017 0.928 2.528 1.742 - 3.668 <0.001
2018 *

Floor Cemented -0.309 0.734 0.421-1.280 0.276
Earthed *

Roof Iron sheets -0.846 0.429 0.253-0.729 0.002
Tile sheets *

Wall Mud / clay -0.913 0.401 0.273 - 0.591 <0.001
Wood-Mud 0a

Family size Family size 0.153 1.166 1.058 -1.284 0.002

An. gambiae s.l.
Variables B Odd ratio 95% Cl P

Sector Busoro 1.223 3.399 1.913-6.038 <0.001
Ruhuha *

Year of the study 2017 0.110 1.117 0.706 - 1.766 0.637
2018 *

Eaves No eaves -0.560 0.571 0.361 - 0.904 0.017
Eaves *

Floor Cemented -0.393 0.675 0.359-1.271 0.223
Earthed *

Roof Iron sheets 0.425 1.529 0.844-2.771 0.162
Tiles sheets *

Wall Mud / clay -0.838 0.433 0.278 - 0.673 0.000
Mud & wood *

*Reference category
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Similarly, for the total number of only An. gambiae s.l., there were more females collected in
Busoro than in Ruhuha. However, the year effect was not significant (Table 8). Houses with
closed eaves and mud walls were more likely to not have malaria vectors resting inside the
house than houses with open eaves or walls made with wood and mud.

Perceived mosquito nuisance per sector

In total, 96% (n = 159, both 2017 and 2018) of the respondents reported to have experienced
at least some mosquito nuisance. There was a significant difference between both sectors in
the proportion of respondents that reported mosquito nuisance (P = 0.050) (Table 9).

Table 9. Perceived mosquito nuisance reported by 166 respondents in Busoro and Ruhuha sector, Rwanda. P-
value is based on a Chi-square statistical comparison between sectors.

Variables Busoro Ruhuha Total P
n (%) n (%)
Nuisance No 1(1) 6(7) 7 (4)
Yes 83 (99) 76 (92) 159 (96) 0.05
Total 84 82

Of those that did perceive nuisance, 6% (n = 10) experienced “very little”, 25% (n = 43)
experienced “little”, 17% experienced “some”, 32% experienced “much” (n = 52, 32%) and
16% reported “very much” nuisance. There was no significant difference between the two
sectors when comparing the level of mosquito nuisance experienced indoor (P=0.177; Table
10).

Table 10. Perceived mosquito nuisance indoors for 2017 and 2018 in the Busoro and Ruhuha sector, Rwanda.
P-value is based on a Chi-square statistical comparison.

Nuisance scale Busoro Ruhuha Total
n (%) n (%) n (%) P

No nuisance 1(1) 6(7) 7 (4)

Very little 3(4) 7(9) 10 (6)

Little 23(27) 20 (24) 43 (25)

Somewhat 14 (17) 13 (16) 27 (17) 0.177
Much 31(37) 21 (26) 52 (32)

Very much 12 (14) 15 (18) 27 (16)

Total 84 82 166

Temporal variation in perceived mosquito nuisance

When asked in what season respondents perceive mosquito nuisance, most respondents
reported to experience “very much” nuisance during the long rainy season (March — May;
Figure 3B). Interestingly, more respondents in Busoro (n = 73) perceived mosquito nuisance
in this season than in Ruhuha (n = 54). Respondents perceived “little” to “very much”
nuisance during the short rainy season (September until November; Figure 3-A). Respondents
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mostly perceived “some” to “little” nuisance during the small rainy season (December-
February; Figure 3-C) and mostly “very little” to “little” in the big dry season (June until
August; Figure 3-D).
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Figure 3. Mosquito nuisance as experienced during the four seasons reported by 166 respondents from Busoro
and Ruhuha sector, Rwanda.

Spatial variation in perceived mosquito nuisance

Within each sector, there was substantial spatial variation at village level in the degree of
mosquito nuisance perceived indoor (Figure 4). In Busoro, the highest perceived mosquito
nuisance was from Runazi (X = 3.9), Rucyamo (X = 3.8), and Kireranyana (X = 3.6), followed by
Gikombe (X = 3.1), Muhindo (X = 2.9) and Karambi (X = 2.5) (Figure 4). In Ruhuha, households
from Kamweru (X = 3.5) and Rusenyi (X = 3.6) reported to experience much nuisance in their
houses while the remaining participants from Kibaza (X = 2.9), Kiyovu (X = 2.9), and Mubano
(X = 3.1) reported having experienced some nuisance. Interestingly, respondents from
Kagasera reported having experienced little mosquito nuisance (X =1.8) during the period of
study.

Relationship between mosquito abundance and perceived indoor mosquito nuisance

First, a Spearman correlation coefficient was computed to assess the relationship between
the number of mosquitoes (total Culicidae and total An. gambiae s.l.) collected and the
perceived nuisance level experienced in the houses by the participants. When data from both
years and sites were aggregated, there was a moderate, but significant correlation between
the total Culicidae and perceived nuisance indoors (rs = 0.316, n = 166, P < 0.001). Similarly,
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there was a moderate, but significant correlation between the number of An. gambiae s.l.
collected indoors and the perceived mosquito nuisance (rs = 0.281, n = 166, P < 0.001).
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Figure 4. Perceived mosquito nuisance in twelve villages in Busoro and Ruhuha sector, Rwanda.
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Figure 6. Boxplots showing the distribution of An. gambiae densities for each nuisance level reported per
household in the two years (2017 and 2018) and two sectors (Ruhuha and Busoro) of study. Note the different
scales of the x-axes for each panel.

When the data were analysed per year and per sector for Culicidae, there was a strong spatial
difference. No significant correlation was observed between total mosquito numbers and
perceived nuisance indoor in Busoro for both years (2017: rs = 0.055 n = 42, P = 0.731 and
2018: rs = 0.200 n = 42, P = 0.204; Figure 5-C and D), whereas there were moderate, but
significant correlations between the total mosquito numbers and perceived mosquito
nuisance in Ruhuha for both years of study (2017: rs = 0.389, n =40, P = 0.013 and 2018: r =
0.305, n =42, P =0.049; Figure 5-A and B)(Table 11).

Table 11. Spearman correlation coefficients between perceived level of mosquito nuisance and number of
mosquitoes (An. gambiae only, or total Culicidae). Significant P-values are indicated in bold.

Site Year Mosquito group rs n P
Busoro 2017 Culicidae 0.055 42 0.731
Busoro 2018 Culicidae 0.200 42 0.204
Ruhuha 2017 Culicidae 0.389 40 0.013
Ruhuha 2018 Culicidae 0.305 42 0.049
Busoro 2017 An. gambiae s.l. 0.370 42 0.016
Busoro 2018 An. gambiae s.l. 0.119 42 0.452
Ruhuha 2017 An. gambiae s.l. 0.450 40 0.004
Ruhuha 2018 An. gambiae s.l. 0.251 40 0.109
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For An. gambiae s.l. per sector and year, there was a strong temporal difference. There were
significant correlations in both sectors in 2017 (Busoro: rs = 0.37, n = 42, P = 0.016; Ruhuha:
rs =0.45, n = 40, P = 0.004; Figure 6-A and C). However, in 2018, these significant correlations
between perceived nuisance and An. gambiae s.|. were absent for both sectors (Busoro: rs =
0.119, n =42, P = 0.452; Ruhuha: rs =0.251, n = 40, P = 0.109; Figure 6-B and D) (Table 11).

When data were analysed one spatial level lower, i.e. by village, there were significant
correlations between average nuisance level reported and An. gambiae s.l. (rs= 0.607, P =
0.002, Figure 7-A), as well as between average nuisance level and total mosquitoes (rs=0.528,
P =0.008, Figure 7-B). When analysed per year separately, the correlations were strong and
significant for 2018 (black dots, Figure 7), but not significant for the data from 2017 (grey
dots, Figure 7).
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Figure 7. Scatterplots showing the correlation between average level of mosquito nuisance reported and
average number of mosquitoes at village level (An. gambiae s.l., panel A; Total Culicidae, panel B). Each dot
represents the average for one village consisting of 6-8 sampled households (2017: grey dots, 2018: black dots)

Discussion

The mosquito nuisance derived from the questionnaires, revealed a significant nuisance
caused by mosquitoes, notably from the Culicidae. Our findings show that there was a high
mosquito density including Culex species and mainly An. gambiae s.l. for both years in both
sectors. A higher density of mosquitoes and malaria vectors were partially explained by the
construction materials for roof and walls, as well as by the presence of eaves and number of
occupants in the house. Hence, these factors also contribute to a high level of perceived
mosquito nuisance, although correlations were space (sector) and time (year) dependent.
The presence of P. falciparum infected mosquitoes in the houses, as shown for the 2017 data,
contributes to the risk of contracting malaria. Our results are supported by several other
findings that show that individuals who live in rural areas in poorly constructed houses are
exposed to more mosquito bites, and hence to an increased risk of malaria transmission
(Charlwood et al. 2003; Jatta et al. 2015; Kaindoa et al. 2018; Kateera et al. 2015; Snyman et
al. 2015; Tuyishimire 2013). In a study conducted in Kenya, houses made of wood and mud
exhibited a significant effect on mosquito abundance in the houses (Zhou et al. 2007a).
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Factors such as closed eaves reduced rates of house entry by anopheline mosquitoes
compared to fully open eaves as was also demonstrated in Tanzania, the Gambia, and Kenya
(Mburu et al. 2018; Menger et al. 2016; Njie et al. 2009; Ogoma et al. 2010; Ondiba et al.
2018).

We found spatio-temporal variations in mosquito abundance between Busoro and Ruhuha
sectors. In Busoro, mosquitoes, including numbers of An. gambiae s.l., were collected in
significantly higher numbers in comparison with Ruhuha. This spatial difference may be
explained by the fact that although both sectors have wetlands, Busoro is characterized by a
larger area (178ha) than Ruhuha (93ha) that is dedicated to rice irrigation (Hakizimana 2019).
The difference was strongly influenced by collections from one of the villages (Rucyamo),
which is the village closest to the irrigated fields (Figure 1) and which contributed to 65% of
all mosquitoes collected. This village was also the village with the one, but highest level of
mosquito nuisance reported. Living near the rice field, the chance to have more mosquitoes
and experience more nuisance was higher, because the wetlands are a good mosquito
breeding habitat (Sanford et al. 2014; Tabue et al. 2014).

In the present study, the predominant sibling species of the An. gambiae complex was An.
gambiae s.s. for both years and sectors combined (66%). This dominance of An. gambiae s.s.
is similar to a study conducted in one site near Kigali City in 2007 by PMI-Rwanda, in which it
was reported that An. gambiae s.s. accounted for 93.6% of the total of 157 An. gambiae s.l.
examined by PCR while An. arabiensis accounted for the remaining 6.4% (Lansana 2008).
However, our finding was contrary to the study where the characterization of An. gambiae
s.l. from 10 sentinel sites revealed that the predominant sibling species was An. arabiensis
(83%) (Hakizimana et al. 2016). Although An. funestus was recognized as dominant Anopheles
species in previous studies from Rwanda (Loevinsohn 1994; Munyantore 1989), this species
was collected only in Rucyamo, the village closest to the more permanently inundated
wetlands and rice fields, which are ideal habitats for this vector species.

In our study, for 2017, the P. falciparum infection rate in Busoro was higher compared to that
in Ruhuha. Other anopheline species collected in low numbers should not be neglected in the
strategies for malaria control and elimination, because they can transmit other mosquito
borne diseases such as the Babanki virus (BBKV) that is transmitted by An. brohieri as it was
found in Senegal (Diagne et al. 1994). Albeit in low numbers, both An. pharoensis and An.
ziemanni can transmit P. falciparum as observed in other studies from Cameroon, Ethiopia,
Guinea Bissau, Tchad and Kenya, respectively (Hinzoumbé et al. 2009; Kamau et al. 2006;
Kibret et al. 2012; Sanford et al. 2014; Tabue et al. 2014). Although Culex spp. have not been
incriminated as vectors of disease in Rwanda, the species caused a high burden of nuisance
in Cameroon (Nchoutpouen et al. 2019). Considering this group of species as potential vector
for other vector-borne disease will be important in the framework of Integrated Vector
Management. Reducing their numbers would substantially reduce mosquito nuisance
experienced, and thus enhance community involvement in uptake of vector control for
malaria prevention (Ingabire et al. 2015).
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The respondents experienced mosquitoes as a significant problem in their daily life, especially
during the rainy season that lasts from March to May. The increase in perception of mosquito
nuisance over the seasons corresponds to the increase of vector density at the start of the
long rainy season which is mainly due to an increase in wetland area which provides suitable
habitats for larval development of mosquitoes. The percentage of participants who reported
much nuisance was higher in Busoro (87%) than in Ruhuha (67%). Living in the vicinity of
marshlands increased the chance to experience higher mosquito abundance and hence
higher nuisance level as observed from participants from Busoro and Ruhuha (Hakizimana
2019; Musabe 2012). In addition, we also noted the presence of blocked ditches produced by
of the exploitation of sand for house constructions. Ditches are known as artificial mosquito
breeding sites (Castro et al. 2010; De Silva & Marshall 2012).

The correlations that we found between nuisance and number of mosquitoes can be
explained as larger numbers of mosquitoes collected indoors will result in more biting activity
and, hence a higher level of mosquito nuisance. Our results thus suggest that levels of
perceived mosquito nuisance are in some way indicative of mosquito densities indoors.
Consequently, one could argue that perceived mosquito nuisance in the peridomestic area
can be used as a global indicator for malaria transmission risk by filling out a questionnaire
indicating the level of nuisance expressed on a Likert scale. A study conducted in Algeria
demonstrated that perception of citizens can help to identify occurrence of Ae. albopictus in
a residential neighbourhood in Bir-Khadem (Benallal et al. 2019). This helped to put in place
vector control measures that could prevent the propagation of Ae. albopictus to other areas
and to avoid the massive use of insecticides for vector control which could ultimately lead to
insecticide resistance (Benallal et al. 2019). It should be noted that, when considering each
sector separately, perceived mosquito nuisance was significantly correlated to the numbers
of An. gambiae when data from both years were added together, while for Culicidae
perceived mosquito nuisance was correlated to the number of Culicidae for Ruhuha, but not
for Busoro, even not after adding datasets of both study years together. The reasons why
there was no correlation for Busoro remains unclear. We hypothesize that this may be
explained by the fact that in Busoro, mosquito densities were more extreme than in Ruhuha
and that variation in nuisance by these high densities could no longer be caught in the level
of perceived mosquito nuisance.

Conclusions

Our findings demonstrated that poor housing construction significantly led to increased
malaria vector density and thus possibly malaria risk in rural Rwanda. This suggests that good
house construction needs to be considered as one of the vector control strategies that can
be provided for poor populations. At the largest scale in this study, i.e. if data for years and
sectors are combined, the relationships between the level of perceived mosquito nuisance
and mosquito density at family and species level were clearly shown. Perception of mosquito
nuisance denoted in a questionnaire survey could be used as an indicator of mosquito
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abundance and, hence, for An. gambiae s.l. occurrence. Therefore, involving citizens in
reporting the level of mosquito nuisance can contribute to improved mosquito surveillance
and control.
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Abstract

Good health and human wellbeing is one of the sustainable development goals. To achieve
this goal, many efforts are required to control infectious diseases including malaria which
remains a major public health concern in Rwanda. Surveillance of mosquitoes is critical to
control the disease, but surveillance rarely includes the participation of citizens. A citizen
science approach (CSA) has been applied for mosquito surveillance in developed countries,
but it is unknown whether it is feasible in rural African contexts. In this chapter, the technical
and social components of such a program are described. Participatory design workshops were
conducted in Ruhuha, Rwanda. Community members can decide on the technical tools for
collecting and reporting mosquito species, mosquito nuisance, and confirmed malaria cases.
Community members set up a social structure to gather observations by nominating
representatives to collect the reports and send them to the researchers. These results
demonstrate that co-designing a citizen science programme (CSP) with citizens allows for
decision on what to use in reporting observations. The decisions that the citizens took
demonstrated that they have context-specific knowledge and skills and showed that
implementing a CSP in a rural area is feasible.
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Introduction

Malaria remains a major public health concern in many sub-Saharan African countries,
including Rwanda (Karema et al. 2012; PMI 2018). In Rwanda, a significant reduction in
malaria has been achieved through the use of control measures including long lasting
insecticidal nets (LLINs), indoor residual spraying (IRS), and artemisinin-based combination
therapy (ACT) (Karema et al. 2012). However, from 2012 to 2016, Rwanda experienced an
upsurge of malaria cases that was reported across the country, especially in the eastern and
southern regions. This increase put the entire population at risk and children under five years
old and pregnant women were the most exposed to malaria infection (MOH 2017b, 2017a).

The increase of malaria in Sub-Saharan African countries urged the global community to
improve the disease and vector control response because human wellbeing is one of the
United Nations’ sustainable development goals (WHO 2017a). Since the level of investment
in malaria control across the world remains inadequate (WHO 2017a, 2018), the World
Health Organization supports the development of effective, locally adapted and sustainable
vector control (WHO 2017a). The latter includes mosquito surveillance, which consists of
regular reporting of the density and the pathogen prevalence rate of vectors in a specific
region. This helps to identify how vectors spread the infections to hosts and to determine
appropriate interventions to reduce the risk of infection (Wu et al. 2016). In Rwanda, in
addition to active surveillance of malaria cases, mosquito surveillance is carried out in 12
sentinel sites established across the country (PMI 2019). Trained entomology technicians and
officers, and some trained local community members are employed on a monthly basis to
undertake mosquito surveillance in their assigned areas. Hence, this requires stable financial
resources for staff payment. In addition, mosquito surveillance is based on the systematic
reporting of the distribution, diversity, and density of malaria vectors using pyrethrum spray
and human landing catches (HLC) as mosquito collection methods. Another indicator that is
being reported is the entomological inoculation rate (EIR), expressed as the number of
infectious bites per person per year (Hakizimana et al. 2018). The entomologists submit a
compiled monthly report with entomological indicators mentioned above to the person in
charge of the vector control unit of Rwanda Biomedical Center for compilation, and further
analysis (Murindahabi et al. 2018) to guide the planning of interventions.

Despite this program, there are several gaps in the surveillance system. For example, beyond
the 12 sentinel sites there are still many regions where mosquito surveillance is not
established because of limited funds or lack of trained entomologists. Consequently, it
hinders the progress in malaria reduction, and limits community awareness on malaria
vectors. A possible solution to complement the current malaria mosquito surveillance is to
involve the public via a citizen science-based program (CSP). Citizen science as a tool for
mosquito surveillance requires an understanding of who is going to collect or report what,
how, and when. This chapter outlines how such a surveillance program could be designed,
put in place, and what preferences exist in local communities with regard to the technical and
social components of such an approach. A description of what activities are required to
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implement such a program are also described. We focus on several aspects including (1) the
process of recruiting volunteers, (2) technical tools for collecting and reporting observations,
(3) frequency of collection and reporting observations, and (4) feedback generation. The
following section provides the conceptual background which elaborates on existing CSPs in
mosquito surveillance and explains how the co-design concept was used to develop the CSP.

Conceptual background
Citizen science as a tool for mosquito surveillance

Citizen science can be described as a collaboration between scientists and volunteers,
particularly to expand opportunities for scientific data collection and to provide access to
scientific information for society (Shirk et al. 2012, 2009). With acknowledgement of
participatory action research (PAR) and other community-based interventions (CBI) that have
been conducted in the last decades to improve health literacy and ability to make decisions
related to malaria prevention and control (Ingabire et al. 2016; Rickard et al. 2011; Yukich et
al. 2014), citizen science has been used to actively engage people in the collection, and/or in
the analysis and the interpretation of data. This approach has been explored for monitoring
invasive and endemic mosquito species in developed countries (Kampen et al. 2015; Vogels
et al. 2015). In these countries, citizen science has provided large amounts of relevant
mosquito data, hence, citizen science proved its potential in the monitoring of (invasive and
endemic) mosquito species (Kampen et al. 2015; Vogels et al. 2015).

These projects involved volunteers that participated in different ways such as collecting and
mapping Culex pipiens biotypes, or assessing mosquito nuisance experienced by citizens in the
Netherlands (e.g., Muggenradar) (Vogels et al. 2015). Additionally, volunteers also
participate in detecting country-wide changes in mosquito fauna (e.g., Muckenatlas in
Germany), and adding real-time information for daily mosquito management such as the
Asian tiger mosquito (Aedes albopictus) (e.g., Mosquito Alert in Spain) (Hecker et al. 2018;
Palmer et al. 2017; Walther & Kampen 2017).

CSPs have become more interactive because of the availability of the internet, and most of
the projects are now online-based. However, in absence of the internet and with limited
access to electricity, for example in rural areas of Rwanda (NISR 2017), traditional methods
and strategies of reporting mosquito observations can be used instead (e.g., paper forms)
(Chaki et al 2011; Kiware et al. 2016).

In addition to providing a valuable extension of the professional surveillance networks, CSPs
can have other important functions in the strategies to reduce malaria. These include the
increase of public awareness and engagement in the topic (for example about mosquito-
borne diseases) (Eritja et al. 2019). In addition, participation in citizen science creates new
opportunities for connections between various stakeholders such as researchers, citizens,
policy makers, funding agencies, and decision-makers, thereby extending their own social
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network (Asingizwe et al. 2018), and it can strengthen community-based management of
residual foci of malaria transmission (Ingabire et al. 2016).

CSPs consists of technical and social components. The technical component defines the
citizen science infrastructure like the physical kit, and the technology assets. The physical kit
may consist of various equipment that could be, for example, mosquito traps, microscopes,
buildings, etc. The technology assets are the information technology-based platforms/tools
and services used to collect, store, manage, process, share, visualize, and analyse information
(data and metadata) which is produced by citizen science (Hecker et al. 2018). However, the
technology asset is not a required component for running a CSP (Jordan et al. 2017). The
social component includes the organizers of the projects or researchers, the citizens, and the
social networks of connected individuals (Hecker et al. 2018).

Co-designing a CSP

The development of a robust and context-specific CSP for mosquito surveillance requires the
inclusion of people in the design process and integration of a diverse range of experiences,
interests, and knowledge (Bartumeus et al. 2019; Bonney et al. 2009; Campos et al. 2017).
Co-designing a malaria mosquito surveillance system includes defining the social structure of
the program, and defining the infrastructures and the tools, sampling and feedback strategies
to be used (Figure 1).

/ N

Mosquito collection tool/
method (Handmade trap)

Researcher
interests

A

< )
Paper form to report

mosquito nuisance and

confirmed malaria cases

Preferences related to the technical and
social components of the citizen science /
program \

Define the
problem(s)

Process and frequency of
collecting and reporting
the observations

/

Citizen interests

Feedback provision

Figure 1. The framework indicating the co-designing process of the citizen science program for malaria control.
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Participation in the design of the technical and social components of a malaria mosquito
surveillance programme provides opportunities for the citizens to express their preferences
with regard to relevant design choices and give feedback on proposed design components.
As a result, this may foster ownership of the program (Hecker et al. 2018). Additionally,
citizen participation and engagement in citizen science projects increases resource capacity
for mosquito surveillance, and also promotes the acceptability of, and adherence to malaria
control strategies among the community members (Asingizwe et al. 2019). Strong
partnerships with communities in vector control are required for sustainable innovation such
as through citizen science (Bartumeus et al. 2019). The success also involves the provision of
feedback that is essential in every CSP to keep people engaged in the research (Campos et al.
2017; Jordan et al. 2016).

Methods
Study area

The study was carried out in the Ruhuha sector of Bugesera district, located in the eastern
province of Rwanda. Ruhuha covers an area of 54 square kilometers with a population of
more than 24,000 (over 5,500 households; 2017 data). The Ruhuha sector encompasses five
cells with 35 villages. Ruhuha is bordered by Lake Cyohoha in the south and is characterized
by its many water streams and marshlands classifying the region as a historical malaria
endemic zone. Rice cultivation and wetland agriculture are the main economic activities. The
Ruhuha sector was selected because of the high number of malaria cases reported since
2012. One village per cell was randomly selected for inclusion in the study. These five villages
were Busasamana, Kagasera, Kibaza, Kiyovu, and Mubano.

Study design, population, and sampling

Six workshops (including one for the pilot) were carried out in 2018 prior to the
implementation of a CSP for malaria mosquito surveillance in selected villages in the Ruhuha
sector. Participatory design workshops (PDWs) were used. A PDW is defined as a workshop
through which all stakeholders including users (citizens in this case) that are affected by the
upsurge of malaria in their environment, are invited to collectively define the problem that
affects them, and to set up mechanisms to solve the problem while anticipating their needs
(Sanoff 2007). It is therefore a user-centered design method in which the focus is on the active
role of the users. The first workshop was a pilot conducted in March 2018 and aimed to
discuss the malaria upsurge and to explore whether participants were willing to participate
in malaria control by being enrolled in the CSP and how they could participate in such a
program. In addition, the pilot workshop aimed to inform the process of the main PDWs
through testing the content and steps of the PDW. The pilot study was conducted in one of
the ten villages in which a baseline study was conducted (Asingizwe et al. 2019) and was
randomly selected. With the results from this pilot workshop, five follow-up workshops were
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organized and conducted in August 2018. Each workshop lasted around 6 hours and aimed
to establish a citizen network that was willing to actively participate in the CSP.

Recruitment process

Based on ten villages selected in the baseline survey (Asingizwe et al. 2019), six of these (one
for pilot and five for the main PDWs) were selected for the implementation of the CSP.
Generally, each village has approximately 150 households and we targeted a third (45
community members) of the total number of the households. In each village, the households
are grouped in isibo (cluster of 15 neighbouring households) thus each village has
approximately 10 isibos. Therefore, three community members in each isibo and the isibo
leaders were targeted to participate which results in a total of 40 participants per village. In
addition, each village has three community health workers (CHWSs) and one village leader.
Consequently, these were also added to the 40 selected community members. Lastly, an
executive of the respective cell was also expected to attend the workshop. Hence, in total 45
people were supposed to attend in each of the five selected villages for the PDWs. This
number was the same in the pilot workshop. The village leaders selected the community
members and we were careful that these community members were not from the same
household or were relatives.

To ensure this, the village leader announced this workshop during a village meeting and those
who showed interest were invited to participate. At the beginning of each workshop, the
researchers (two first authors) verified whether the criteria had been fulfilled through
requesting people from each isibo to stand up and asking them whether they are from
different households. Although this verification was done, people were not informed
whether researchers were cross checking. In few cases, it was obvious that a husband and
wife could attend when one of them was a village leader and another was a CHW; this was
inevitable. As shown in Table 1, in some villages community members did not attend in
sufficient numbers. The main reason for this low turn up in some villages was that these
villages (Busasamana and Kibaza) are located further away from the health center where the
workshops were conducted. In addition, the day we conducted a workshop for Busasamana
it was raining, and some community members decided to go to their farms for field work
instead of attending the workshop.

Co-design processes

Pilot workshop

During the pilot workshop, the following guiding question was asked to the participants: “As
a community member, how are you going to be engaged in malaria control?” The main
reason of this question was that, “citizen engagement in malaria prevention and control
activities” was one of the three strategies to improve consistent use and acceptance of
malaria control measures mentioned by the participants from the baseline survey in the
study area (Asingizwe et al. 2019). This clearly indicated that the community members were
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willing to participate. After the guiding question, each participant was requested to write
(maximum) three ways of engagement in malaria control. These notes were then collected
by the researchers, who in turn grouped those which were similar to the themes. Among the
themes listed, control of mosquito breeding sites stood out. Furthermore, participation in
community mobilization was also listed. Participants were divided into small groups in order
to discuss the themes, and after discussion, participants presented the outcomes of the
discussions. In addition, participants were requested to fill out a small questionnaire to
indicate whether (1) they have ever experienced mosquito nuisance, (2) they were willing to
participate in the collection of mosquitoes, and if so, (3) to describe how they think they can
collect mosquitoes.

Five participatory design workshops

The PDWs were structured in three main steps (Figure 2). As informed by the pilot workshop,
the guiding questions had to be modified based on the outstanding theme. The first two
authors facilitated all PDWs and the sixth co-author also joined one of the PDW.

Step 2
* Guiding question * Integration of the
 Group discussion outcomes
* Group presentation * Elaboration of choices

* Presentation by the
researchers

Step 1

Step 3

Figure 2. Steps followed during the participatory design workshops.

Step 1: Part 1. Guiding questions

At the beginning of each PDW, guiding questions were announced. The first set of guiding
questions focused on understanding of mosquito nuisance, as well as reporting of mosquito
nuisance and collecting mosquito specimens: “How do you interpret the term mosquito
nuisance? If you are asked to provide observations such as mosquito nuisance experienced
and mosquitoes (mosquito species), how can you report it and /or collect it? Do you think it
is feasible? Why would you (not) do that? How frequently can you do that”? The second
guiding question focused on ways or means for providing feedback: “If you report
observations, what and how would you like to get feedback”? A handout of the guiding
questions was given to the groups to facilitate the discussion. It was observed that providing
these guiding questions could help the participants to reflect more on their ways of
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engagement in malaria control rather than giving them one broad guiding question as was
done during the pilot workshop.

Step 1: Part 2. Group discussion

Following the guiding questions, three different homogeneous groups were formed including
only men, only women, and only youth (between 18-25 years). These homogenous groups
were created to ensure that all participants had equal opportunities to share their views. This
was also a result of the pilot workshop, in which we observed that some participants could
not express themselves in heterogeneous groups. During the focus group discussion, which
lasted for 1 hour, members of the group elected a group leader and a reporter who presented
the outcomes of the discussions. The different groups were requested to write down the
answers of all the guiding questions on flip charts which further helped them during the
presentation of the outcomes of the discussion.

Step 2: Part 1: Group presentation

After group discussions on the guiding questions, a representative from each group shared
their outcomes of the discussion and participants from other groups were allowed to ask
questions or provide comments. After the group presentation by the different focus groups,
a summary of the outcomes of each group was presented by the researchers and all
participants were able to add inputs into the summary. This was done to ensure
harmonization of ideas and to facilitate the integration session (Step 3).

Step 2: Part 2. Presentation from the researchers

The researchers’ presentation explained how to report mosquito nuisance and malaria cases
by filling out a paper-based form (Figure 3a) and on how to catch and report mosquitoes
(Figures 3b and 3c). The reporting form included two questions: (1) To what extent do you
experience mosquito nuisance (unpleasant noise and biting; to be assessed on a scale from
zero (no nuisance) to five (very much nuisance))? and (2) did you have any confirmed malaria
case(s) within the last two weeks in your household?

Additionally, participants also gave feedback on the perceived efficacy of a carbon dioxide-
baited trap in collecting mosquitoes following the results presented by the researchers. This
trap was prototyped and tested in the laboratory and in the field. The trap was proposed as
recommended by the participants of the pilot workshop, as the majority requested tools to
collect mosquitoes. Thus, researchers followed up on this by validating a low-cost, easy to
use “handmade carbon dioxide-baited trap” (Figure 3c, Chapter 5). This trap uses carbon
dioxide as a stimulus which is produced by mixing yeast, sugar and water (Smallegange et al.
2010) and light. The trap was designed taking into account the cost and the practicability of
the existing mosquito collection method in rural Rwanda. Prior to its application for the CSP,
different trap designs were evaluated under laboratory conditions at Wageningen University
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and Research, and afterward in the field in Kibaza village (Chapter 5). During the workshops,
researchers presented the results from the lab and field evaluations. Furthermore,
researchers presented different means of feedback provision after collecting and reporting
data by the volunteers.

Mosquito nuisance reporting form

(a)

Cell: Village: Isibo:

Telephone contact of the household:

Date of nuisance report (DD/MM/YEAR ) if s

1. On a scale from 0 to 5 to what extend do you experienced mosquito nuisance
(unpleasant noise and biting)?

Indoor
0= No nuisance
1= Very little nuisance
2= little nuisance
3=Some nuisance
4= Much nuisance
5= Very much nuisance

Outdoor
0= No nuisance
1= Very little nuisance
2= little nuisance
3=Some nuisance
4= Much nuisance
5= Very much nuisance

2. Did you have any confirmed malaria case(s) in your house within last 2 weeks?
a. Yes

b. No

Figure 3. (a) The paper-based form for reporting observations, (b) the handmade carbon dioxide-baited trap
showing the different elements that are part of the trap, and (c) the trap after assembly. The torch was
suggested by volunteers and added afterwards.

Step 3: Part 1. Integration of outcomes

After a presentation by the researchers on the proposed tools, participants returned to their
groups to discuss which proposed tools were preferred and why. Additionally, participants
indicated the reporting scheme of the observations, process of reporting, preferred
frequency of reporting, and ways to provide feedback. A handout of the proposed methods
together with flip charts were given to the participants to facilitate the discussion and help
them write down the answers for further presentation. This integration part was added to
explore the different reasons to why some methods were preferred over the others and
observe whether participants could be able to compare and criticize different methods
including those listed by other groups. All flip charts were kept for further transcription and
analysis.
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Step 3: Part 2. Elaboration of choices

All results from the group discussions were presented and discussed among all participants
to ensure the validity of the information provided during the focus group discussions. Hence,
the researchers made a summary of the choices presented by each group and then shared it
with the participants for final agreement and approval.

Data analysis

The results from flip charts were transcribed and analysed. The summaries from the large
group discussion taken by the researchers were also used to facilitate and inform the
transcription process in case some hand writings were not readable; and complement the
transcripts in case the flip charts did not include the details because some questions for
clarifications were asked during the group presentations. All transcripts were classified under
different categories that emerged from the guiding questions and each group was coded
independently to avoid duplication of the results. In reference to the guiding questions,
different categories that included reporting mosquito nuisance, collecting mosquito
specimens, recruitment of volunteers to be enrolled in citizen science, process of collecting
and reporting the information, the frequency of reporting observations, and feedback
generation were defined. Finally, after the completion of the data analysis, the categories
were divided into two themes (technical and social) according to the co-design framework of
CSP (Figure 1). The presentation of the results followed this framework as well.

Ethical approval

Ethical approval was granted to the study (Approval Notice: No 414/CMHS/IRB/2017) by the
Institutional Review Board of the College of Medicine and Health Sciences, University of
Rwanda.

Results

The results are organized in two main sections. The first section presents the outcomes of the
pilot workshop which indicate the responses about mosquito nuisance experienced and
willingness to collect mosquitoes. The second section elaborates the results of the five PDWs
which are divided into two main themes: (a) The technical component that includes tools to
collect and report the observations, and (b) a social component that consists of (1)
recruitment of volunteers, and collection of information, (2) strategies for collecting and or
reporting the observations, and (3) mechanisms of feedback to the community members
about the outcomes of the shared observations.
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Pilot workshop

Forty-four participants attended the pilot workshop. These included 29 community members,
ten isibo leaders, three CHWs, one village leader, and one Kindama cell representative.

Mosquito nuisance experienced

All participants (100%) answered that they had experienced different levels of mosquito
nuisance. Locations reported where participants experienced more mosquito nuisance are in
the bush (22 times; 61%), the rice field (24 times; 69%), and near the pond (21 times; 72%).

Willingness to participate in mosquito collections

Among the participants, 11 (26%) reported willingness to collect the mosquitoes. Among
these, four (36%) answered the question related to which tool/materials to be used and three
(27%) were not able to mention any method. In relation to the materials to be used, one
participant indicated catching mosquitoes by hand, two reported that they would need
materials from researchers, and one reported using a light from a torch to “hypnotize” the
mosquito and catch it afterward.

The participatory design workshops
Characteristics of the participants who attended the five PDWs

One hundred and eighty-five participants (82%) out of 225 that were expected, attended the
workshops (57% women; Table 1).

Table 1. Characteristics of the participants attended the Participatory Design Workshops (PDWs).

Expected No. of Participants Attended

Village . Male Female
Participants PDWs
Frequency (%) Frequency (%) Frequency (%)

Busasamana 45 17 (38%) 10 (59%) 7 (41%)
Kagasera 45 45 (100%) 12 (27%) 33 (73%)
Kibaza 45 33 (73%) 17 (51%) 16 (49%)
Kiyovu 45 43 (95%) 17 (40%) 26 (60%)
Mubano 45 47 (104%) 24 (51%) 23 (49%)
Total 225 185 (82%) 80 (43%) 105 (57%)

Technical component of the CSP

In general, not many changes were made to the technical components (tools to be used to
collect and report the observations) of the design as the participants already expressed that
they could not report the information if the materials are not given. Below these technical
tools are presented in detail.
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Technical tool to report mosquito nuisance and confirmed malaria cases

All groups indicated that it was feasible to estimate and report the level of mosquito nuisance
experienced as well as reporting confirmed malaria cases. Participants described mosquito
nuisance as the biting and the sound that the mosquito produces when flying. They all
highlighted that nuisance does not necessarily relate to number of mosquitoes, because even
one mosquito can bite or make noise. Among the different ways proposed by the participants
to communicate the results on mosquito nuisance and confirmed malaria cases, phone calls,
Short Message Service (SMS) text, and isibo or village meetings were mentioned. Both paper
forms and SMS were viewed as a possible means to report mosquito nuisance and confirmed
malaria cases. However, weighing the constraints that these two methods pose, some
participants indicated that using a paper form is more preferable because it does not require
much costs, while airtime credits may hinder the usage of SMS text. Therefore, the paper
form was opted for to report mosquito nuisance and confirmed malaria case instead of an
SMS text.

Another group of participants reported potential delays in reporting and loss of paper forms
as a drawback of using paper forms. Therefore, these participants proposed to use both
paper forms and SMS text or mobile phone calls as a means for reporting mosquito nuisance
to the researchers. When discussing the advantages and disadvantages of using the two
proposed methods, the majority of participants eventually preferred the paper form as it is
less costly.

Technical tool for collecting mosquitoes

Participants indicated that it was feasible to collect mosquitoes if proper mosquito sampling
tools were provided. To anticipate on this and based on the results from a pilot workshop
conducted in March 2018 during which the majority of the participants reported not to be
able to collect mosquitoes, the researchers proposed a handmade carbon dioxide-baited trap
(Figure 3c). Based on the results presented from the trap test trial (conducted in the lab),
participants indicated that using the carbon-dioxide-baited trap was feasible. However, some
constraints with regard to the trap’s practicability were mentioned. These included the
difficulty to find the different components used to assemble the trap, such as the net and the
1.5 litres plastic bottle.

Other constraints mentioned by the participants were related to the costs (in case the
volunteers have to buy these themselves) of the ingredients such as the yeast and the sugar
used for the production of carbon dioxide to attract the mosquitoes in the trap. Participants
indicated another constraint in relation to a new law that will ban the use of plastic bottles.
The government of Rwanda is planning to remove plastic bottles from the market. The law
on banning single-use plastics is still under evaluation in the Rwandan parliament. From the
group discussions, one of the male groups indicated that catching mosquitoes using hands
was also a possible option, as it does not require money.
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In terms of quantity, the buckets or bottles proposed were preferred as means for collecting
mosquitoes, as they seem to catch more mosquitoes than using hands and are also less
sensitive to collector bias. Some of the participants reported that a bucket is easy to find, and
it does not require sugar or yeast such as when using a bottle. On the other hand, if the
proposed handmade carbon dioxide-baited trap and the ingredients used as odour attractant
are provided, the proposed handmade-trap using plastic bottle was the preferred tool to use
by the participants to collect mosquitoes.

Social component

Initially, the research team assumed that the data could be collected by the CHWs, or the
isibo leaders and can be reported on biweekly basis. Additionally, CHWs would submit the
collected data to the researchers at the health center on biweekly basis as well. Alternatively,
the researchers could gather the collected data at the household level in the studied villages.
As indicated below, most of these initial design options changed after the discussion with the
community members.

Recruitment of volunteers for the CSP and the collection of the observations

There were no predefined rules on how to select volunteers and who should collect what
information as all participants were eligible to participate in the program. However, as
participation was on a voluntary basis, participants were invited to write their names and
their telephone contacts on a list if they were willing to participate in the proposed CSP. It
was made clear that they could either report mosquito nuisance and confirmed malaria cases
only using the paper form, collect mosquitoes only using the proposed carbon dioxide-baited
trap, or do both. It was also explained that there would be no monetary incentives for
participation. Among 185 community members who attended the workshops, 116
volunteers (63%) wrote their names on the list as potential participants. Of these 116, 19
were willing to report mosquito nuisance only, 42 were willing to collect mosquitoes only,
and 55 were willing to participate in both.

There was a general agreement among the participants on why it would be useful to
participate in the collection and reporting of the observations such as mosquito nuisance,
confirmed malaria cases, and mosquitoes. All groups highlighted that collecting mosquitoes
was a way of contributing to malaria control as malaria affects many people.

Participants believed that through collecting and reporting of observations, their awareness
related to mosquitoes and malaria can be enhanced. Consequently, the increased awareness
may play a role in reducing malaria incidence. In addition, one of the male groups indicated
that collecting mosquitoes could improve their knowledge on different mosquitoes’ parts
and species. However, collecting mosquitoes requires some skills and appropriate tools to do
so. For this reason, one of the female groups voiced that they may not be able to collect
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mosquitoes because of the lack of knowledge and appropriate materials. The same concern
was also reported in another mixed-gender group.

Strategies for collecting and reporting the observations

The initial idea to use the CHWs, isibo leaders, or collecting the observation at the household
level by the research team was changed because of (1) high number of jsibo leaders
(approximately 50 for the five selected villages), (2) high workload attributed for the CHWs
in the community, and (3) logistic issues in case the researcher collects the data at the
household level. Hence, each group of volunteers in five selected villages nominated an isibo
representative. The organizational structure of the reporting and collecting system was
defined (Figure 4).

Figure 4. Fundamental architecture of the citizen science program (CSP) for malaria control. The blue dots
represent the volunteers; the yellow dots represent the isibo representatives; the blue dashed circles represent
villages, the green dot represents the researchers, the orange dot is the vector unit of the Malaria and Other
Parasitic Disease Division (MOPDD). The lines represent the two-way communication between the different
stakeholders involved in the CSP for malaria control. Specifically, the black lines show that these isibo
representatives are directly connected to researchers and to the volunteers because (1) they are the ones
submitting the observations every last Friday of the month, and (2) they collect the reports from volunteers,
receive the feedback and share it with the volunteers in their respective villages.

These isibo representatives were tasked to distribute the tools (paper form and mosquito
collection traps), and to request and report the data on a monthly basis. They were also
tasked to inform and remind the volunteers about when to fill out the forms and set up the
traps. In addition, volunteers who indicated the preferred period for them to collect and
report the observation in collaboration with the researchers shared a proposed schedule.
The schedule indicated when to submit the collected data at the Ruhuha health center where
the research team for this study was located. Hence, isibo representatives gathered the
observations from all volunteers in their respective villages and submitted the observations
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to the researchers every last Friday of the month. Isibo representatives received feedback
sent by the researchers, which in turn they shared and discussed with the volunteers among
the five selected villages. The process of reporting observations starts with distributing the
tools/materials for collecting the citizen science data to isibo representatives and ends when
volunteers meet and discussed about the feedback from the data reported the previous
month. In addition, they also discussed about the actions or measures to be taken.

Frequency of collecting and reporting observations

Initially, the researchers expected that volunteers could report the observations on a bi-
weekly basis. However, there was an extensive discussion on the frequency of collecting and
reporting the observations because some participants assumed that collection and reporting
of observations would take much time (Table 2). Hence, the general consensus was to report
the observations once a month. They decided on this based on the fact that isibo members
meet once a month.

Table 2. Frequency of reporting and collecting mosquitoes suggested by the different discussion groups during
the workshops.

Village Groups

Men Women Youth
Busasamana village Once a month
Kagasera village Once a month Once in two weeks Once a week
Kibaza village Once a month Once a month
Kiyovu village Once a month Once a month Once a month
Mubano village Once a month Once a month Once in two weeks

Note: Because of a limited number of participants for Busasamana, one mixed group was made.

Feedback generation from the reported observations

Participants mentioned that getting feedback on their submitted observations was a
precondition for knowing what to improve. In relation to why that feedback should be
generated, participants indicated that by getting the results from what was reported,
participants could be motivated to consistently use malaria preventive measures.
Participants mentioned that this feedback could be given in various ways such as flyers, public
talks, workshops, home visits, and SMS text messages. Participants highlighted that once
submitting the mosquitoes to the researchers, they will need to know whether the collected
mosquitoes were malaria vectors or not. As chosen by the participants, SMS texts could be
sent tothe isibo and the results could be shared during the isibo meetings with the volunteers
and during the workshop every three or four months, and via the flyers. Flyers could be
distributed during the quarterly workshop as proposed by the participants.
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The technical and social choices made based on the citizens’ preferences are summarized in
Table 3.

Table 3. Key technical and social choices made based on citizens’ preferences.

Components Preferences/Choices

Technical Component

-Write down the mosquito nuisance level indoor, outdoor, and in general on paper
Reporting forms and this is done every last Wednesday of the month by the volunteer.
mosquito nuisance  -Weighing the costs of using a paper-based form and mobile phone, paper-based
form does not cost much. Hence it was preferred for reporting mosquito nuisance.
Collecting -Mosquitoes are caught with a handmade trap that consists of a plastic bottle filled

with yeast and sugar, a torch, and this is done every last Wednesday of the month.

mosquitoes . . .
-Provision of materials to collect mosquitoes (yeast, sugar, torch, and the trap).

Social component

Volunt -Everybody that attended the participatory workshop was eligible to be a

olunteer
it ¢ volunteer. Those who were willing to participate were invited to write their names

recruitmen

on the provided sheet.

Who should collect  -Volunteers could choose whether to report mosquito nuisance only, collect
what? mosquitoes only, or do both.

-Volunteers selected the isibo representatives who are responsible for gathering
the collected information and submit them to the research team.

. -Volunteers hand in the forms indicating the mosquito nuisance experienced and
Reporting the . . . . .
inf i the mosquitoes caught to the isibo representatives during the monthly meeting
information

that takes place in the last week of the month. The isibo representatives then have
to submit the observations to the researchers at the health center where the

researchers are based every last Friday of the month.

Frequency of

collecting and
) & -Once a month during the isibo meeting.
reporting the

information
-Once a month, researchers provide feedback to the isibo representative via SMS.
He/she then communicates the feedback to the volunteers when volunteers

Feedback collect the materials for the next round. Volunteers discuss the feedback and may

generation take measures based on it. For example, if some malaria cases were reported, they
discussed why those cases appeared and aimed to reduce the number of cases
reported in the next round of reporting by a more consistent use of malaria control
measures.

Discussion

Our results indicate that a CSP for malaria control in a rural context in Rwanda is likely to work
best if the inputs and insights from citizens are included in the selection of the technical and
social components. By using PDWs, this study presents the design process to follow for
implementation of a CSP with much attention to co-design principles as key for better
implementation of such a programme.
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Involving citizens in the co-design process

Involving citizens in the design process of a CSP is of particularimportance as it may stimulate
other beneficial effects (for example: new knowledge) (Mahajan et al. 2019). This
involvement helps participants in making the decision whether to participate or not. Some
CSPs that do not engage citizens in the co-design process, have to incentivize participants
once they submit the data (Jordan et al. 2017), and these incentives (money in most of the
cases) can be a key motivation for them to participate.

The co-design process that was employed in our program provided added advantages
beyond normal trainings, because apart from acquiring new knowledge, the participants felt
part of the design and were motivated to contribute to both scientific research as well as
malaria control with no monetary incentives. The engagement of citizens in the design
process may influence the recruitment rate and level of participation in CSPs (Jordan et al.
2017; Worthington et al. 2012). Hence the participatory design workshops proved an
important step for the community members to be able to decide whether to participate in a
CSP.

When the research team started, it was optimistic about the use of mobile phones as one of
the communication channels and for reporting observations. It was clear that the participants
did not prefer it as this option presented more challenges than solutions to the problem.
Similarly, Beza et al. ( 2018) also revealed that the price of sending SMS can affect the
decision to participate in a project that requires the use of a mobile phone. Consequently,
the mobile phones were only used in this study to provide feedback to volunteers via SMS
on a monthly basis and this has no cost implications for the receiver of this SMS.

It was clear that when volunteers have different options (for example different mosquito
collection tools), they can critically reflect, discuss, and decide what works better for them.
Including citizens in the design process promotes critical discussion which may foster further
community actions to tackle the problem under study (Mahajan et al. 2019). Communities
are different, have different backgrounds, ideas, and they may learn from each other. While
some groups indicated that catching mosquitoes is not possible unless collection tools are
provided, others proposed some materials including buckets and the use of hands to catch
and submit mosquitoes to the research team. This created a new learning synergy needed to
implement a CSP.

Why providing feedback to volunteers?

Communicating the key messages that result from what people report is crucial in any CSP
(West & Pateman 2016). Keeping volunteers updated about the progress of the project is an
important aspect as it increases the interaction between volunteers and researchers, and
volunteers can provide feedback on how to improve the project (West & Pateman 2016). In
turn, this feedback can retain participants, and hence sustain the project (Rambonnet et al.
2019). As volunteers contribute their time without financial or any other direct benefits,
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giving feedback is one of the non-monetary incentives that motivates participants
(Rambonnet et al. 2019). Different forms of feedback, including automated SMS text to
individual volunteers, newsletters and websites, have been used in CSPs (Nov et al. 2014;
Wal et al. 2016; West & Pateman 2016). When regular feedback is provided, it enhances
opportunities for learning and development for the participants. This, in turn, may
strengthen the network among participants and may improve collective practices (Ryan et al.
2018). As reported in this study, feedback provision was also considered during the design
process. Participants indicated a wish to have monthly feedback from the reports in a form
of SMS text. Additionally, quarterly workshops in order to meet with other volunteers and
learn from others, as well as develop leaflets indicating and comparing reports from different
villages were also added.

Study limitations and future research

We realize that additional components may be needed, such as well-documented rules and
regulations for guiding volunteers and preventing them using other than agreed tools.
However, if tight rules are put in place, the withdrawal rate may be higher as volunteers may
think that it is too difficult for them if they have to obey too many rules for voluntary work.
On the other hand, not putting these rules and regulations in place may lead to misuse or
non-use of the agreed trap. Future research will explore the use of the trap, by assessing the
quality of the reports that the citizens are submitting.

At the start, the research team was interested in the collection of mosquitoes and reporting
of mosquito nuisance, and this limited the generation of information about community
preferences regarding what should be observed in the first place. However, researcher
motivation is in most cases an important reason to start a CSP (Rambonnet et al. 2019). Still,
in our case there was also a clear societal reason for why to start this CSP, i.e., addressing the
burden of malaria. The selection of gathering observations of nuisance and mosquitoes was
based on the best available knowledge and successful experiences elsewhere (Ingabire et al.
2016; Kampen et al. 2015). In addition, the research team wanted to see whether participants
would come up with their own mosquito collection method. Unfortunately, this was not the
case. Therefore, the team designed and proposed a trap that could be easily used in low
resource settings. The paper-based form also was designed and proposed based on the
results of the baseline survey in 2017. In this survey, only 45% of the people in the study area
owned a mobile phone, and among these only a small proportion (18%) mentioned that they
also use their mobile phone for SMS activities (sending and/or receiving any message). To
this end, proposing a paper-based form was a way to overcome this technology-related
barrier.

Besides the information gathered by the current CSP, the program may provide other
information which may help to design more targeted interventions such as spraying and
larval source management. Follow-up studies will determine the spatio-temporal distribution
and population dynamics of the collected malaria mosquitoes in relation to malaria
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transmission risk (Chapter 6) and assess how this will support the current government-led
mosquito surveillance programme.

The perceived initial motivations to participate in citizen science may be subject to change
over time, and participants presented different motivational factors including a desire to
contribute to malaria control, and to gain knowledge and awareness about mosquito species.
Thus, future studies should remain exploring ongoing motivations as this is a key determinant
for the retention of the participants and thus the sustainability of the program. Although in
this study volunteers indicated interest to acquire new knowledge and skills, for further
collective decision making it is important to evaluate the CSP by assessing throughout the
participation process what people gain while participating, and whether there are some
individual and collective actions (for example collective management of mosquito breeding
sites) that may result ( Asingizwe et al. 2018; Leeuwis et al. 2018).

Conclusion

Considering the possibilities and preferences of citizens prior to the implementation of a CSP
for mosquito surveillance is essential for its success. Some technical as well as social changes
were made together with volunteers following their preferences and choices. Following
involvement of citizens in a co-design process, we arrived at different decisions that we did
not always foresee beforehand. For example, involving volunteers in organizing the process
of collecting and reporting observations facilitated the decision about how and who should
gather the observations, and submit them to the research team. Deciding on the tools to use
while reporting data is of importance, because participants know what works for them.
Furthermore, this may positively influence the level of participation. The findings also
revealed that providing feedback from what people reported is crucial in a CSP. Thus, this
study revealed a number of technical and social components that are relevant to making a
CSP applicable and feasible in rural areas and/or in locations where internet connectivity is
limited. Additionally, a CSP can build capacity and increase knowledge which in turn, may lead
to further individual and collective actions for malaria prevention and control.
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Abstract

For effective sampling of mosquitoes in malaria surveillance programmes, it is essential to
include attractive cues in traps. With the aim of implementing a citizen science project on
malaria vectors in rural Rwanda, a handmade plastic bottle trap was designed and tested in
the laboratory and in the field to determine its effectiveness in capturing adult Anopheles
gambiae, the main malaria vector, and other mosquito species.

Carbon dioxide (CO;) and light were used as attractive cues. Carbon dioxide was produced by
inoculating sugar or molasses with yeast. The light from the torch was emitted from light-
emitting diodes (LEDs). Under field conditions in rural Rwanda, three handmade trap designs
were compared to CDC light traps in houses.

In the laboratory, no significant differences between traps baited with sugar plus yeast and
molasses plus yeast were observed. Adding heat to the trap reduced capture rates of malaria
mosquitoes. in the field, the trap baited with yeast-sugar produced CO; and light caught the
highest number of mosquitoes compared to the traps baited with light alone or CO; alone.
The number of An. gambiae s.1. in the handmade trap with light and CO, was about 8-10% of
the number caught with a CDC light trap. This suggests that about 10 volunteers with a
handmade trap could capture a similar-sized sample of An. gambiae as one CDC light trap
would collect. In other words, if sufficient volunteers can be recruited in a citizen science
project, this could replace the need for instalment of CDC light traps. Based on these findings,
the handmade plastic bottle trap baited with sugar fermenting yeast and light represents an
option for inclusion in mosquito surveillance activities in a citizen science context in rural
areas.
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Introduction

Malaria remains a public health concern in many Sub-Saharan African countries including
Rwanda. The disease is transmitted by mosquitoes of the genus Anopheles. In Rwanda, the
most important vectors are An. gambiae s.s. and An. arabiensis. The country achieved a
significant reduction in the burden of malaria through the implementation and scale-up of
malaria control interventions from 2005 to 2011 (Karema et al. 2012). However, from 2012
to 2016, the country experienced an eight-fold increase in reported malaria cases (MOH
2017). The increase in malaria incidence has been observed in all 30 districts of the country,
thereby putting the entire population at risk of the disease (MOH 2017b; PMI 2018).

Vector control currently forms the most effective way to reduce the spread of mosquito-
borne diseases such as malaria. These control programmes include mosquito monitoring with
the aim to provide information on mosquito abundance and species composition (WHO
2017a). It thereby enables the assessment of malaria disease risk, and guides vector control
in reducing disease transmission and preventing infection (Hakizimana et al. 2018). In
Rwanda, mosquito monitoring programmes have been established in twelve sentinel sites
across the country (MOH 2017c). However, not all regions of the country benefit from these
mosquito monitoring programmes. Factors such as limited funds, limited number of trained
entomologists and inaccessibility of some regions, hinder the progress towards malaria
elimination. In Rwanda, the main methods used for mosquito collection are pyrethrum spray
collection (PSC) and human landing catches (HLC) (Hakizimana et al. 2018; Hoel et al. 2014;
Sikaala et al. 2014; Wong et al. 2013). HLC is a collection method based on the use of human
volunteers as baits where volunteers collect mosquitoes landing on their exposed legs and
feet (Tusting et al. 2014). As such, the method remains ethically disputed (Maliti et al. 2015),
although it remains the most effective estimator of biting intensity currently in use
(Hakizimana et al. 2018; Hoel et al. 2014; Sikaala et al. 2014; Wong et al. 2013). Therefore,
other collection methods are desired, but the feasibility, the cost and the practicability should
be considered.

In 2017, the World Health Organization launched the Global Vector Control Response (GVCR)
and encouraged countries to employ science and innovation with the aim to bring tangible
changes in current vector control programmes (WHO 2017a). The GVCR sets out the guidance
needed to make vector control programmes effective, acceptable and sustainable
(Rabinovich et al. 2017; WHO 2017a; Wirth et al. 2017). Among innovative approaches, citizen
science can provide benefits in terms of capacity building and tracking mosquito populations,
as evidenced by a number of recent publications (Bartumeus et al. 2019, 2018; Jordan et al.
2017; Kampen et al. 2015; Palmer et al. 2017; Tyson et al. 2018, Chapter 2). These initiatives
engage volunteer citizens, for example in adult mosquito collections using different trapping
techniques (Bazin & Williams 2018). These techniques include the capturing of mosquitoes
with hands or with containers against walls (Kampen et al. 2015; Walther & Kampen 2017),
or include the submission and identification of adult mosquito pictures or even of mosquito
sounds recorded by volunteers (Kampen et al. 2015; Mukundarajan et al. 2017; Palmer et al.
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2017). Mosquito traps such as BG sentinel or BG Gravid Aedes traps have also been used in a
citizen science project to collect Aedes species (Bazin& Williams. 2018).

Interestingly, citizen science approaches for adult mosquito surveillance, and malaria vectors
in particular, have hardly been studied in a rural African context. Factors such as cost, ease
of use, portability and the effectiveness of the mosquito collection method are crucial when
deciding about the sampling approach to employ in a citizen science project, especially in low
resource settings (Bartumeus et al. 2019; Bazin & Williams 2018; Asingizwe et al. 2019).
Results of a recent survey based on a participatory approach showed the necessity to provide
a simple mosquito sampling tool (Asingizwe et al. 2019, Chapter 4) to capture Anopheles
mosquitoes in a citizen science context.

Many mosquito sampling tools have been designed on the principle of attraction of
mosquitoes towards their hosts. Blood-seeking mosquitoes rely on olfaction, visual and
thermal cues to locate and identify their vertebrate hosts on which they feed (Takken & Knols
1999, 2010; Zwiebel & Takken 2004; Raji & DeGennaro 2018; Hawkes et al. 2017; Moon et
al. 2015). Odours and light as stimuli have been incorporated in many mosquito sampling
tools and used to monitor mosquito populations (Hoel et al. 2014; Lima et al. 2014). In
addition, visual stimuli such as dark contrast are used by blood-seeking mosquitoes to spot a
host (Raji & DeGennaro 2018; Hawkes et al. 2017; Moon et al. 2015), and thermal sensory
information to detect body heat (Hawkes et al. 2017). Carbon dioxide (CO>) is one of the main
olfactory stimuli involved in the orientation of mosquitoes and other insects that feed blood
from their hosts (Gillies 1980). All vertebrates produce CO; through respiration, and these
elevated levels of CO, make mosquitoes more responsive towards volatile host odours. The
synergistic combination of CO; and artificial blends of host odours has been extensively
studied for deployment in mosquito traps (Maliti et al. 2015; Mboera et al. 1997; Smallegange
et al. 2010; Spitzen et al. 2008; Takken & Knols 1999, Takken & Koenraadt 2013). For field
sampling purposes, CO; can be produced by fermenting sugar and yeast in water. Hence,
sugar-fermenting yeast in a bottle trap has been suggested as a potential cheap and efficient
tool for sampling Anopheles and other human-biting mosquito species in rural settings
(Smallegange et al. 2010).

The objective of the present study was to design and evaluate a low cost, easy-to-use
mosquito trap to capture adult mosquitoes, including An. gambiae s.l., for mosquito
surveillance in rural Rwanda. The goal was to employ this trap in a larger one-year citizen
science programme that was co-developed with the local population (Chapter 4) and which
ran from November 2018 to October 2019 (Chapter 6). In the laboratory, we first evaluated
different designs of the trap that produced CO; with different carbon sources (brown sugar
and molasses) in combination with baker’s yeast, water and a physical attractant, in this case
heat. Later, visual stimuli were added, and trap designs were evaluated under field conditions
by comparing them to CDC light traps, which are considered the gold standard sampling
method (Asale et al. 2019; Wong et al. 2013).
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Materials and methods

The study consisted of a first phase that aimed to determine the most effective CO, source
for capturing adult Anopheles species in the laboratory. The second phase of the experiment
was to test the trap with the optimum capture rate under African field conditions in
comparison with CDC light traps as the standard method. Prior to its prototyping and testing
inthe laboratory and in the field, citizens’ observations of the trap usability were made during
participatory workshops in Ruhuha (Asingizwe et al. 2019, Chapter 4), the site where the trap
was deployed for mosquito monitoring using citizen science.

Laboratory experiments

The first series of experiments was conducted at the Laboratory of Entomology of
Wageningen University & Research, the Netherlands. A handmade carbon dioxide-baited
mosquito trap was made from a 1.5 litre transparent plastic bottle (Figure 1). The top was cut
off at about three-quarter height and inverted into the remaining part. The opening was
elongated with a piece of black paper as a funnel to prevent mosquitoes from escaping from
the trap (Figure 1). One hundred non-fed female An. coluzzii were obtained as described by
Smallegange et al. (2010) and placed in small release cages. The age of the female mosquitoes
used was 8-10 days. Mosquitoes were hydrated with water-moisturized cotton wool on top

T

of the release cage 16 h before the experiments were started.

A

Figure 1. The handmade trap made from a 1.5 L plastic bottle. Panel A: Drawing showing (1) the plastic bottle,
(2) funnel part, (3) black paper folded into a funnel which was added to narrow the exit/entry to avoid
mosquitoes escaping once inside the trap, and (4) the mixture composed of yeast, sugar and water; Panel B

shows a picture of the trap.

Experiments were carried out to determine the attractiveness of traps baited with CO,
produced by (1) yeast and sugar, (2) yeast, sugar and heat, or (3) yeast and molasses (Table
1). For experiments (1) and (2) the CO, was obtained by mixing 6 grams of dry yeast (Dr.

87



Chapter 5

Oetker, The Netherlands), 75 gr of brown sugar (Van Gilse Kristalsuiker, Suiker Unie, The
Netherlands) and 750 ml of tap water. For experiment (2), a heat cable was wrapped around
the bottle and set at 37 °C to mimic human body temperature to attract the mosquitoes to
the trap. For experiment (3), 4.4 gr of dry yeast (Dr. Oetker, The Netherlands) were mixed
with 62.5 gr of molasses (Golden Molasses Unsulfured, Sweet Harvested, Natural American
Foods™ and 500 ml of tap water (Mweresa et al. 2014). Mixing of sugar or molasses with
water and yeast took place 1-1.5 h before mosquitoes were released. No additional stirring
was done during the experiments. A Xentra 4100 CO; analyzer (Servomex, the Netherlands)
was used to check the production of carbon dioxide in each experiment. After measuring the
flow rate of CO,, the trap was placed at the center of a gauze cage (330 X 250 X 233 cm;
Howitec Netting BV, The Netherlands) which was situated inside a larger climate-controlled
room (22.2 + 1.6 °C and 52.6 + 7.8% RH). The experiments were conducted in the last four
hours of the dark phase when An. coluzzii is normally searching for a host (Haddow &
Ssenkubuge 1973; Killeen & Chitnis 2004; Maxwell et al. 1998). The experiments were
alternated to rule out day effects. Each experiment was replicated three times (see table 1)
except for molasses the treatment was replicated twice. For each replicate, the 100
mosquitoes were released from their release cage placed in the right corner of the screen
cage and left overnight (24 h). Afterwards, mosquitoes remaining in the release cage and in
the trap were counted.

Table 1. Experiments conducted in the laboratory phase

Experiment  Chemical attractant Physical attractant
1 Yeast + sugar -
2 Yeast + sugar Heat (37 °C)
3 Yeast + molasses -

Field experiments

Field experiments were conducted from 24 September to 4 October and from 29 October to
1 November 2018 in Kibaza, Bugesera district, Eastern province, Rwanda. Twelve houses from
three village clusters called “isibo” (a cluster of a maximum of 15 households) were selected
for mosquito collection (Figure 2). Kibaza village is situated at 1°52'18.0"S and 30°16'11.0"E.
The area is a rural, agricultural setting with a traditionally high malaria transmission (Kateera
et al. 2015). The study site is characterized by two rainy seasons (March-May and October-
December) which alternate with two dry seasons (January-February and June-September).
Kibaza village is bordered by one irrigated rice scheme with two annual rice growing cycles
and the selected houses were mainly made of mud walls with iron sheet roofs.
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Figure 2. Map of Kibaza showing the three groups of selected houses (in black, blue and red) included in the
study. Inset shows Rwanda in green with Bugesera district in grey and the location of Kibaza village indicated
with a red dot.

At each house, two handmade carbon dioxide-baited traps were placed. One indoors next to
a human sleeping under a bed net, and one outside of the selected house, preferably near
the main entrance of the house and positioned against the wall. The traps were placed on
the ground, where the opening of the trap was at 9 cm from the ground (Figure 3). For the
field experiments, CO, was provided by preparing a mixture of 25 g brown sugar, two grams
of yeast and 250 mL of water (Laguna-Aguilar et al. 2012; Smallegange et al. 2010). The same
design of the trap used in the laboratory experiments was used for the field experiment with
the difference that a gauze net was inserted to prevent the mosquitoes from entering the
fermenting solution. In addition, the bottle was wrapped with black scotch tape (Figure 3)
(Hawkes et al. 2017; Maria et al. 2012; Rosanti et al. 2017). The mixture was prepared at 9:00
am, and the traps were set up in the bedroom of the community members at the foot end of
the bed. At least two occupants slept in the bedroom, protected by an ITN. To examine the
effect of light on trap catches, light was provided from a torch (Super bright DH-168 light-
emitting diodes (LEDs) powered by 2 X Tiger Head R6S AA UM3 1.5 volts batteries (last for £
12hours). In the experiment with light the torch was suspended 5 cm above the trap
entrance. The torch and the trap were operated from 6:00 pm till 6:00 am.

Three experiments using the bottle trap with either only CO, produced by sugar-yeast
fermentation, with CO; in combination with light, or with light alone were evaluated (Table
2). To compare the effectiveness of the handmade trap, CDC light traps were used as a
reference. For each house, a CDC light trap was set either indoor or outdoor. Indoor, CDC
light traps were set up in the bedroom and hung at the foot end of the bed, with the shield
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of the trap at 150 cm from the floor (Mboera et al. 1998). Outdoor traps were positioned
outside the house in the peridomestic area (outside against the wall at the house entrance).
To control for night and location effects, a 4 x 4 Latin square design was used for comparative
studies of mosquito traps at each of the three sites (Table 3). All three experiments were
carried out over a period of 12 trapping nights (Table 3).

Table 2: Experiments carried out during the field phase

Experiment Chemical attractant Physical attractant
A Yeast + sugar -
B - Light
C Yeast + sugar Light

Figure 3. The handmade trap evaluated in the field: (1) torch suspended at 5 centimeters above the trap
entrance, (2) gauze net, (3) a % cut plastic bottle wrapped with black scotch.

The traps were set at 6:00 pm and the owner of the room was instructed to switch off the
light of the CO; or CDC trap and tie the bag connected to the collection cup or the net of the
CO, traps at 6:00 am the next morning to avoid mosquitoes escaping from the traps. After
their collection from the traps, mosquitoes were stored in labelled petri dishes before
morphological identification at the laboratory of entomology in Kigali for further analysis.

Mosquito species identification

Mosquitoes collected per trap per house per night from each experiment were kept
separately in labelled Petri dishes and were sorted by genus and sex. All female Anopheles
mosquitoes were morphologically identified to species level using standard morphological
identification keys (Gillies & Coetzee 1987) at the central laboratory. Mosquitoes from each
house and trap were then pooled in 1.5 ml labelled vials with silica gel and kept for molecular
species identification. A random sample of 254 An. gambiae s.l. caught indoors and outdoors
using CDC light traps and handmade traps were used for DNA extraction and characterization
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using the Polymerase Chain Reaction method (PCR) (Scott et al. 1993). DNA was extracted
only from the heads and thoraxes of the mosquitoes for amplification. For samples that did

not show a product on the electrophoresis gel, legs and wings were tested.

Table 3. Mosquito collection scheme for one experimental treatment following a 4x4 Latin square design

Nights 1 2 3 4
House 1 | Handmade trap Handmade trap CDC light trap indoor ~ CDC light trap
indoor outdoor outdoor
House 2 | Handmade trap Handmade trap CDC light trap CDC light trap indoor
outdoor indoor outdoor
House 3 | CDC light trap indoor  CDC light trap Handmade trap Handmade trap
outdoor indoor outdoor
House 4 | CDC light trap CDC light trap indoor ~ Handmade trap Handmade trap
outdoor outdoor indoor
Night 5 6 7 8
House 5 | Handmade trap Handmade trap CDC light trap indoor ~ CDC light trap
indoor outdoor outdoor
House 6 | Handmade trap Handmade trap CDC light trap CDC light trap indoor
outdoor indoor outdoor
House 7 | CDC light trap indoor  CDC light trap Handmade trap Handmade trap
outdoor outdoor indoor
House 8 | CDC light trap CDC light trap indoor ~ Handmade trap Handmade trap
outdoor indoor outdoor
Night |9 10 11 12
House 9 | Handmade trap Handmade trap CDC light trap indoor ~ CDC light trap
indoor outdoor outdoor
House 10 | Handmade trap Handmade trap CDC light trap CDC light trap indoor
outdoor indoor outdoor
House 11 | CDC light trap indoor ~ CDC light trap Handmade trap Handmade trap
outdoor indoor outdoor
House 12 | CDC light trap CDC light trap indoor ~ Handmade trap Handmade trap
outdoor outdoor indoor

Statistical analysis

For the laboratory experiments, the data collected were analysed using Generalized Linear
Model (GLM, binomial, logit link function, dispersion estimated) to test for the differences in
proportion of An. coluzzii caught for each of the three treatments. The covariates associated
with the experimental design (temperature, humidity and CO; release rate) were included,
but removed from the model when not significant (P > 0.05). The post-hoc test that was
performed is the Least Significant Differences test (LSD) to identify if any treatment was
significantly different from the other treatments.

For the field experiments, the numbers of collected female mosquitoes were analysed using
different Generalized Linear Models (GLM with negative binomial with log function,
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dispersion estimated) to test the differences in capturing effectiveness of different odour
baits in combination with or without visual cue (light) using the handmade trap versus the
CDC light traps. The main effects tested were the trap type and location (indoor/outdoor).
Covariates associated with the experimental design (house, date) were included the model.
The model, including (significant) covariates, was used to calculate the incidence rate ratios
and their 95% confidence intervals. Catches from traps baited with light and with yeast and
sugar were not included in the statistical analyses as the number of mosquitoes was too low.
A Chi-square test was computed to compare proportions of An. arabiensis and An. gambiae
s.s. collected with CDC and traps baited with yeast, sugar and light. All statistical analyses
were performed using SPSS (Version 25.0, IBM Corporation, New York, USA).

Ethical approval

Written informed consent for the study was obtained from the head of the selected houses
for the experiment. The Medical Research Centre of the Rwanda Biomedical Centre approved
the research project and the Institutional Review Board (IRB) of the College of Medicine and
Health Sciences granted ethical clearance (408/CMHS IRB/2016).

Results
Laboratory experiments

Of the 778 An. coluzzii released for all the screen-cage experiments, 123 (15.8%) An. coluzzii
were caught over a 24-hr period. The mean trap entry response for a trap baited with sugar
and yeast was 0.18 + 0.057, 0.06 + 0.026 for a trap baited with yeast, sugar and heat, and
0.19 + 0.053 for a trap baited with molasses and yeast (Figure 4). There was a significant
difference among treatments on catches of An. coluzzii (GLM; df = 2; P = 0.028). The effect of
CO; release was included as a covariate in the final model, and although not significant (GLM;
df = 1; P =0.192), this gave the model the lowest AIC value and best fit. Our LSD post hoc test
showed that the trap baited with molasses and yeast caught significantly higher proportions
of An. coluzzii than the trap baited with yeast, sugar and heat (P = 0.015) (Figure 4). All other
comparisons were not significant. For practical purposes (sugar being more readily available
than molasses) for further evaluations in the field, our choice favoured the yeast and sugar
treatment above the other two treatments. Heat was not included as an attractive cue in the
field experiments.
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Figure 4. Proportion of An. coluzzii caught per treatment, consisting of combinations of yeast, sugar/molasses

and heat. Different letters indicate significant differences among treatments (LSD post-hoc test, P < 0.05)

Field experiments

Three mosquito genera were identified from collected mosquitoes (Table 4). Almost two-
thirds (n=2,196, 69.3%) were Culex spp, followed by Anopheles (n=855, 27%), and Mansonia
(n=116, 3.7%). The species collected from the genus Anopheles included An. gambiae sensu
lato (n=742, 86.7%), An. ziemanni (n=69, 8%), An. maculipalpis (n=39, 4.6%), An. brohieri (n=
3,0.4%), An. pharoensis (n=1, 0.12%) and An. rufipes (n=1, 0.12%).

Table 4. Numbers of mosquitoes per genus collected in Kibaza. A, B and Cin the Trap type column indicate the
three different experiments carried out in the field study which covered 12 trapping nights per experiment.

Trap type Location | Anopheles Culex Mansonia Total
spp spp SPp
Sugar-yeast-baited trap (A) Indoors 1 1 0 2
CDC-LT (A) Indoors 105 65 10 180
Sugar-Yeast-baited trap (A) Outdoors 0 1 0 1
CDC-LT (A) Outdoors 124 143 25 292
Light-baited trap (B) Indoors 0 1 7 8
CDC-LT (B) Indoors 67 61 19 147
Light-baited trap (B) Outdoors 1 2 0 3
CDC-LT (B) Outdoors 114 401 26 541
Sugar-Yeast-Light-baited trap (C) | Indoors 16 59 78
CDC-LT (C) Indoors 168 189 365
Sugar-Yeast-Light-baited trap (C) | Outdoors 22 69 93
CDC-LT (C) Outdoors 237 1204 16 1457
TOTAL 855 2196 116 3167
Species composition (%) 27.0 69.3 3.7

Of the handmade traps, the trap baited with yeast-sugar produced CO> and light (Experiment
C) had the highest catch (n=171) and collected all three genera. This was followed by the
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light-baited trap (n=11, experiment B). The trap baited with CO; produced by the yeast-sugar
mixture (Experiment A) only collected three mosquitoes over 12 collection nights in total
(Table 4).

Comparison between handmade and CDC light traps

CDC light traps collected significantly higher numbers of female mosquitoes (Culicidae) and
An. gambiae s.l. (GLM, P < 0.001; Table 5) compared to all three handmade traps baited with
sugar and yeast alone (Figure 5), light alone (Figure 6), or with the combination of sugar, yeast
and light (Figure 7).

The number of mosquitoes (Culicidae) caught indoors was significantly lower than those
collected outdoors for the trials in which we tested light only (GLM, P = 0.050), or the
combination of sugar, yeast and light (GLM, P = 0.005). This was not the case for numbers of
An. gambiae or for the experiment with sugar and yeast only (Table 5).

All models reported in Table 5 included the random factors house location and collection
date. In experiments B and C, these random factors were not significant, but for trial A,
collection date was significant in the model for all mosquitoes (GLM, Wald chi-square = 4.320,
P =0.038), while house location was significant in the model for An. gambiae (GLM, Wald chi-
square = 4.477, P=0.034).

When comparing the overlap in 95% confidence intervals of the incidence rate ratio’s, we can
deduce that traps baited with the combination of sugar, yeast and light performed
significantly better in catching mosquitoes (Culicidae) as well as in catching An. gambiae s.l.
than traps baited with sugar and yeast only or light only (Figure 8).
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Figure 5. Boxplots showing the number of Anopheles gambiae s.l. (A and B) and Culicidae (C and D) collected
using CDC light trap (12 trapping nights per treatment) or a trap baited with sugar and yeast (12 trapping nights
per treatments) in Ruhuha sector, Rwanda.
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Figure 6. Boxplots showing the number of Anopheles gambiae s.l. (A and B) and Culicidae (C and D) collected
using CDC light trap (12 trapping nights per treatment) or a trap baited with light (12 trapping nights per

treatments) in Ruhuha sector, Rwanda.
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Figure 7. Boxplots showing the number of Anopheles gambiae s.l. (A and B) and Culicidae (C and D) collected
using CDC light trap (12 trapping nights per treatment) or a trap baited with the combination of yeast, sugar and

light (12 trapping nights per treatments) in Ruhuha sector, Rwanda.
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Figure 8. Estimated incidence rate ratio’s (IRR, Table 5) and their 95% confidence intervals for the main effect
of trap type (handmade trap versus CDC light trap) for the numbers of female An. gambiae (left panel) and
Culicidae (right panel). L: handmade trap baited with light only, S + Y: handmade trap baited with sugar and
yeast, S +Y + L: handmade trap baited with sugar, yeast and light.

Table 5. Mosquito groups as caught per different type of trap and per location.

Experiment  Mosquito group  Trap type and Location Beta  Exp(B) 95% CI P
Culicidae Sugar+Yeast -5,107 0,006 0.002-0.020 <0.001
CDC-LT *
Indoors -0,361 0,697  0.340-1.429 0,325
A Outdoors *
An. gambiae s.l. Sugar+Yeast -5,486 0,004 0.0005-0.035 <0.001
CDC-LT *
Indoors 0,303 1,354  0.559-3.280 0,502
Outdoors *
Culicidae Light -3,964 0,019 0.008-0.044 <0.001
CDC-LT *
Indoors -0,729 0,483  0.233-1.001 0,050
B Outdoors *
An. gambiae s.|. Light -5,008 0,007 0.001-0.033 <0.001
CDC-LT *
Indoors -0,409 0,665  0.338-1.307 0,236
Outdoors *
Culicidae Sugar+Yeast+Light -2,135 0,118 0.066-0.213 < 0.001
CDC-LT *
Indoors -0,836 0,434 0.241-0.779 0,005
C Outdoors *
An. gambiae s.I. Sugar+Yeast+Light -2,357 0,095 0.051-0.176 <0.001
CDC-LT *
Indoors -0,137 0,872  0.479-1.587 0,653
Outdoors *
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Sibling species identification

Of a random sample of 250 female An. gambiae s.l. identified to sibling species by PCR, 4%
(11/250) were An. gambiae s.s. and 96% (239/250) were An. arabiensis. There was no
significant difference between the relative proportions of both species collected in CDC traps
and in traps baited with yeast, sugar and light (Chi-square = 0.206, P = 0.650). Similarly, the
relative proportion of both sibling species in indoor and outdoor collections was the same
(Chi-square = 2.134, P = 0.144).

Discussion

This study showed that CO; produced by fermenting baker’s yeast with brown sugar alone or
when adding thermal and/or visual cues attracts mosquitoes both in a laboratory and/or in a
field environment. However, CO; alone, without adding any additional cue, caught much
fewer mosquitoes in the field. Many studies have demonstrated that sugar-fermenting yeast
is a practical source of CO;in traps, especially in the field, because industrial COz is not always
available and is costly (Hoel et al. 2015; Laguna-Aguilar et al. 2012; Smallegange et al. 2010;
Zhou et al. 2018). However, its potential for use in simple, handmade traps for mosquito
surveillance in a citizen science context had not been fully explored.

The current study showed that, in the laboratory, adding heat to yeast-produced CO; via a
heating cable caught surprisingly fewer mosquitoes in the trap. This suggests that heat to
mimic human body temperature did not act synergistically with CO,. These findings disagree
with previous research which demonstrated that adding heat to CDC traps baited with CO;
and octenol resulted in increased trap collections of Ae. taeniorhynchus, An. atropos, and Cx.
nigripalpus (Lemire 1995; Zhou et al. 2018). In another study, heat combined with human
odour caused mosquitoes to fly in significant numbers to the trap (Spitzen et al. 2013). It is
important to note that attraction of a mosquito does not necessarily mean that it will land
and be caught in a trap. In our study, the trap baited with molasses (as an alternative sugar
source) and yeast captured a similar number of mosquitoes as yeast and sugar. This is in
contrast with a study that demonstrated that yeast and brown sugar caught more mosquitoes
than dark brown sugar (molasses) (Abdon-liwanag & Tansengco 2015). For this reason and
for practical purposes (sugar being more readily available than molasses), the trap baited with
yeast and sugar, without the heat, was selected for further evaluation under field conditions.
To make the comparison with CDC light traps, light was also included as a stimulus in the field
experiments.

Overall, handmade traps baited with yeast, sugar and light, or yeast and sugar, or with light
alone caught very few mosquitoes compared to CDC light traps. Although this study
investigated the effects of CO; produced by the fermentation of brown sugar and dry yeast
in capturing adult mosquitoes, cues such as light added to the trap and the visual contrast
(black tape around the trap) seemed to play a role in capturing mosquitoes. When comparing
the three handmade traps among each other, the trap baited with yeast, sugar and light
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captured more mosquitoes and more An. gambiae s.l.. The same was true for other species
such as Cx. quinquefasciatus, Cx. annulioris, Mansonia africana and M. uniformis. Thus,
malaria vectors and other mosquitoes seem to make use of visual cues in host-seeking
despite their nocturnal habit (Hawkes et al. 2017), but here only in combination with CO,.
Interestingly, traps baited with yeast, sugar and light caught significantly more mosquitoes
outdoors than indoors, which agrees with previous research (Rosanti et al. 2017). However,
traps baited with yeast and sugar did not catch more mosquitoes outdoors and these findings
therefore disagree with other studies conducted previously (Abdon-liwanag et al. 2015;
Rosanti et al. 2017).

It is clear that CDC traps caught the highest number of mosquitoes, as well as a higher
diversity of species. It should be noted that the CDC trap requires a powered fan, whereas
the handmade trap is a non-mechanical, passive trap without an active suction mechanism.
Interestingly, both indoors and outdoors, the number of An. gambiae s.l. in the handmade
trap with light and CO, was about 8-10% of the number caught with a CDC light trap (16 out
of 168 indoor, and 16 out of 197 outdoor; experiment C). This suggests that 10 bottle traps
distributed over 10 houses would capture as many mosquitoes including An. gambiae as one
CDC light trap placed in one house. In other words, if sufficient volunteers can be recruited
in a citizen science project using a bottle trap, this could replace the need for instalment of a
CDC light trap. In the present study, use of 10 bottle traps required USD $ 25 for one night
while operating one CDC light trap was more expensive (more than USD$ 150).

If such citizen science reporting can be linked with digital technology (e.g. reporting
observations through a mobile app), rapid assessments of malaria risk can be made with high
spatial coverage. Chapter 6 will report on the results of a one-year study in which 116
volunteers participated in the collection of mosquito data.

Of course, the traps can be further developed by evaluating the effectiveness of the
handmade trap for Anopheles mosquitoes in other malaria endemic areas in Rwanda. It will
also be important to standardize the trap by replacing the plastic bottles by a glass bottle,
because in the long-term plastics are expected to be banned by the government of Rwanda.

Conclusion

A handmade trap that produced CO; by yeast-sugar fermentation attracted and caught
mosquitoes, including malaria vectors, in both the laboratory and in the field in Rwanda.
Additional visual cues such as a light source and a dark colour increased the attractiveness of
the trap for mosquitoes. Although there are limitations with using the handmade trap, which
are related to the duration of CO> production, the trap presents a cheap option for inclusion
in mosquito surveillance activities in a citizen science context in rural areas. The longevity of
the batteries and, durability of the torch, and human foot odour collected on socks as an
attractant are options to explore and possibly will improve the capture of mosquitoes.
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Abstract

Malaria remains a public health problem in Rwanda. As part of malaria prevention and
control, the distribution and density of malaria mosquitoes requires continuous monitoring.
Resources for long-term surveillance of malaria vectors, however, are limited. A one-year
citizen science programme for malaria mosquito surveillance was implemented in five
villages of the Ruhuha sector in Bugesera district, Rwanda. The aim of the research was to
evaluate the value of citizen science in providing insight into potential malaria vector
hotspots and other malaria related information, and to determine predictors of malaria
vector abundance in a region where routine mosquito monitoring has not been established.
In total, 112 volunteer citizens reported monthly data on mosquito nuisance and confirmed
malaria cases. Using handmade carbon-dioxide baited traps they collected 3,793 female
mosquitoes among which 10.8% were anophelines. For the entire period, 16% of the
volunteers reported having at least one confirmed malaria case per month, but this varied
by village and month. During the study year 66% of the households reported at least one
malaria case. From a sector perspective, a higher mosquito and malaria vector abundance
was observed in the two villages in the south of the study area. The findings revealed
significant positive correlations among nuisance reported and confirmed malaria cases, as
well as between total number of Culicidae and confirmed malaria cases, but not between
the number of the malaria vector An. gambiae and malaria cases. At the sector level, of
thirteen geographical risk factors considered for inclusion in a multiple regression, distance
to the river network and elevation played a significant role in explaining mosquito (adjusted
R? = 57%) and malaria mosquito abundance (adjusted R? = 28%). The study demonstrates
that a citizen science approach can contribute to mosquito monitoring, and can identify
areas that, in view of limited resources for control, are at higher risk of malaria.
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Introduction

Malaria is a major public health concern in Rwanda, and a leading cause of morbidity and
mortality (MOH 2019). Despite the progress made in reducing the malaria burden over the
last decades (Karema et al. 2012), the country experienced an upsurge of malaria since 2012,
putting the entire population, including an estimated 443,000 pregnant women per year and
1.8 million children less than five years old, at risk of malaria (PMI 2019). This increase of
malaria cases was especially observed in the East and the South provinces of the country.
According to the Health Management Information System of the Malaria and Other Parasitic
Disease Division (MOPDD - HMIS), these two provinces accounted for 79% of the disease
burden (PMI 2019).

Regardless of the malaria resurgence, Rwanda has made progress in vector monitoring by
establishing 12 entomological sentinel sites that are involved in the surveillance of malaria
vectors across the country (MOH 2013). This programme has given insight in the mosquito
diversity, malaria vector and non-vector distribution and insecticide resistance status, as
well as in entomological inoculation rates as a measure of transmission intensity
(Hakizimana et al. 2018). Vector surveillance implies continuous monitoring of malaria
mosquitoes (WHO 2017a). This involves long-term sustained funding and trained
entomologists, and also the physical infrastructure to accomplish such activities (Fouet &
Kamdem 2018; WHO 2017a, 2019). These activities receive external funding (70% from the
Global Fund, President’s Malaria Initiative, and End Malaria Fund). Funds required to extend
vector surveillance to regions other than the 12 sentinel sites are not available (MOH 2013,
2019). Importantly, effective surveillance requires locality-specific information on the
diversity, and the spatial and temporal distribution of malaria vectors. This information
helps to inform decision-making for a response before outbreaks occur (Hay et al. 2010;
Zahar 1984). Mostly, malaria prevention and control exist of early diagnosis and treatment
and vector control by the use of insecticide-treated bed nets (ITNs) and indoor residual
spraying (IRS) (WHO 2019). The effectiveness of vector control is increased by accurate
identification of the malaria vector population at the local level. Not identifying malaria
vector hotspots can cause malaria prevention and control to fail (Carter et al. 2000; Sinka et
al. 2012).

Several citizen science initiatives have demonstrated that citizens or community members
can contribute to the monitoring of disease-carrying mosquitoes (Bartumeus et al. 2019,
2018; Eritja et al. 2019; Jordan et al. 2017; Kampen et al. 2015; Oltra et al. 2016; Palmer et
al. 2017; Vogels et al. 2015). Innovation in malaria mosquito surveillance is focusing on how
local communities and stakeholders, especially in a rural African context, can participate in
citizen science with the aim of ensuring implementation and sustainability. Citizen science
programmes represent a unique opportunity to develop a new way to involve the public in
the design, implementation, and evaluation of such vector surveillance programmes
(Bartumeus et al. 2019).
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The main goal of the current study was to evaluate the value of a citizen science programme
in providing insight into potential malaria vector hotspots and other malaria related
information, and to determine predictors of malaria vector abundance in a region where
routine mosquito monitoring has not been established. For this purpose, the following two
research questions were formulated: 1) what are the spatial and temporal dynamics in and
correlations among (malaria) mosquito abundance, perceived mosquito nuisance and
proportion of households reporting confirmed malaria cases in the study area and 2) what
are the environmental drivers explaining the spatial and temporal distribution of the malaria
vector Anopheles gambiae s.l. and other mosquitoes? The outcomes from this study will help
to better understand malaria transmission dynamics in the study area based on citizen
science data.

Materials and methods

Study area

The study was conducted in five selected villages of the Ruhuha sector (Figure 1) in the
Bugesera district, of the Eastern province of Rwanda. The Ruhuha sector is composed of 35
villages grouped into five cells. The area covers 54 km? and is located 42 kilometers south
from the capital Kigali (Kateera et al. 2015). The elevation varies from 1,300 m to 1,573 m
above sea level. It is surrounded by lowland marshes and water streams draining into the
Akagera river system, and is separated from Burundi by Lake Cyohoha in the south (Kateera
et al. 2015). The sector has an estimated population of 24,000 people, living in
approximately 5,000 households (Ingabire et al. 2017). Ruhuha has a predominantly rural
agricultural setting and is known as a historical malaria endemic area (Kateera et al. 2015).
Ruhuha experiences two malaria transmission peaks associated with the rainy seasons
observed generally from October to November and March to May (Kateera 2016).

Study design
Recruitment of the participants and distribution of materials and tools

Volunteer participants were recruited through workshops conducted three months prior to
the implementation of the citizen science programme for malaria mosquito surveillance
(Asingizwe et al. 2019, Chapter 4). The list of volunteers consisted of the names of the
participants and their contact details. Volunteers could indicate in which research activities
they wanted to participate. This included filling forms with malaria related information
and/or collecting mosquitoes. The citizen science programme kicked off with a launch event
on 22 November 2018 in Ruhuha sector with participants from five selected villages of
Ruhuha: Busasamana, Kagasera, Kibaza, Kiyovu, and Mubano (Figure 1). Based on their
preference, volunteers were requested to report on a monthly basis the experienced
mosquito nuisance and the number of malaria cases in their household, and to collect
mosquitoes in their environment (Figure 2).
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Figure 1. Map showing Ruhuha sector with the five selected villages where the citizen science programme was

implemented (Busasamana, Kagasera, Kibaza, Kiyovu and Mubano). The pink dots represent the locations of
the households (volunteers) from where observations were reported.

To facilitate data collection, volunteers were grouped into groups of households (called
isibo) close to each other. Each isibo consisted of a few households (3 to 10). A phone call
was made by the researcher to the isibo leaders one or two days prior to data collection to
remind them of their tasks and to collect the data properly. After four consecutive rounds
of data collection, a dissemination workshop was organized to share the results from the
data collected previously by the volunteers, and to motivate them to continue their active
participation. Additionally, researchers could also check whether the correct procedures
were followed in terms of filling the requested information on the paper forms or when and
how to capture and conserve mosquitoes.

During the launch workshop, the data collection and reporting schemes of the observations
were determined by the researchers in consultation with the volunteers. Paper forms,
handmade traps, ingredients for production of carbon dioxide (sugar and yeast) for baiting
the traps, batteries and torches were distributed during the launch workshop. These
materials were used for the duration of the study except for some materials that needed to
be replenished such as sugar, yeast, forms, and batteries. These were distributed monthly
every last Friday by the isibo leader and distributed to the participants (volunteers) three
days prior to the data collection during the monthly isibo meeting. Instructions on how to
fill the forms and how to set up the traps as well as how to label the containers containing
the mosquitoes and to store all the data collected, were given during the workshop. In
addition, the isibo leaders, who represented the volunteers enrolled for the study in each
selected village, were elected during the launch workshop as field data collectors. They were
asked to assemble the data collected by the volunteers, and to submit these data to the
researchers at Ruhuha health center every last Friday of the month. Isibo leaders submitted
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the observations at the health center three weeks prior to the next date of data collection.
They also submitted a short report summarizing the data collected for the month and the
challenges faced by the volunteers.

Figure 2. Schematic diagram showing the relations among nuisance, mosquito species and abundance and
malaria cases, and the role of citizens in reporting data on these variables.

Data collection
Mosquito nuisance and confirmed malaria cases

The paper forms included two questions. One addressed the level of mosquito nuisance the
participants perceived in their environment (indoors only, outdoors only and overall). The
second question addressed whether participants had a confirmed malaria case in their
household (diagnosed at the health center using a blood sample) within the two weeks prior
to the date of data collection. Next to these two questions, participants included the date,
and personal information on the forms.

Mosquito collection and laboratory processing

In each household, mosquitoes were collected by placing two handmade traps that were
baited with CO; and a torch. The torch was hung approximately at 5 centimeters above the
opening of the trap (see Chapter 5). One trap was placed indoors in the bedroom on the
floor next to a human sleeping under a bed net, at the foot end of the bed. Another trap
was placed outside of the house of the volunteers, preferably near the main entrance of the
house and positioned on the ground against the wall. Carbon dioxide was provided by mixing
25 g brown sugar, two grams of yeast and 250 mL of water at 9:00 am. In each trap, a gauze
net was inserted to prevent mosquitoes from drowning in the sugar-yeast solution. The
bottle was wrapped with a black scotch tape (see also Chapter 5).
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The next day, mosquitoes were transferred to a Petri dish, labelled with the collection date
and time, and name of the volunteer. The observations were submitted to the isibo leader
who gathered all the forms and mosquitoes and who submitted them later to the researcher
at the Ruhuha health centre.

All mosquitoes were transported to the Mareba health center and identified to species level
using standard taxonomic keys (Gillies & Coetzee 1987; Service 1993). Mosquitoes were also
scored as fed or unfed, then pooled per study site and stored in Eppendorf tubes with silica
gel for transportation to the national laboratory in Kigali for further molecular analysis. The
head and thorax of each individual female An. gambiae s.l. was used to determine the
presence of circumsporozoite protein (CSP) of Plasmodium falciparum using Enzyme-Linked
Immunosorbent Assay (ELISA) techniques (Wirtz et al. 1987). The ELISA results were read
visually (Beier et al. 1988). Additionally, 10% of the total An. gambiae s.l. collected were
used for sibling species identification by Polymerase Chain Reaction (PCR) using the head
and thorax of Anopheles gambiae s.l. (Scott et al. 1993). After DNA extraction, one microliter
of the DNA sample was used as the template for PCR amplification. Each amplified sample
was run in a 2.5% agarose gel and visualized by a UV transilluminator.

Remotely sensed environmental data

To investigate whether publicly available data on geographic features within the sector
could explain the observed patterns in mosquito abundance, we first selected variables
based on a review of relevant literature (Table 1). Geographical data were obtained from
the best available sources including the Shuttle Radar Topography Mission (SRTM) that
presents a 30 meter Digital Elevation Model (DEM) and Sentinel 2 L2A available on Sentinel
hub. In addition to the geographical (satellite derived) data, the demographic variable
population density was obtained from a dataset available at a resolution of 3 arc (100 meters
at the equator) from WorldPop (2020).

Data analysis

All collected citizen science data were aggregated in Microsoft Excel, and included a unique
code for each of the volunteers, as well as their location (latitude and longitude of the house
of the volunteer), the collection date, the mosquito species (indoors and outdoors) and
feeding status, the presence/absence of confirmed malaria cases in the two weeks prior to
data collection, and the perceived mosquito nuisance expressed on a five-point Likert scale
(from ‘no nuisance’ (0) to ‘very much nuisance’ (5)).

ArcGIS pro 2.4 (ESRI, Redlands, CA) was used to compile geographic data and create maps
of the study area. Locations of the selected households were used to make an interpolation
of mosquito abundance using the Inverse Distance Weighting (IDW) method (Garnero &
Godone 2013).
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Means, and proportions of confirmed malaria cases or perceived mosquito nuisance reported
as well as mosquito species compositions were calculated. Spearman correlation tests were
calculated using SPSS (Version 25.0, IBM Corporation, New York, USA) to determine the
relationships among mosquito nuisance experienced, confirmed malaria cases reported and
the number of mosquitoes (Culicidae) or number of An. gambiae s.|. collected (Figure 2). For
all analysis, the results from the indoor and outdoor traps were summed per household.
Calculations of these correlations were made at different levels of aggregation: with raw data
for individual households, resulting in approximately 1,344 data points (i.e. 112 households
x 12 months), or with village averages, resulting in 60 data points (i.e. 5 villages x 12 months).
In addition, to investigate the variability/consistency of correlations among villages, we
calculated correlations separately for each village, using the raw data at household level.

Environmental factors (Table 1) were selected to evaluate their impact on the abundance of
mosquitoes (Culicidae) and An. gambiae s.l. as collected via our citizen science approach in
the study area. To do so, Pearson correlations and multiple linear regressions were
conducted to explore the relationship between mosquito abundance and selected
environmental variables. The results were analysed at the sector level (all sampling points in
the Ruhuha area). For the multiple regression analyses, we made use of the leaps package in
R3.5, which uses an iterative process for finding one or more ‘best subsets’ of the explanatory
variables (Sestelo et al. 2016). To visually inspect cross-correlations among the thirteen
variables, we used principal component analysis (PCA).

Ethics statement

Informed consent was obtained from adult participants (volunteers) before the study was
carried out. All information was processed anonymously. The Rwanda Institutional Review
Board of the College of Medicine and Health Sciences (408/CMHS IRB/2016) and Rwandan
Biomedical Center granted ethical clearance for the study. Furthermore, permission was
obtained from CARITAS and Bugesera District office prior to conducting the research.
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Table 1. Overview of the thirteen environmental variables selected for this study.

Variable Source Spatial Temporal Authors and
resolution resolution year of
publication
Elevation Shuttle Radar 30 meters - (Zhou et al
Topography Mission 2007)
(SRTM)
Slope SRTM 30 meters - (Moss et al
2011)
Aspect - sines SRTM 30 meters - (Moss et al.
2011)
Aspect - cosines SRTM 30 meters - (Moss et al
2011)
Flow accumulation SRTM 30 meters - (Cleckner et al.
2011)
Distance to World Agroforestry Shapefile - (Kursah 2017)
marshlands Centre (ICRAF)
Distance to river SRTM 30 meters - (Bartak 2010)
networks
Distance to open Landviewer, Sentinel 10 meters - (Kursah 2017)
water bodies 2 L2A
Topographic SRTM 30 meters - (Cleckner et al.
Position Index (TPI) 2011)
Topographic SRTM 30 meters - (Cleckner et al.
Wetness Index 2011)
(TWI)
Normalised Landviewer, Sentinel 10 meters - (Kursah 2017)
Difference Water 2 L2A
Index (NDWI)
Normalised Landviewer, Sentinel 10 meters 27th of February (McFeeters
Difference 2 L2A 2019 2013)
Vegetation Index
(NDVI)
10 meters 15th of
September 2019
Population density Worldpop 100 meters - (Kursah 2017)
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Results

Overall, 112 volunteers participated actively in the current study by reporting mosquito
nuisance perceived and confirmed malaria cases, and by submitting mosquitoes for a period
of 12 months. Participation varied from village to village, and included 12 volunteers from
Busasamana, 35 from Kagasera, 24 from Kibaza, 10 from Kiyovu, and 35 from Mubano (Figure
1). Data collected by two volunteers who moved away from the selected villages during the
study were excluded in the analyses.

Perceived mosquito nuisance

At village level, there was a clear spatial and temporal variation in the perception of mosquito
nuisance. The highest average (x standard deviation) perceived mosquito nuisance for the
whole period was reported from Busasamana (3.4 * 0.5), followed by Kibaza (2.7 £ 0.1), both
in the south of the Ruhuha sector. Volunteers from Kagasera and Kiyovu in the western part
of the sector experienced little nuisance (1.8 * 0.4) followed by volunteers from Mubano in
the north (1.8 £ 0.2). At a temporal scale, the highest average mosquito nuisance scores were
reported in December (2.9 + 1.3), January (3.0 £ 0.9), and February (3.1 + 0.8) 2019 (Figure 3-
A).

Confirmed malaria cases

Over the entire one-year study period, every month on average 16% of the volunteers
reported having at least one confirmed malaria case in the two weeks prior to sampling.
However, 66% of the households reported at least one confirmed malaria case in their
household throughout the study period. The highest average monthly percentage of
households over the entire year having a confirmed malaria case was reported in Busasamana
(28.7%), followed by Kibaza (23.1%), Kiyovu (16.3%), Mubano (14%), and Kagasera (10%).
Over the year of the study, the month with the highest percentage of households reporting
having at least one confirmed malaria case was March (27.7%), followed by January (25.5%)
and February (25%). The months with the lowest percentage of households having a
confirmed malaria case were September and October 2019 with 3.2% each (Figure 3-B).
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Figure 3. Spatial and temporal distribution of (A) average perceived mosquito nuisance, (B) proportion of
households reporting at least one confirmed malaria case, (C) average number of mosquitoes (all species) per
month, and (D) average number of An. gambiae s.l. per month reported in the five selected villages of Ruhuha
sector, Rwanda.
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Mosquito species composition and molecular identification of members of the An. gambiae
complex

A total of 3,793 female mosquitoes were collected in the five selected villages using a
handmade carbon dioxide baited trap over a period of one year. Of these, 51.7% (n = 1,964)
were collected indoors and 48.2% (n = 1,829) were collected outdoors. These mosquitoes
belonged to four genera and 10 species were identified. Of all mosquitoes, 89.4% (n = 3,390)
was morphologically identified as culicine and 10.6% (n = 403) as anopheline (Table 2). Among
female anopheline mosquitoes collected, 90.8% (n = 366) were unfed and 9.2% (n = 37) were
fed. Of the Anopheles species, 49.6% (n = 200) were collected indoors and 50.4% (n = 203)
were collected outdoors. Of the total culicines, 76.6% (n = 2,905) were Culex species, with
Culex quinquefasciatus (74%) as the most abundant Culex species, followed by Mansonia
(11.4%) and Coquillettidia species (1.3%).

Table 2. Species composition of mosquitoes collected during the citizen science programme in five villages in

Ruhuha sector, Rwanda, November 2018 — October 2019

Village name Busasamana Kagasera Kibaza Kiyovu Mubano Total % Species
composition

An. gambiae s.l. 42 5 135 5 28 215 5.7
An. maculipalpis 0 0 5 0 3 8 0.2
An. pharoensis 4 0 12 0 1 17 0.4
An. squamosus 0 0 0 0 1 1 0.0
An. ziemanni 26 1 131 2 2 162 4.3
Total Anopheles 72 6 283 7 35 403 10.6
spp

Coquillettidia spp 15 16 15 2 3 51 1.3
Culex spp 732 213 1,329 155 476 2,905 76.6
Mansonia spp 156 14 183 22 59 434 11.4
Total Culicinae 903 243 1,527 179 538 3,390 89.4
Total Culicidae 975 249 1,810 186 573 3,793 100
% Anopheles spp 17.9 1.5 70.2 1.7 8.7

% Culicidae 25.7 6.6 47.7 4.9 15.1

Of the Anopheles species, 53.3% were An. gambiae s.l. (n = 215), 40.2% were An. ziemanni
Grunberg, and the other species were An. pharoensis Theobald (4.2%, n = 17), An.
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maculipalpis Giles (2%; n = 8) and An. squamosus Theobald (0.2%; n = 1) (Table 2). Volunteers
in Kibaza collected the highest proportion of Anopheles species (70.2%), followed by
Busasamana (17.9%), Mubano (8.7%), Kiyovu (1.7%) and Kagasera (1.5%) (Table 2). Kibaza
had the highest proportion of An. gambiae s.I. (33.5%), followed by Busasamana (10.4%),
Mubano (6.9%), Kiyovu (1.2%) and Kagasera (1.2%).

Figure 4. Map of total Culicidae collected (A) and total An. gambiae s.l. collected (B) between November 2018
and October 2019 in the Ruhuha sector, Rwanda. Intensity of colouring represents estimated abundance based
on inverse distance weighting as interpolation method.
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At sector level, relatively more mosquitoes were collected in the south of Ruhuha than in the
north. Especially in Busasamana and Kibaza, the villages that also reported the highest
nuisance levels, more Culicidae and An. gambiae s.|. were collected in comparison with the
three other villages (Figure 4).

At sector level, the average (+ standard deviation) number of mosquitoes (Culicidae) collected
per household per month was 2.8 (x 1.2). Busasamana had the highest average number of
mosquitoes (7.1 £ 6.3) per household per month, followed by Kibaza (6.3 + 9.3). The lowest
catch of mosquitoes was recorded in Kagasera (0.6 * 1.6) followed by Kiyovu with (1.6 + 3.0),
mosquitoes and Mubano (1.4 + 2.7) (Figure 3-C). For An. gambiae s.l., volunteers from Kibaza
had the highest average of An. gambiae s.l. (0.47 + 1.5) per household per month followed
by Busasamana (0.30 £ 1.6), Mubano (0.07  0.4), Kiyovu (0.04 + 0.2) and Kagasera (0.01 +
0.1) (Figure 3-D). At a temporal scale, most mosquitoes (Culicidae) were caught in January
and February 2019 while the lowest numbers were caught in September and October 2019
(Figure 3-C). Both the months February and August 2019 had a peak in the number of An.
gambiae s.l. in comparison with other months (Figure 3-D), and the number of An. gambiae
s.l. dropped from March to May.

Sporozoite rates and molecular identification of members of the An. gambiae complex

Of 403 female An. gambiae tested, none tested positive for P. falciparum sporozoites. Of the
10% (41 out of 403) of An. gambiae s.l. tested, 63% (26/41) were An. arabiensis, 32% (13/41)
were An. gambiae s.s. and 7% (3/41) did not yield a PCR product.

Correlation between number of mosquitoes collected and mosquito nuisance reported

Based on all data from the entire sampling period, there was a moderate, positive correlation
between perceived mosquito nuisance reported per household per month and the number
of mosquitoes (Culicidae) per household per month (rs = 0.459; P < 0.0001; Figure 5-A) and a
weak, positive correlation between nuisance and number of An. gambiae s.l. per household
per month (rs = 0.121; P < 0.0001; Figure 5-B). It should be noted that, in case of An. gambiae
s.l. collections, only 7.2% of the collections contained one or more individuals in the trap
(Figure 5-B), whereas this proportion was 42.5% in case of total Culicidae.

Interestingly, when the same data were aggregated and averaged by village, there was a
strong correlation between the average nuisance level and average number of mosquitoes
per month per village (rs= 0.798; P <0.0001; Figure 6-A). In other words, the average perceived
mosquito nuisance level could be explained by the average number of mosquitoes collected.
However, there was no significant correlation between the average nuisance level and the
number of An. gambiae s.l. (rs = 0.225; P = 0.084; Figure 6-B).
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Figure 5. Boxplots showing the correlation between perceived mosquito nuisance experienced per household
per month with the total number of mosquitoes (Culicidae) (A) or An. gambiae s.l. (B) collected per household
per month in five selected villages in Ruhuha sector, Rwanda.
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Figure 6. Scatter plots showing the correlation between average perceived mosquito nuisance per village per
month and average number of mosquitoes (Culicidae, panel A) and An. gambiae s.I. (panel B) per village per
month by the volunteers in five selected villages in Ruhuha sector, Rwanda.

When correlations were investigated for each village separately, there were significant
correlations between the level of perceived mosquito nuisance and the total number of
mosquitoes (Culicidae) collected per household per month, except for Busasamana where no
significant correlation was found. Similar to the analyses for the entire sector, no significant
correlations were observed between mosquito nuisance and the number of An. gambiae s..
collected (Table 3).
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Table 3. Spearman correlation coefficients for the relationship between nuisance level and the total number

of Culicidae/An. gambiae s.. separately for each village. In bold the significant correlations are highlighted.

Mosquito group rs P
Busasamana Culicidae 0.117 0.175
An. gambiae s.I. 0.044 0.613
Kagasera Culicidae 0.266 <0.001
An. gambiae s.l. 0.046 0.385
Kibaza Culicidae 0.371 <0.001
An. gambiae s.l. 0.056 0.374
Kiyovu Culicidae 0.392 <0.001
An. gambiae s.l. 0.057 0.583
Mubano Culicidae 0.413 <0.001
An. gambiae s.l. 0.037 0.507

Correlation between perception of mosquito nuisance and confirmed malaria cases

When data from households were aggregated and averaged for each village, a moderate,

positive correlation between perceived mosquito nuisance and proportion confirmed malaria
cases per households per month (rs = 0.473, P <0.001) was found (Figure 7). When this
correlation was investigated for each village separately, there was a significant, strong
correlation for Kibaza (rs = 0.643, P = 0.023), while for Busasamana (rs = 0.567, P = 0.054),
Kagasera (rs = 0.261, P = 0.413), Kiyovu (rs = 0.223, P = 0.486), and Mubano (rs = -0.138, P =
0.670), correlations were not significant.
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Figure 7. Scatterplot showing the correlation between average mosquito nuisance level and average proportion
of confirmed malaria cases reported per village per month by the volunteers in five selected villages in Ruhuha

sector, Rwanda.
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Correlation between mosquitoes collected and confirmed malaria cases reported

At village level, a moderate, significant correlation (r = 0.468, P <0.0001) was found between
the average number of mosquitoes and the proportion of confirmed malaria cases reported
per village per month (Figure 8-A). No correlation was found between the average number of
An. gambiae s.l. collected and the proportion of confirmed malaria cases reported per village
per month (r = 0.204, P = 0.124; Figure 8-B). When data were analysed separately by village,
no significant correlations were found between the number of mosquitoes or An. gambiae
s.l. and the presence of confirmed malaria cases reported per village per month, except for
Kibaza where a correlation (r = 0.581, P = 0.047) was found between number of Culicidae and

confirmed malaria cases (Table 4).

>

Figure 8. Scatter plots showing the correlation between average number of mosquitoes (Culicidae) (panel A)
and An. gambiae s.l. (panel B) per village per month and average proportion of malaria in households per village
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Table 4. Pearson correlation coefficients between number of Culicidae/An. gambiae s.|. and presence

In bold the significant

of confirmed malaria cases in five villages of Ruhuha sector, Rwanda.
correlations are highlighted.
Village name Mosquito group r P
Busasamana Culicidae 0.170 0.597
An. gambiae s.l. -0.126 0.696
Kagasera Culicidae 0.560 0.058
An. gambiae s.l. -0.183 0.569
Kibaza Culicidae 0.581 0.047
An. gambiae s.l. 0.394 0.205
Kiyovu Culicidae -0.241 0.450
An. gambiae s.l. 0.252 0.430
Mubano Culicidae -0.154 0.632
An. gambiae s.l. 0.174 0.590

Environmental risk factors explaining the spatial and temporal distribution of mosquitoes

and malaria vectors

Thirteen variables identified from the literature were selected (Table 1). These included 12

environmental variables: elevation, slope, distance to marshlands, distance to open water,

distance to the river network, flow accumulation, cosines of the aspect, sines of the aspect,
Normalized Difference Vegetation Index (NDVI), Normalized Difference Water Index (NDWI),
Topographic Wetness Index (TWI), Topographic Position Index (TPI), as well as one

demographic variable, population density. Data for these variables were extracted from

different data sources (Table 1). Values for the different variables were derived and
calculated from the extracted data specific to the area under study (Ruhuha sector; Figure 9)

and linked to the locations of and data from the households under study.
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Figure 9. Maps showing different environmental factors: Elevation (A), slope (B), Distance to River(C), Sines
Aspect (D), Cosines Aspect (E), Distance to lakes (F), Flow Accumulation (G), NDVI of the study area on the 27th
of February 2019(H), NDVI of the study area on the 15th September 2019 (1), TPI (J), TWI(K), population density
(L).
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Investigation of the bivariate correlations between the selected environmental variables and

the abundance of mosquitoes (Culicidae and An. gambiae s.l.) revealed that there were

significant, correlations between distance to marshland, distance to open water, distance to
rivers, NDVI and population density for both mosquito groups (Table 5). For Culicidae, also

the sines, slope and TPI showed a significant correlation.

Table 5. Pearson correlation coefficient between mosquito group and environmental factors (sector scale);

*: P<0.05. **: P<0.01.

Culicidae An. gambiae s.l.
Variables
r R? P r R? P

Distance to marsh -0.51** 0.25 <0.01 - 0.40** 0.16  <0.01
Distance to water -0.67** 0.48 <0.01 -0.45%* 0.2 <0.01
Distance to river -0.56** 0.30 <0.01 -0.42** 0.17  <0.01
Elevation -0.69** 0.47 <0.01 -0.49** 0.24  <0.01

Flow Accumulation -0.10 0.01 0.31 -0.02 0.00 0.81

Cosines of aspect -0.15 0.02 0.12 -0.13 0.02 0.19

Sines of aspect -0.21%* 0.05 0.03 -0.15 0.02 0.12

NDVI 0.29** 0.09 <0.01 0.20* 0.04 0.04

NDWI -0.11 0.01 0.26 -0.03 0.00 0.73

Slope 0.26** 0.07 0.01 0.18 0.03 0.06

TPI 0.20* 0.04 0.03 0.10 0.01 0.28

TWI -0.14 0.02 0.15 -0.09 0.01 0.38
Population density -0.66** 0.44 <0.01 -0.48* 0.23 <0.01

At sector level, there was a relationship between elevation and the total number

of mosquitoes (Table 5) and in this case there was a clear distinction between the south and

the north of the area. In Figure 10, the right oval encompasses data points from the

villages in the north (Kagasera, Mubano and Kiyovu), whereas the left oval includes data

points from the two villages in the south (Kibaza and Busasamana).
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Figure 10. Scatterplot showing correlation between total Culicidae mosquitoes and elevation (in meters).

Prior to performing the multiple regression analysis, we visually inspected correlations
among the thirteen selected variables by means of principal component analysis. This
showed that NDWI and the sines of the aspect are highly correlated, as their direction and
length of their vectors are similar. This also applies for correlations among the variables
distance to river, distance to marshlands, elevation and population. On the other hand, the
variables NDVI and NDWI showed a negative correlation as they diverge and form a large
angle (Figure 10).
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Figure 11. Biplot of the selected environmental variables: elevation (Elev), slope, distance to marshlands
(Marsh), distance to open water (Water), distance to the river network (River), flow accumulation
(Flow_Acc), cosines of the aspect (Cosines), sines of the aspect (Sines), Normalized Difference Vegetation
Index (NDVI), Normalized Difference Water Index (NDWI), Topographic Wetness Index (TWI), Topographic
Position Index (TPI), as well as one demographic variable, population density (Popul).
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Multiple regression analyses, followed by ‘best subset’ model selection in the leaps package
of R, revealed that distance to marshland, distance to the river network, elevation,
population density, slope and TPl were all significant predictors in a final model for the total
number of Culicidae based on the adjusted R?value (57%, Figure 12-A). However, when using
the Bayesian Information Criterion (BIC), only distance to the river network and elevation
remained in the final model (Figure 12-B). For the An. gambiae s.l. model, distance to the
river network and elevation were also significant based on adjusted R? (28%; Figure 12-C).
Using BIC, only elevation remained in the final model (Figure 12-D). Interestingly, both
distance to river and elevation play an important role in explaining (malaria) mosquito
abundance, despite the high correlation among the two variables (Figure 11). This could be
interpreted as follows: the larger the distance is from the river network the lower the risk to
encounter mosquitoes or collecting them, and the higher the elevation where the population
in Ruhuha is concentrated, the lower is the risk to encounter mosquitoes including An.

gambiae s.|..
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Figure 12. Multiple linear regression models showing selection of best subsets based on the leaps package in R.
Filled squares indicate the inclusion of a variable in a model. Performance of a model increases from the bottom

to the top of each panel based on adjusted R? value (panels A and C) or BIC (panels B and D).
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Discussion

The findings from this study provide insights into the spatial and temporal dynamics of
mosquitoes in five selected villages of Ruhuha based on citizen science data. This was further
assessed for An. gambiae s.l. separately, as this is the most important malaria vector in the
area (Nyirakanani et al. 2017). Furthermore, the study highlighted environmental risk factors
that explain these spatial and temporal dynamics indicating areas with higher risk of malaria,
especially in the south of the study area, although parasite infection rate was zero for the An.
gambiae s.l. collected during the study. We show the potential of employing simple mosquito
collection techniques with the aid of citizens. In combination with data on perception of
mosquito nuisance denoted in a questionnaire, data from these traps can be used as a proxy
for areas with higher risk of malaria.

All the anopheline species found in the current study were also reported from other parts of
Rwanda (Hakizimana et al. 2018). Anopheles gambiae s.I. was the most abundant of all
anopheline species and was recorded every month in all five villages. However, populations
were not highly abundant throughout the season. This can be partially explained by the fact
that the handmade trap has a lower trapping efficiency in comparison to other trapping
technologies at household level (see Chapter 5). Most mosquitoes (Culicidae) were caught in
the months of January and February 2019 during the short rainy season, but most malaria
vector mosquitoes were collected in August 2019 (large dry season). Although larval habitats
in this period have dried out, this is also the period that the second cycle of rice cultivation
starts, leaving the irrigated fields with little vegetation, but with sufficient water for mosquito
breeding, thereby increasing adult abundance. The villages of Busasamana and Kibaza (Figure
1), both located in the south or Ruhuha, are good examples in this regard, because the peak
in An. gambiae s.l. was especially observed here. Busasamana has two irrigated fields, namely
Nyaburiba, a rice field, and Nyagafunzo, used for irrigated cultivation of subsistence crops
(Hakizimana 2019). Kibaza has also one irrigated rice field nearby (known under the same
name, i.e. Kibaza). Anopheles gambiae s.l. is generally associated with irrigated rice, and
irrigation elevates relative humidity that enhances survival of these vectors (ljumba & Lindsay
2001). Although no P. falciparum infection was found in the An. gambiae s.l. collected in the
studied area, our citizen science approach was able to identify areas with a relatively higher
malaria vector abundance which are at higher risk for malaria as evidenced by the highest
self-reported proportion of malaria cases in these two villages.

Similar to our results, a study from Ethiopia found that larval and adult abundance of the
malaria vectors An. arabiensis and An. pharoensis, was higher in a village with nearby
irrigation than in a village without nearby irrigation, as was malaria prevalence (Kibret et al.
2010). Another study conducted in Malawi showed that changes in the geography of
breeding potential across irrigated spaces can have profound effects on the distribution of
malaria risk for those living in close proximity to irrigated agricultural schemes (Frake et al.
2020; Mboera et al. 2010).
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In the present study, Kagasera had the lowest number of mosquitoes including An. gambiae
s.l.. The reason could be that the village is characterized by a higher quality of houses and
that the village is located further away from the water network, which is not the case for
Busasamana and Kibaza. A study conducted in rural Gambia demonstrated that incorporating
a ceiling made from locally available materials significantly reduced house entry by Anopheles
gambiae (Lindsay et al. 2003). Another study conducted in The Gambia demonstrated that
there were lower vector survival rates and less malaria in villages with a higher proportion of
metal roofs. The indoor climate of metal-roof houses, characterized by lower humidity and
higher temperatures may reduce the survival of indoor-resting mosquitoes and may have
even contributed to the observed reduction of malaria in parts of sub-Saharan Africa (Benelli
& Beier 2017). Another reason could be that Kagasera has a higher elevation compared to
Busasamana (see Figure 9-A) and this could also have had an impact on the presence of An.
gambiae s.l.. A study conducted in Mambilla Plateau, Northeast Nigeria, demonstrated that
indeed, altitude can influence mosquitoes and Anopheles species abundance (Garba et al.
2020).

Findings on the role of environmental factors showed that in particular elevation and
distance to the river network contributed to the spatial distribution in numbers of
mosquitoes and An. gambiae s.l.. A study conducted in Mara River basin located in the
southwestern part of Kenya and the north-eastern side of Tanzania demonstrated that
distance to nearby human habitation was another important factor influencing mosquito
larval abundance. Most of the breeding habitats were recorded within a distance of 70-450
m from the nearest human habitation (Dida et al. 2018). Additionally, in the same study, it
was found that in the river habitats, more mosquitoes were found in slow flowing streams
and riverbeds with little vegetation as compared to open water, an indication that aquatic
vegetation plays an important role in harbouring malaria transmitting vectors (Dida et al.
2018).

We conclude that perceived mosquito nuisance can be used as an indicator for mosquito
density. However, although significant correlations between mosquito nuisance and the
number of mosquitoes and An. gambiae s.l. were found when data were aggregated for all
12 months of the study, the correlations with An. gambiae s.l. were absent when analysed
separately for each village or when using village level averages. In other words, nuisance
seemed to be strongly driven by the total numbers of mosquitoes, and not by the abundance
of An. gambiae s.l.. Interestingly, in our cross-sectional study conducted in 2017 and 2018, a
moderate and significant correlation with nuisance was found for both mosquitoes and An.
gambiae s.l. (Chapter 3). One of the reasons could be that the total number of mosquitoes
for both years was almost three times higher (9,965) and almost two times higher for An.
gambiae s.l. (974) than in the present study. Possibly, to detect correlations between
mosquito numbers and nuisance a minimum number of mosquitoes needs to be collected.

Interestingly, our findings showed significant correlations of similar strength between
mosquito nuisance and proportion of malaria cases, and between number of mosquitoes
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collected and malaria cases (both r = 0.47) (Figure 13). At the start, the study aimed to
investigate whether nuisance level can be used as an indicator for malaria risk. Results
suggest that, in our study, nuisance is an equally strong indicator for malaria risk as the
number of mosquitoes collected. Although we expected to find a correlation between
numbers of An. gambiae s.l. and malaria cases, the number of Anopheles individuals was low
compared to, for example, what was collected during the baseline survey (Chapter 3), and
therefore correlations were probably absent when using the citizen science data for this one
species separately.

For the calculation of these correlations, it would have been preferred to have all 112
volunteers more homogeneously distributed over the sector, but for logistical reasons, this
was not feasible, and hence we worked with citizens in five village clusters (Chapter 4). In the
current study, the average number of An. gambiae collected per house was too low to expect
a statistical result (there were many catch nights with zero mosquitoes). It is interesting that
the proportion of confirmed malaria cases reported per village per month was correlated (r
=0.468, P <0.0001) (Figure 8-A)) with the average number of Culicidae collected, even though
89% of these mosquitoes were non-malaria vectors.

Busasamana and Kibaza both located in the south of the studied area, had the highest number
of An. gambiae s.l., mosquito nuisance and the highest percentage of households having a
confirmed malaria case indicating that the highest intensity of malaria transmission in the
studied area strongly relates to distance to the river network and altitude (Figure 9-A and 9-
C). A same proportion of host-seeking An. gambiae s.|. was collected both indoors and
outdoors suggesting that transmission can take place both inside and outside.

Perception of
mosquito
nuisance
- V ‘0.47
Mosquitoes > Confirmed
malaria cases
r=0.47

Figure 13. Strength of correlations between of mosquito nuisance (Culicidae) and proportion of malaria cases,
and between number of mosquitoes (Culicidae) collected and malaria cases.
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Conclusions

The results demonstrate that a well-established citizen science network provides valuable
information on the bionomics of (malaria) mosquito species. In combination with reports on
perceived mosquito nuisance, the citizen science network can give indications on the spatial
and temporal variation in the risk of malaria. The study shows that especially elevation and
distance to the river network explained the spatial and temporal variation of (malaria)
mosquitoes at the sector level. The data collected through our citizen science programme can
be valuable for the Malaria and Other Parasitic Diseases Division for the planning of control
strategies for malaria vectors. They could consider to expand the current surveillance
network of 12 sentinel sites with a citizen science network to areas where no monitoring is
established. Such a citizen science network could contribute to more effective spending of
limited resources for vector control.
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Chapter 7

Introduction

With the resurgence of malaria in Rwanda, there is an urgent need to improve vector
surveillance for better implementation of malaria control efforts across the country (MOH
2020). The cornerstone of vector surveillance and control in Rwanda are the country-wide
mosquito monitoring programmes established in 12 sentinel sites (Hakizimana et al. 2018).
At these sites, mosquito population density and parasite infection rate of malaria vectors are
monitored. These observations help to identify how malaria vectors spread the infection to
humans, and help to determine the best intervention strategies to reduce the risk of infection
(MOH 2019). Twelve sentinel sites are, however, not sufficient to identify all areas at risk of
malaria. Consequently, deploying cost-effective vector control interventions are challenging
to organize. Expanding the current monitoring programme to other regions of the country
requires sustained domestic and international funding, which is currently inadequate to
enable full programme implementation (MOH 2020). A possible cost-effective option to
expand the monitoring programme could be the involvement of citizens to collect
entomological data such as mosquito specimen, mosquito nuisance and biting intensity as a
proxy for malaria transmission risk.

The main aim of this thesis was to investigate the opportunities for citizen science in malaria
vector surveillance in low resource settings in Rwanda, especially in areas where mosquito
monitoring is not established. Below, the main findings of the different chapters are
discussed. Also, the implications of the findings for scaling up the malaria monitoring
programme in Rwanda by using a citizen science approach are discussed.

Determinants of malaria in Rwanda and the role of citizen science to complement
vector surveillance

The first objective of this thesis was to identify factors that contributed to the upsurge of
malaria in Rwanda, and to provide a scientific basis to ensure the applicability of citizen
science as a contribution to the current vector surveillance and control programme (Chapter
2). The findings in Chapter 2 demonstrated that the observed malaria resurgence of recent
years has been attributed to various interrelated factors, including environmental, biological,
socio-economic and institutional factors. Chapter 2 concluded that the upsurge of malaria in
Rwanda is partially caused by the weakening of malaria control programmes. This, is mainly
caused by resource constraints. Another contributing factor to the upsurge is a change in the
intrinsic potential for malaria transmission, as well as a change in resistance of the mosquito
vectors towards insecticides. The intrinsic potential for malaria transmission can evolve as a
function of socio-economic development or environmental change. In Rwanda, agriculture is
key in ensuring food security and economic growth. However, the introduction of intensive
irrigation of rice during the past few years, especially in the south-eastern and western part
of the country, has led to an important transformation of the ecological landscape, creating
suitable habitats for malaria vectors, and thereby increasing opportunities for malaria
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transmission. This has jeopardized many efforts in vector prevention and control in place
(MOH 2017b). This is supported by other studies which demonstrated that irrigation activities
can contribute to the proliferation of suitable mosquito breeding habitats and hence increase
the risk of malaria transmission (Hawaria et al. 2020; ljumba & Lindsay 2001). Another factor
that contributed to the upsurge is the resistance to insecticidal pyrethroids (lambda-
cyhalothrin, deltamethrin, permethrin) and organochlorines (DDT) due to their extensive use
for malaria vector control, which has also led to changes in feeding and biting behaviour of
malaria vectors (Hakizimana et al. 2016). This finding is supported by many studies conducted
elsewhere (Carrasco et al. 2019; Delenasaw & Kweka 2016; Ferreira et al. 2017; Killeen &
Chitnis 2014; Killeen et al. 2016; Ranson & Lissenden 2016). Other factors that can explain
the upsurge in malaria are socio-economic factors. A recent study conducted in Rwanda
revealed that increased malaria prevalence was associated with lower income,
non-compliance with bed-net usage and living below 1,700 m altitude, whereas season and
type of residence were not associated with increased malaria incidence (Rudasingwa & Cho,
2020). Another study conducted in Rwanda found that people living in houses with poor roof
and wall materials or with no bed nets are more likely to develop malaria (Bizimana et al.
2015).

Chapter 2 demonstrated that although malaria vector control is in place in Rwanda, current
surveillance is costly, and there is limited capacity to scale up malaria vector surveillance. To
lower the number of malaria cases, there is a need for more information on where malaria
vector hotspots are and where action is most urgently needed. In this way, limited resources
can be deployed more effectively. To identify the spatial and temporal variation in malaria
risk, a citizen science approach may contribute to mosquito surveillance. Chapter 2
concluded that a citizen science programme implemented within the Rwandan context can
potentially support malaria vector surveillance activities by providing data on malaria vector
distribution and on other malaria related aspects, and thus aid in malaria risk assessment. In
addition, enrolling citizens in this programme could contribute to changing behaviour
towards the proper use of vector control measures (Asingizwe et al. 2018). We concluded
that the integration of social and natural science disciplines in the design and coordination
would be essential for successful implementation of the programme.

Mosquito nuisance as indicator for vector hotspots

The second objective of this thesis was to define the link between the perception of mosquito
nuisance and actual vector abundance as an indicator of malaria vector hotspots (Chapter 3).
CDCllight traps were used in the houses of participants to determine the mosquito abundance
and species composition. At the same time, household members were interviewed about
their perceived level of mosquito nuisance and malaria risk factors. An. gambiae s.l. was the
dominant Anopheles species with An. gambiae s.s. Giles as the main sibling species followed
by An. arabiensis. An. gambiae s.s. is mainly endophilic (feeding indoor) and endophagic
(resting indoor), whereas An. arabiensis displays higher diversity in these behaviours
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(Coetzee et al. 2013). The number of Anopheles gambiae s.l. and the number of Culicidae
collected indoors both correlated significantly with the perception of mosquito nuisance.
However, this correlation varied across years and sectors. At the village level, nuisance was
significantly correlated with An. gambiae s.l. and total mosquito density, but only in 2018 and
not in 2017. The idea of recording mosquito nuisance (biting) via a questionnaire to
determine the locations of and identify the responsible mosquito species has also been used
in a several other studies (e.g. Heym et al. 2017; Kampen et al. 2015; Medlock et al. 2012;
Samuelsen 2004). Medlock et al. (2012) also concluded that nuisance was attributed to non-
invasive species (Culiseta annulata, Ochlerotatus detritus, Culex pipiens s.l., Ochlerotatus
cantans and Anopheles maculipennis s.l.). We concluded that mosquito nuisance as reported
by citizens could potentially be an indicator of malaria vector hotspots, but with only three
weeks of mosquito monitoring in each of the two years of study, it was not possible to
capture the temporal variation over the course of a year. In addition, the CDC light traps used
for catching mosquitoes are expensive (Bijllaardt et al. 2009) and cannot be easily applied in
a large scale set-up of a citizen science monitoring programme. An alternative trapping
approach was thus desired. The results of Chapter 3 provided a solid basis for further
exploring the potential of involving citizens in malaria mosquito surveillance and control.

Monitoring socio-economic factors that determine malaria risk

The questionnaires addressed for Chapter 3 not only provided an indication of the spatial and
temporal variation in the population size of malaria vectors but also provided insight into
which housing conditions impact mosquito abundance (Chapter 3). Poor structural housing,
such as houses having tiled roofs or open eaves, and walls made of mud and wood, were
contributors to mosquito and malaria vector densities indoors. With this type of houses,
mosquitoes follow human odour plumes until they reach an external wall, then navigate
upwards and enter the house through the open eaves (Njie et al. 2009; Spitzen & Takken
2018). Houses with walls of wood and mud may attract more mosquitoes, because they are
more likely to contain holes, via which attractive human body odours emanate to the outside.
Therefore, these findings suggest that improving the design and structure or building
materials of the houses, such as using a metal roof, closing the eaves and tightly fitting doors
and windows as well as adopting cemented wall, can reduce house entry by malaria vectors
and reduce the burden of malaria as demonstrated by other studies (e.g. Bottomley et al.
2017; Lindsay et al. 2003; Lwetoijera et al. 2013; Mburu et al. 2018; Njie et al. 2009; Ondiba
et al. 2018; Wanzirah et al. 2015). The answers regarding housing conditions provided by the
participants in the study show the potential of citizen science networks to obtain a diversity
of socio-economic and environmental data that could explain the variation in mosquito
numbers and malaria incidence.
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Co-designing the citizen science programme for malaria mosquito surveillance

Prior to the implementation of a citizen science programme for malaria mosquito surveillance
in Rwanda, it was important to ensure its sustainability as a strategy that would be
complementary to the existing mosquito monitoring programme. The third objective of this
thesis was therefore to evaluate a co-design process for the sustained implementation of a
citizen science programme for malaria mosquito surveillance. Applying a co-design approach
in the development of the initiative is useful, because it maximizes the outputs of data
collected by citizens (Liu et al. 2017). The results from Chapter 4 demonstrated that a citizen
science programme in a rural context is feasible if citizens that have context-specific
knowledge, experiences and skills, participate in the decision-making and co-design process.
This is supported by a study by Shirk et al. (2012) who demonstrated that the design and
implementation of every project requires decisions to be made about whose interests can
and should be addressed, and how the end goals, or desired outcomes, are defined. The
findings from Chapter 4 also demonstrated that participants joined the citizen science
programme because they wanted to contribute to scientific knowledge, they wanted to
learn, and they wanted to take part in malaria prevention and control. Participants felt
empowered as they were given the opportunity to raise their voice. Their experiences were
considered during the design process and this probably raised their motivation to participate
in the citizen science programme. This finding agrees with West & Pateman (2016) who
stated that, when recruiting participants, it is crucial to understand what motivates them to
participate. If citizens feel that their needs are respected, they will continue to remain
involved in the project (West & Pateman 2016). In Chapter 4, the findings demonstrated that
for a sustained citizen science programme, local communities are a key actor and crucial
resource in malaria mosquito surveillance. This finding agrees with other studies (Bartumeus
etal. 2019; Jordan et al. 2017; Palmer et al. 2017). Volunteers took part in the different steps,
including the development of the research questions, the technological design, the data
interpretation process together with scientists, and the identification of individual and/or
collective actions applicable to their context (e.g. increase of use of ITNs, collective
management of mosquito breeding sites during community work etc.). This is also supported
by other studies conducted in other domains, such as forest landscape management (Hovis
et al. 2020; Shirk et al. 2009).

Retention mechanism for a sustained citizen science programme

In addition to the steps described in Chapter 4, providing feedback through the sharing of
results also plays a crucial role in motivating participants. In Chapter 4, feedback of the results
was provided through SMS, as well as during village meetings and dissemination workshops.
Providing feedback to the participants throughout the project revealed new opportunities to
improve the programme and its data quality and increased the educational potential of it.
These findings are supported by other studies that demonstrated that a mechanism to
sustain the programme is required (Dickinson & Paskewitz 2012; Gharesifard et al. 2017). In
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our case, two dissemination workshops were conducted after every 4 months to share the
results and to adjust and sensitize citizens on the quality of the data collected. Immediate
and continuous feedback of results in a visually attractive and easy to understand manner
using PowerPoint presentations helped to keep citizens engaged in participating in the data
collection activities. Strategies for collaborations and partnerships with the citizens are
necessary to gather the resources and participants required to sustain a citizen science
programme in the long run (thesis Asingizwe 2020).

Technical needs for citizen science

Different means of recruiting citizens and establishing networks of citizens for mosquito
monitoring include articles contributed to magazines, flyers, newspaper interviews, personal
meetings, published press releases, radio and TV (Kampen et al. 2015; Oltra et al. 2016;
Walther & Kampen 2017). In Chapter 4, recruitment through personal contact during
participatory workshops was used to stimulate public attention on malaria resurgence and
to recruit citizens to become involved in citizen science. This approach was similar to
strategies used in other studies for which participants were also recruited through workshops
(Jordan et al. 2017; Sorensen et al. 2019). Many citizen science programmes use the internet,
mobile phones and other technologies such as websites and social media to create and
maintain a network and to collect observations (Franzoni & Sauermann 2014). Some of these
have facilitated the assessment of disease risk over vast spatial and temporal scales, thereby
advancing research to mitigate vector—borne disease risk (Hamer et al. 2018; Jordan et al.
2017). At the start of the research, one of our objectives was to use digital technology tools,
such as smart phones, to report the observations, and to use a website to visualize the
observations and to allow access to open data. However, very low or no internet coverage,
no ownership of smartphones or mobile phones, and other constraints such as airtime and
electricity shortage restricted the use of mobile phones in the studied areas (Chapter 3).
Other methods, such as reporting via paper forms, were more preferred. Using the
appropriate tools for monitoring indoor and outdoor mosquito populations is important for
understanding the dynamics of malaria transmission, and thus needs to be tailored to the
local context. Another aspect to emphasize regarding our context is that participants
required tools to collect mosquitoes. Considering the local context where the study took
place, a handmade trap was proposed as collection method. Being exposed to previous
research on malaria by colleagues that used different mosquito collection tools in the study
area (e.g. CDC light traps as used in Chapter 3) possibly restricted the innovative capability of
participants in creating or designing mosquito collection tools.

The technological dimension is one of the pillars that has ensured success of many citizen
science initiatives in developed countries (Braz et al. 2020; Fouet & Kamdem 2018; Kampen
et al. 2015). The results presented in Chapter 4 are supported by other studies that
demonstrated that emerging technologies in developing countries offer a unique opportunity
for data collection within citizen science initiatives (Kampen et al. 2015). For example, studies
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conducted in Germany and The Netherlands demonstrated that interactive forms or
guestionnaires were completed with a special code that linked the mosquito samples to
locations, and thus allowed to track the collection sites on an interactive map on the home
page of the project (www.muggenradar.nl; www.mueckenatlas.de) (Vogels et al. 2015;
Walther& Kampen 2017). The choice of these components depends on the aim of the citizen
science project and the context in which the project has been implemented.

Efficiency of a handmade mosquito trap for the citizen science programme

Participants in the first participatory workshop requested a tool to collect mosquitoes. We
opted to evaluate a handmade plastic bottle trap with sugar fermenting yeast, because
carbon dioxide produced from sugar and yeast was proven to attract Anopheles mosquito
species in the laboratory as well as in the field (Smallegange et al. 2010). Therefore, the
fourth objective of the thesis was to assess the efficiency of a handmade, carbon-dioxide
baited trap for collecting adult malaria vectors for use in a citizen science programme for
malaria mosquito surveillance. Results in Chapter 5 demonstrated that a handmade plastic
bottle trap baited with CO, and light was able to capture malaria and non-malaria
mosquitoes. This finding is supported by other studies that demonstrated that CO, used as
bait attracts mosquitoes including malaria vectors (Abdon-liwanag & Tansengco 2015;
Laguna-Aguilar et al. 2012; Rosanti et al. 2017; Smallegange et al. 2010). The number of An.
gambiae s.l. in the handmade trap baited with CO; and light was about 8-10% of the number
caught with a CDC light trap. This suggests that about 10 volunteers with a handmade trap
could capture a similar-sized sample of An. gambiae as one CDC light trap would collect. In
other words, if sufficient volunteers can be recruited in a citizen science project, this could
be an alternative option to use. Hence, the trap was selected as a tool for mosquito
surveillance activities in the citizen science programme that was initiated in the final stage of
the project (Chapter 6).

The presence of mosquitoes captured using the CO> trap with light enhanced the motivation
of citizens to continue their participation. However, the limited capability of the CO trap to
catch a large number of mosquitoes also caused citizens to come up with their own way, tool
or idea for collecting mosquitoes, such as using light to hypnotize the mosquito while feeding
on the volunteer, or to actively collect it using the net that was part of the CO; trap. This
needs further exploration in case of future expansion of the citizen science programme. For
example, to increase the effectiveness of capturing, a small fan can be incorporated in the
trap which operates on a miniature solar panel. In this way challenges for changing the
batteries for the torch during the night will be overcome and the number of mosquitoes
possibly may increase.
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Citizen science and remote sensing to evaluate the spatial and temporal distribution
of mosquitoes and malaria vectors

After all preparations were completed (Chapters 2 to 5, Figure 1) we started our citizen
science programme on malaria in November 2018. In total, 112 households participated in
the monthly reporting of (i) mosquitoes collected with the hand-made CO; trap, (ii) mosquito
nuisance levels and (iii) the number of confirmed malaria cases in their household in the two
weeks prior to submission of data. The 12 months of observations and their analyses
provided the basis for addressing the fifth objective of the thesis which was to evaluate the
value of a citizen science programme in providing insight into potential malaria vector
hotspots and other malaria related information, and to determine predictors of malaria
vector distribution.

Chapter 5 already showed the potential of hand-made traps in catching mosquitoes by
volunteers. In the twelve monitoring rounds, our 112 citizen scientists caught 3,793 female
mosquitoes. This large number of mosquitoes provided by the citizen science programme
provided sufficient basis for determining the spatial and temporal distribution of malaria
vectors, and pinpoints to areas that, in view of limited resources for control, may be at higher
risk of malaria. This finding is supported by a study conducted in West Baltimore (USA) that
demonstrated that citizen scientists, recruited through neighbourhood workshops and
festivals, provided equally reliable data on adult mosquito distribution as data collected by
experts (Jordan et al. 2017). In our study, relatively more mosquitoes were collected in the
south of Ruhuha than in the north, especially in Busasamana and Kibaza. These villages also
reported the highest nuisance levels. At a temporal scale, findings from our citizen science
programme showed that most mosquitoes (Culicidae) were caught in January and February
2019, while the lowest numbers were caught in September and October 2019. Both the
months February and August 2019 had a peak in the number of An. gambiae s.l. in
comparison with other months, and the number of An. gambiae s.l. dropped from March to
May. These findings demonstrated that data collected through citizen science can reveal
spatial and temporal variability in mosquito dynamics at a different scale than the 12 sentinel
sites for the whole of Rwanda (Hakizimana et al. 2018).
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Figure 1. Process for implementing the citizen science programme.

The conclusion of Chapter 3 was that the level of mosquito nuisance partly correlated with
the number of mosquitoes collected using CDC light traps. During the one-year citizen science
programme, nuisance levels were also correlated with mosquito numbers caught by the
citizens. The results show a clear spatial and temporal variation in the perception of mosquito
nuisance with the highest average mosquito nuisance reported in the south of the study area
from Busasamana and Kibaza, while in the western part of the sector little nuisance was
experienced. The highest average mosquito nuisance scores were reported in December,
January, and February. Based on all data collected for one year, there was a moderate,
positive correlation between perceived mosquito nuisance per household per month and the
number of mosquitoes (Culicidae) per household per month and a weak, positive correlation
between nuisance and the number of An. gambiae s.|. per household per month. These
findings imply that monitoring the perception of mosquito nuisance by citizens over a longer
time period would allow to highlight areas with mosquito hotspots and hence malaria
vectors. On its turn, this can identify areas with heightened malaria risk. Longer term citizen
science studies (i.e. longer than one year) may help to study the impact of changes in weather
and climate on mosquito populations and to study the impact of malaria preventive measures

on mosquito numbers in and outside houses.

In terms of confirmed malaria cases, the findings demonstrate that the southern part of the
studied area scored the highest average monthly percentage of households having a
confirmed malaria case. Over one year, every month on average 16% of the volunteers
reported having at least one confirmed malaria case in the two weeks prior to sampling.
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However, 66% of the households reported at least one confirmed malaria case in their
household throughout the entire study period. March, January and February had the highest
percentage of households having at least one confirmed malaria case. Busasamana and
Kibaza had the highest percentage of households having a confirmed malaria case over the
entire year followed by Kiyovu, Mubano and Kagasera. Findings demonstrated significant
positive correlations between nuisance and confirmed malaria cases, as well as between total
number of Culicidae and confirmed malaria cases, but not between number of An. gambiae
and malaria cases. According to citizens in our programme and according to the national
malaria control programme, an indoor spraying campaign was carried out in March 2019 in
most of the selected houses of volunteers during the period of the study, and this could
explain the low number of An. gambiae s.l. collected. Although the number of malaria vectors
was quite low, the percentage of households having a confirmed malaria case remained
large, leading to the conclusion that with a low number of malaria vectors as a results of
insecticide application, malaria transmission can still be maintained. An important aspect
regarding these self-reported confirmed malaria cases, is to perform a cross-check at the
health center to confirm the positivity of the malaria cases. In the present study, such
validation was technically not feasible. For example, reports of malaria cases in our study
were done at the household level, whereas the confirmed malaria cases at household level
could be from other (visiting) members of the household, or not necessarily belonging to the
volunteer’s family. Also, the confirmed cases reported by the volunteer could be tested at
Ruhuha health center, or by the community health worker at the community level or at the
health sentinel post. Reports from our study could thus not be matched with cases recorded
elsewhere.

Spatial and temporal distribution of malaria vectors and its association with
environmental risk factors

Citizen science data in Chapter 6 were coupled with environmental factors from other
sources (remotely sensed data). The findings in Chapter 6 revealed that factors such as
distance to the river network and elevation played a significant role in explaining mosquito
and malaria vector abundance, whereas several other parameters (e.g. greenness of the area
and the wetness index) did not. Citizens from villages in the north of the study area and far
away from lake Cyohoha and the irrigated fields, experienced little nuisance and had a lower
risk to encounter mosquitoes. Similar results have been found in studies elsewhere that
demonstrated that people living closer to wetlands are at higher risk of contracting malaria
than people living further away (Amaechi et al. 2018; Hawaria et al. 2020; G. Zhou et al
2007b).
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Recommendations

Improving housing quality and stimulating ITN use can reduce malaria risk. However, these
measures are likely to be insufficient to address residual malaria transmission. Sherrard-
Smith et al. (2019) found that about 5% to 40% of residual malaria transmission in Africa
occurs when people are awake and less protected by bet nets. Another study in Malawi
demonstrated that a considerable proportion of biting by malaria vectors occurred at times
in the evening when many people are likely still active and not protected by bed nets (Mburu
et al. 2019). These above cited examples demonstrate that the application of other vector
control measures targeting the interruption of residual malaria transmission such as larval
control with Bacillus thuringiens var. israelensis (Bti) in regions predominated by irrigated
fields is essential to complement bed net usage/coverage as well as the earlier mentioned
house improvement.

Citizen science as a complementary strategy to ongoing malaria control initiatives presents
an opportunity for malaria mosquito surveillance in Rwanda. Prior to the collection of the
data by the citizens, involvement of different stakeholders (decision-makers, scientists and
citizens who constitute the core of the programme) is required for it success. In the
development of our citizen science programme, close collaboration of natural and social
scientists was key for understanding the social dynamics of the programme (PhD thesis
Asingizwe, 2020). Close collaboration between citizens and the researchers helped to
improve the quality of the data and learning process. Seeing the value that the citizen science
data present, a continuation and further expansion of the citizen science program would be
recommended. This would require a central coordinating office connected to the current
vector surveillance currently in place for malaria prevention and control. This ensures
visibility of the outcomes, integration of monitoring and analysis of the citizen science
programme, as well as implementation of malaria control actions. Incorporating digital
technologies, such as a website that allows free and open access to the citizen science data,
remain an advantage and an option to further explore. Beforehand, a step by step guideline
on how to establish a citizen science programme is necessary to consider when implementing
it.

To ensure a sustained citizen science programme and to achieve a better understanding of
the factors that explain malaria incidence in Ruhuha and other sectors of Rwanda, further
research is recommended on the following topics:

First, given the low catches of malaria vectors collected by the handmade carbon dioxide
baited trap, improving the trap by incorporating a low-cost fan that operates on a miniature
solar panel and applying a more attractive odour bait to increase the effectiveness to catch
more mosquitoes would be helpful. Another option that can be explored is conducting a
citizen science programme in areas where research on mosquito monitoring has not been
conducted and by requesting volunteers to catch mosquitoes themselves. Such study will
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help to discover other avenues or approaches for collecting mosquitoes especially in rural
settings.

Second, considering the added value of citizen science, expanding the programme by
including other villages or by recruiting more participants in malaria endemic risk zones will
help to improve the robustness of the citizen science programme, and will help to validate
the predictors of the spatial and temporal distribution of malaria vectors. By enlarging the
group and asking them to have a different monitoring moment in the month could also help
to better capture the spatial and temporal distribution of malaria vectors. The 12 existing
sentinel sites also monitor only once a month. A citizen science network with a sufficient
number of participants would allow a weekly monitoring of mosquito populations. Adopting
mechanisms of retention of citizens, such as feedback provision and/or rewards (e.g. Jordan
et al. 2017; Yoshioka 2013) can ensure that multi-year patterns in (malaria) mosquito
abundance are captured via citizen science.

Third, linking citizen science data to socio-economic factors, such as type of livestock kept
indoors, will help to determine their role in mosquito abundance hence malaria risk. In
our study, the impact of livestock on malaria vector distribution was not clear. Therefore, an
evaluation of the impact of livestock kept indoor on mosquito density and occurrence in
households with or without bed nets will help to understand more the risk of malaria indoor.
Mayagaya et al. (2015) in their study in southern Tanzania demonstrated that the presence
of livestock at the household level can significantly alter the local species composition,
feeding and resting behaviour of malaria vectors.

Fourth, even citizen science programmes require funding (although less than conventional
surveillance programmes), and further mechanisms ensuring a sustainable source of funds
need to be investigated. Braz et al. (2020) stated that, based on a comparison of a citizen
science programme with professional programmes, citizen science mosquito surveillance
may be less expensive at similar geographical scales. Demonstrating the public health
benefits of citizen science for mosquito surveillance will be central to ensure sustainable
funding and maximum impact of citizen science (Braz et al. 2020). Financial resources are
necessary in any citizen science programme in the long-term (Hovis et al. 2020), in particular
for application development, monitoring equipment, and staff members (Bonney et al. 2014;
Shirk et al. 2012). The primary challenges for most programmes include maintaining funding
for the materials, cyberinfrastructure, databases, and project leadership (Dickinson &
Paskewitz 2012). Gharesifard et al. (2017) defined several revenue streams that could sustain
citizen science initiatives. Several of these could be explored in our setting. The first revenue
stream is government sponsorship. In this stream, the government plans to use the data and
thus allocates the resources (e.g., from research budget) to establish and maintain a citizen
science programme. The second revenue stream is combining data contributed by citizens
with other sources such as satellite data and sell these data products to individuals or
organizations. The aim is to generate new information such as disease forecasts, warnings,
maps etc., and make profit from selling such products. This category of revenue streams is
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referred to as data or information usage fee. The third revenue stream is a subscription fee
which refers to membership fees that platform users may have to pay to gain continuous
access to services provided by the platform. The fourth revenue stream is the asset sale and
refers to selling physical products. The fifth revenue stream is in advertising: some networks
might offer advertisement opportunities on their platform. A sixth revenue stream is
licensing, which is generated as result of providing intellectual property rights to data sharers
or the public. A seventh revenue stream is via donations and indicates the network's full or
partial dependence on the contributions of others (donors or the public) to sustain the
initiative (Gharesifard et al. 2017). Apart from government sponsorship, the six other revenue
streams are most often applied in a bottom-up approach as the set-up targets more profit-
driven organizations (Gharesifard et al. 2017). With a vision to improve the accessibility of
real time (entomological) data collected via citizen science, the ‘government sponsorship’ and
‘donation’ revenue stream may be further explored to sustain a citizen science programme
for malaria vector surveillance.

Conclusions

This thesis has shown that (i) a citizen science approach can complement malaria vector
surveillance as it provided insight into the spatial and temporal distribution of malaria vectors
in areas where routine mosquito monitoring programmes are not established, (ii) both An.
gambiae sensu stricto and Anopheles arabiensis contribute to indoor and outdoor malaria
transmission in areas dominated by irrigated fields, (iii) perception of mosquito nuisance can
be used as an indicator for mosquito and malaria vector density, (iv) a handmade plastic
bottle trap baited with sugar fermenting yeast and light represents an option for inclusion as
mosquito collection trap for surveillance activities in a citizen science context in rural areas,
(v) socio-economic factors such as house design and building materials explain mosquito and
An. gambiae abundance, and (vi) environmental factors such as distance to the river network
and elevation play an important role in explaining mosquito and malaria vector abundance.

In conclusion, my research demonstrated that citizen science can play an important role in
malaria vector surveillance. Based on observations from citizens, it is possible to identify
villages and periods of the year in which they are at higher risk of malaria. This knowledge
can help government authorities to identify areas that are in most need of vector control
operations.
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Rwanda made tremendous achievements in reducing malaria morbidity and mortality
through the scale up of vector control interventions including long lasting insecticide nets
(LLINs) and indoor residual spraying (IRS) from 2005 up to 2011. However, malaria remains a
major public health concern in the country. With the resurgence of the disease during the
last few years, improving vector control is becoming urgent. Inadequate financial resources
and ecological changes which increase the malaria transmission potential of mosquitoes are
among the factors that have caused this upsurge. This has hindered the sustainability of the
progress made in malaria reduction and control.

Vector control is one of the most important strategies for malaria prevention and control
being undertaken in Rwanda. Currently, the national vector surveillance programme involves
12 sentinel sites. There is a need for more widespread mosquito surveillance to produce
maps of malaria risk for the whole country. In this way available resources for malaria control
can be deployed in an efficient way. However, there are significant costs associated with the
expansion of the surveillance programme. The implementation of a citizen science
programme for (malaria) mosquito surveillance has the potential to overcome these
limitations. The main objective of this thesis was to investigate the opportunities for using
citizen science in malaria vector surveillance in low resource settings in Rwanda, especially in
areas where mosquito monitoring is not established.

Chapter 2 describes factors that have contributed to the malaria resurgence with a focus on
Rwanda. These factors are categorized into biological, environmental and institutional
factors. In addition, the chapter examines the current challenges for the vector control
surveillance system in Rwanda, and explores the opportunity and feasibility of a citizen
science approach as a new and alternative strategy to contribute to the improvement of
malaria mosquito surveillance in low resource settings. Results in Chapter 2 showed that key
information on the spatio-temporal distribution of mosquito nuisance and malaria vectors
collected through citizen science can provide insight into the ecology of malaria vectors, and
can thereby help to better understand malaria transmission patterns in Rwanda. The
implementation of a sustainable citizen science programme for malaria vector surveillance
requires the participation of citizens.

In Chapter 3, the mosquito abundance and species composition of malaria vectors is assessed
using Centers for Disease Control and Prevention (CDC) light traps inside houses and by
conducting entomological and household surveys in 2017 and 2018. In addition, factors that
can explain malaria vector abundance collected indoors are determined. Socio-economic
factors such as design and the building materials of the houses (for example tiled roofs, walls
made of mud and wood), as well as the number of occupants in the house, predict the
number of mosquitoes (Culicidae) in the houses, while the presence of eaves plus walls made
of mud and wood predict malaria vector abundance. Secondly, household members were
interviewed about malaria risk factors and their perceived level of mosquito nuisance.
Perception of mosquito nuisance reported indoors tended to be significantly correlated with
the number of Anopheles gambiae s.l. and Culicidae collected indoors, but this varied across

144



Summary

years and sectors. At village level, nuisance also significantly correlated with An. gambiae s.I.
and total mosquito density, but only in 2018 and not in 2017. | conclude that the perception
of mosquito nuisance denoted in a questionnaire could be used as a global indicator of
malaria vector hotspots. Hence, involving citizens in reporting mosquito nuisance can
complement malaria mosquito surveillance and control.

To develop and ultimately implement a citizen science programme for sustained malaria
mosquito surveillance, in Chapter 4 the co-design process initiated in collaboration with
communities in Ruhuha, Rwanda, through participatory design workshops is evaluated. Both
the technical and social components are relevant for a sustained citizen science programme.
This should entail the inclusion of participants from different backgrounds, and community
members should participate in the decision-making on the technical tools for collecting and
reporting mosquito species, mosquito nuisance, and confirmed malaria cases. In the
development of our citizen science programme, community members set up a social
structure to gather the data by nominating representatives to collect the reports and send
them to the researchers. These results demonstrate that co-designing a citizen science
programme (CSP) with citizens allows for decision on the content, the tool, and the frequency
in reporting the observations. The decisions that the citizens took, demonstrate that they
have valuable context-specific knowledge and skills, and hence demonstrate that
implementing a citizen science programme in a rural area is feasible.

In Chapter 5 the results of the effectiveness of a simple handmade trap with different
chemical and physical attractants for capturing malaria vectors in the laboratory and in the
field are reported. The trap baited with CO, (produced by yeast fermenting sugar) and light
collected higher numbers of mosquitoes compared to traps baited with light alone or CO;
alone. The number of An. gambiae s.l. collected in the handmade trap with light and CO, was
about 8-10% of the number caught with a CDC light trap. So, about 10 volunteers with a
handmade trap capture a similar-sized sample of An. gambiae as one CDC light trap collects.
The results suggest that the handmade plastic bottle trap baited with CO2 and light represents
an option for inclusion in mosquito surveillance activities in a citizen science context in rural
areas.

Chapter 6 presents the results of a one-year citizen science programme aimed at determining
the spatial and temporal variation of malaria vectors and non-malaria vector mosquitoes,
mosquito nuisance and percentages of households having malaria cases in five selected
villages of Ruhuha. The results on the applicability of using remote sensing and citizen science
datain determining the environmental predictors of malaria vector distribution in the studied
areas are also presented. It is shown that through the citizen science approach, the spatial
and temporal distribution of malaria vectors were elucidated. Malaria hotspots were found
more in the southern part of Ruhuha, especially in Busasamana and Kibaza, the villages that
also reported the highest mosquito abundance and nuisance levels.
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Chapter 7 underscores the societal and scientific relevance of the thesis and places the
research in a wider perspective. | show that a citizen science approach can contribute to
mosquito monitoring, and can identify areas that, in view of limited resources for control, are
at higher risk of malaria. The overall conclusion of this thesis is that a citizen science
programme for malaria vector surveillance has potential for extending the Rwandese malaria
vector surveillance into areas where mosquito monitoring is not established. It allows for a
more detailed insight in the spatial and temporal variation of malaria risks, and therefore
helps to better deploy the limited resources available for malaria control.
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