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Abstract

Tackling the aquatic stages of anopheline malaria vectors is a key element in integrated vector
management (IVM) programmes. The first large trials with Bacillus thuringiensis var. israelensis
(Bti) as a novel biological control agent demonstrated that its impact can be highly effective, but
context dependent. To better understand this dependency, there is a need to answer fundamental
questions on mosquito larval ecology. At the same time, new technologies enter the stage, e.g.
drones for delivery of Bti and approaches with genetically modified (GM) mosquitoes, that can aid
field control operations. Such developments are promising, but any larval source management
(LSM) programme also needs the involvement of communities from the very start in order to
implement sustainable programmes. In this chapter, progress in answering fundamental questions
on larval ecology is reviewed and recent examples that specifically aimed to assess the feasibility
of involving communities in IVM programs for malaria control are discussed.
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Background and rationale

Despite tremendous efforts to curb malaria morbidity and mortality, further progress in malaria
control has slowed down recently, and new tools are needed to help reduce the impact of this
debilitating disease. Both long-lasting insecticidal nets (LLINs) and indoor residual spraying (IRS)
have been the mainstay in vector control efforts (Bhatt et al. 2015), but insecticide resistance and
the slow market entry of new formulations have hampered further progress (Hemingway 2018).
In addition to resistance, also the implementation of LLIN programmes presents major challenges.
Over the years, it has become clear that community engagement strategies play an essential role
in the roll-out and scale-up of interventions. Although there is large variation by country, the
World Health Organization currently estimates LLIN coverage, i.e. the proportion of households
owning at least one LLIN, at 72%. However, this does not imply that all household members have
access to a net, because only 40% of the households in sub-Saharan Africa have sufficient nets
for all occupants (WHO 2019). In other words, possession of a net does not guarantee its actual
use, and multiple studies have in fact reported on the improper use and even misuse of nets
(Eisele et al. 2011, Minakawa et al. 2008, Okumu 2020). In such a case, it is essential that effective
communication messages are delivered so that people understand why they should use a net and
how to properly install it for protection at night.

Although insecticide-based approaches are the core of the current global malaria control
efforts, alternative approaches are needed that tackle the resistance problem and that offer
more sustainable solutions (Hemingway 2017, Koenraadt and Takken 2018, McGraw and O'Neill
2013). Several tools and technologies are available for this in our toolbox (Takken and Knols 2009,
Williams et al. 2018). Whereas some of them, such as house screening, already have a longer history
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of proven efficacy (Kirby et al. 2009, Lindsay et al. 2002), others are relatively new and are still
undergoing evaluation of their epidemiological impact, such as odour-based removal trapping of
adult malaria vectors and genetic modification to replace malaria vector populations with strains
that are refractory to the malaria parasite (Alphey et al. 2002, Homan et al. 2016, McGraw and
O'Neill 2013). All the above described strategies target the adult stages of the malaria vector and
do not take the source of malaria vectors into account. There is great potential to also include the
management of larval sources in vector control programs. Besides the fact that there is a need
to quantify the epidemiological impact of larval vector control (Williams et al. 2018), there is also
a need to evaluate how communities can be involved in such programs, as many of the larval
breeding sites can be found in the peri-domestic environment or are the result of agricultural
activities, such as drainage and irrigation (Killeen et al. 2002, Mukabana et al. 2006).

Larval source management involves the manipulation, alteration or management of water sources
that could harbour the immature, aquatic stages of malaria vectors. Central to this concept is the
fact that control takes place at the earliest life stage possible and, in this way, it contributes to
the reduction of adult vector populations. Moreover, in their adult stage, disease vectors display
a variety of behaviours, such as indoor versus outdoor feeding and resting. Also, host feeding
preferences vary widely, which leads to a wide diversity of niches that mosquito vectors occupy. As
a result, conventional control tools may not always affect the adult mosquito, and control efforts
aimed at the adult stages may thus be jeopardised. For example, indoor residual spraying affects
those mosquitoes that feed and/or rest inside, whereas outdoor feeding mosquitoes are missed
and will still be able to sustain malaria transmission (Sherrard-Smith et al. 2019).

As control of the larval breeding sites is indiscriminate of the feeding and resting behaviours of
the adult forms later in life, it would thus ensure that vector populations are reduced in both the
indoor and the outdoor environment, thereby contributing to more efficient malaria elimination
efforts. Recently, some interesting insights in the genetic make-up and diversity of larval versus
adult Anopheles gambiae s.s. have been obtained that support this notion. Riehle et al. (2011)
noted that the genetic composition of larval An. gambiae s.s. populations, based on unbiased
sampling of larval habitats, was different from the genetic composition of adult An. gambiae s.s.
collected indoors. Clearly, a genetic sub-group existed that was represented in the larval stage,
but that was absent in the indoor sampled adult mosquitoes. This suggested that this subgroup
is exophilic and not captured with conventional indoor trapping techniques. Further isolation
of this exophilic sub-group (named GOUNDRY) revealed that it is actually more susceptible to
Plasmodium falciparum infection than its endophilic counterpart (the ENDO subgroup of An.
gambiae s.s.). These genetic complexities are a good example of how vector population dynamics
may complicate efforts to control malaria, but also demonstrate the added value that larval source
management may have in terms of the selective pressures that it has in comparison with adult
vector control (Crawford et al. 2016).

Fundamental aspects of larval ecology of malaria vectors

For successful implementation of larval control programmes, it is essential to have a thorough
understanding of ecological factors that affect the development and survival of malaria mosquito
larvae in their aquatic habitats. Of the 462 formally named species belonging to the Anopheles
genus, approximately 70 are actually involved in the transmission of malaria (Hay et al. 2010,
Massey et al. 2016). Larvae of these anopheline species can be found in a wide diversity of habitats,
ranging from small, temporary pools and puddles to large, more permanent water bodies. Some of
these sites can be fully exposed to the sun, e.g. sites in which Anopheles coluzzii breeds in Africa,
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whereas other malaria vector species prefer forested, and hence more shaded sites, e.g. Anopheles
dirus in Asia. The aquatic life cycle of all these species starts when a gravid female mosquito
deposits her eggs on or very near the water (Minakawa et al. 2001).

Various cues originating from the aquatic habitat play a role in the detection and subsequent
selection of the site for oviposition. These include visual cues, e.g. site tone, as well as chemical
cues, i.e. volatile infochemicals (Blackwell and Johnson 2000, McCrae 1984). Some of these
chemical cues are likely to have a bacterial origin, and may hence indicate the suitability of the
site in terms of bacterial food availability for the developing offspring (Sumba et al. 2004). One
particular volatile compound derived from water infused with soil from a natural breeding site
that shows strong attraction towards gravid female mosquitoes is cedrol (Lindh et al. 2015). Both
in a laboratory and in a field setting, this compound elicited strong egg laying responses from
gravid female An. gambiae s.s.. Other cues may emanate from conspecific larvae already present
in the breeding habitat, and these can either have an attracting or a repelling effect. Recently, it
has been established that two volatiles, nonane and 2,4-pentanedione, are released by early stage
An. coluzzii larvae, and these volatiles may indicate the suitability of the site for development of
the offspring of the ovipositing female (Schoelitsz et al. 2020). The same study reported that the
presence of conspecific, late stage (fourth instar) larvae was associated with the release of two
repellent volatile compounds, dimethyl disulfide and dimethyl trisulfide (Schoelitsz et al. 2020).
These compounds may signal a predation risk to the gravid female, because it is known that
older An. coluzzii larvae can cannibalise on their younger conspecifics or negatively affect their
development rate. These effects seem to be mostly mediated by limitations in food and space for
the larvae (Koenraadt and Takken 2003, Koenraadt et al. 2004).

Once eggs have been deposited, they may face conditions that are detrimental to their survival
and development, such as prolonged drought which causes dehydration, or intense rains which
results in the flushing of eggs. In comparison with other mosquito genera, in particular Aedes, the
eggs of Anopheles have a limited capability to survive dry periods. For eggs of An. gambiae s.l. this
has been estimated at 12-16 days (Beier et al. 1990, Holstein 1954). Interestingly, if eggs are not
directly floating on the water surface, but are rather stuck on the wet mud surrounding an aquatic
habitat as a result of prolonged drought, larvae do have the capability to emerge from these eggs
and crawl a short distance of a few centimetres towards the actual water body and continue their
development (Koenraadt et al. 2003, Miller et al. 2006). Interestingly, finding eggs on wet mud may
actually not be‘accidental; as there is evidence that eggs are more likely to be found outside than
inside water puddles (Miller et al. 2006). In addition to survival in the egg stage, the different larval
stages can survive up to a maximum of three to five days if they end up on damp soil as a result of
an aquatic habitat completely drying out (Koenraadt et al. 2003). The above described findings on
drought resistance and survival have important implications for larval control strategies, as they
all suggest that interventions should not only target water bodies themselves, but also recently
dried out habitats to ensure a maximum reduction in adult mosquito numbers.

As discussed above, the dry season may have detrimental effects on the population dynamics of
the larval stages of An. gambiae. Although this species also breeds in water bodies that are the
result of human activity, such as water-filled brick pits, cattle drinking sites and borehole run-off,
the onset of the rainy season results in numerous, temporary pools and puddles that support the
development of large numbers of An. gambiae larvae (Coetzee et al. 2000). Interestingly, rains
that are too intense could result in the flushing of larvae or in the ejection of larvae from their
breeding site. As a consequence, nightly losses for the different developmental stages have been
estimated at 5 and 18% for the younger (L1) and older (L4) larval stages, respectively (Paaijmans
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et al. 2007). Remaining larvae can experience high levels of competition, which in the most severe
circumstances, can result in predation of conspecifics, or in delayed development and increased
mortality (Koenraadt and Takken 2003). The outcome of competition can be different for the
different species of the An. gambiae complex. In places where both sibling species are sympatric,
Anopheles arabiensis is the more dominant species during the dry season as it is generally more
drought resistant, while the relative abundance of An. gambiae increases during the wet season
(Kirby and Lindsay 2003, Koenraadt et al. 2004). This can be explained by the differential sensitivity
of the two species to high temperatures, with An. arabiensis adults being able to withstand higher
temperatures and express higher survival at higher temperatures (Kirby and Lindsay 2003). In
addition, differences can be explained by the asymmetric levels of competition between the two
species in their aquatic habitats: An. gambiae s.s. generally is a better competitor, as evidenced by
the fact that larvae of An. arabiensis had an extended development time in mixed sibling species
populations. Also, mortalities of An. arabiensis were higher than those of An. gambiae s.s., although
latter effects depended on habitat size (Paaijmans et al. 2009).

In conclusion, numerous fundamental aspects on the larval ecology of malaria vectors have been
unravelled in the past decades. In particular the identification of key chemical compounds that
stimulate oviposition behaviour (cedrol, nonane and 2,4 pentanedione) offers opportunities for
exploitation in attract-and-kill strategies. This, however, requires careful testing of formulations
that combine attractant and lethal compounds, as the lethal compounds should not exert
a strong repellent effect. This would simply negate the positive effect of the attractant. For
example, it has been shown that the larvicide temephos has a strong deterrent effect on gravid
An. gambiae s.l. females, but not on gravid Culex quinquefasciatus. On the contrary, Bti did not
cause any repellent effects on oviposition (Mwingira 2020), making it a more suitable candidate
in attract-and-kill strategies that target the larval stages. As an alternative to temephos and Bti,
a large list of plant-derived compounds has been evaluated for their larvicidal effects against
various Anopheles species. These compounds either exert direct toxic effects, act as mimics of
insect growth regulators, or are used as essential oils that interfere with oxygen uptake of the
aquatic larvae (reviewed in Muema et al. 2017). Similarly, plant-derived compounds can also have
a repellent rather than a toxic effect. These are flavours and fragrances of plant essential oils that
are categorised as monoterpenes, sesquiterpenes and aliphatic chemicals. Such compounds could
thus be incorporated in push-pull strategies, in which the repellent compound is used to deter
gravid females away from specific locations and lure them to other locations where their offspring
will not be able to complete development. Sufficient opportunities thus exist to develop effective
attract-and-kill formulations. When used wisely, e.g. in rotational schemes, these strategies would
also reduce the selective pressure on resistance development.

New technologies in larval source management

Long before the formal identification of Anopheles mosquitoes as vectors of Plasmodium parasites
by Ronald Ross and others in the late 19t century, people were already aware of the association
between ‘periodic fevers' and the proximity of swampy areas. Without the availability of tools
to identify disease causing organisms, which took a major flight with the development of the
microscope by van Leeuwenhoek in the late 17t century and the germ theory of Louis Pasteur
and Robert Koch, people ascribed their fevers and sickness to miasmas or noxious forms of bad
air (Dobson 2007). Numerous descriptions of the devastating impacts of malarial fevers can be
found in the historical texts of Egyptian, Greek, Roman and Chinese writers, and date back to
several centuries B.C. As a consequence of the awareness of this association, the first forms of
larval vector control were already undertaken through, for example, drainage of swamp areas and
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the implementation of sanitary measures, such as cleaning sewers and pumping bilge water out
of ships (which constitutes a potential breeding spot for Aedes aegypti). Of course, we can only
speculate about the actual impact of these control measures, as the scientific evidence of these
historical programmes is simply lacking.

The first well-described trial of a malaria vector intervention was carried out in Italy by Angelo
Celli among railway workers, and included the combination of house screening, whitewashing
of internal walls, burning of specific powders (most likely including pyrethrum) and the use of
protective clothing (Ferroni et al. 2012). Malaria was contracted in 92% of the people in the control
arm, whereas only 4% contracted malaria in the intervention arm of the trial. Although these
intervention techniques were seemingly simple and straightforward to carry out, the example
also demonstrated the logistical and analytical challenges of combining interventions, and the
need for intersectoral collaboration, as in this case railway workers were the targeted group. In
addition, Celli recognised the importance of public education and the role of the living conditions
of affected communities in tackling the disease. Interestingly, Celli noted that interventions were
sometimes met with apathy, ignorance and prejudice, and trial participants commented that they
were not wild animals and did not want to sleep in cages (Ferroni et al. 2012), highlighting the
need for community involvement in vector control programmes. The work by Celli can thus be
considered as an example of an integrated vector management strategy avant la lettre.

Many of the above described older techniques, such as drainage, house screening and personal
protection (e.g. bed nets), are still part of malaria vector control efforts today. At the same time,
many new vector control technologies have been developed and added to our toolbox (Takken
and Knols 2009), including the development of lure-and-kill strategies based on host-derived
odours (e.g. traps and eave tubes (Homan et al. 2016, Knols et al. 2016)), the development of
biological control (e.g. natural enemies and organisms pathogenic to the larval and adult stages
(Bukhari et al. 2013)), and the advancement of genetic based approaches (e.g. release of insects
carrying a dominant lethal, or RIDL (Phuc et al. 2007)). Here | will highlight new developments in
a selected number of tools that specifically target the larval stages of malaria vectors, and further
elaborate on how they can be taken up in LSM programs.

The potential of Bacillus thuringiensis var. israelensis (Bti) and other Bacillus preparations (e.g.
Bacillus sphaericus) for the biological control of African anophelines has been recognised since the
early 1980's (Pant et al. 1981). This took a major flight with the evaluation of its impact within large-
scale epidemiological field trials in different ecological settings (reviewed in Derua et al. 2019).
These trials demonstrated significant reductions in the prevalence or incidence of malaria in, for
example, the urban environment of Dar es Salaam, Tanzania (Geissbiihler et al. 2009), and the
highlands of western Kenya (Fillinger et al. 2009). In the floodplains of the Gambia, however, the
impact of the application of Bti to larval breeding sites on malaria was not observed, most likely
through the abundance of large riverine areas with extensive flooding, which resulted in highly
mobile and also inaccessible sites (Majambere et al. 2010). One option to tackle this challenge is
the use of drones to deliver the biolarvicides to water bodies. Various trials are currently underway
to evaluate the feasibility and cost-effectiveness of this approach. Regardless of their usefulness
in the actual application of Bti, drones may also greatly aid in the mapping and identification of
potential breeding sites, and could thus contribute to more efficient LSM (Carrasco-Escobar et al.
2019, Hardy et al. 2017).

Methods that cause the asphyxiation of larvae have been in use since the very first vector control
attempts and were mostly based on the application of mineral and paraffin oils to the water
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surface. Similarly, various monomolecular surface films have been developed and tested in
different ecological settings with variable effects (reviewed in Nayar and Ali 2003). A downside of
these surface films is that when they are applied in the open field, they may break up as a result
of wind and vegetation present in the water, and hence lose their effectiveness. However, newer
formulations, such as Aquatain, have a higher resistance against these disturbances (Bukhari
and Knols 2009, Mbare et al. 2014). A field trial in rice fields in Kenya demonstrated a strong
reduction in the aquatic stages of anopheline and culicine larvae. Moreover, the product reduced
water loss due to evaporation. Importantly, no negative effects on non-target organisms were
observed and also the development of rice plants and the rice yield were not affected (Bukhari et
al. 2011). Despite their proven efficacy in entomological field trials, these types of products have
not yet been incorporated to their fullest extent in LSM programs. Randomised controlled trials,
following the guidelines of the Vector Control Advisory Group (VCAG) of WHO, are needed in order
to demonstrate the impact of monomolecular surface films on malaria incidence or prevalence,
and thus to demonstrate the public health value of such a new intervention.

A relatively new player in the field is the use of RNA interference as a mechanism to silence genes
that are essential in the development of Anopheles larvae, and that induce mortality as a result.
The idea is to expose larvae to RNAi nano-particles that are incorporated in larval food, which is
ingested during development (Zhang et al. 2010, 2015). The technique has been further developed
by genetically engineering of Saccharomyces cerevisiae (baker’s yeast) to express short hairpin RNA
that silences neural development genes. The yeast thus acts as the food source as well as an RNAi
delivery platform, and could thus be considered an RNA pesticide. Proof of concept of this tool
has been provided for a number of disease vectors, including Ae. aegypti, Aedes albopictus, Culex
quinquefasciatus and An. gambiae (Mysore et al. 2017, 2019). The concept opens up a plethora of
opportunities to specifically target genes that are essential in the development of the pest species,
and it may thus be less vulnerable to insecticide resistance than other strategies. Nevertheless,
the approach will require a substantial amount of regulatory approval, as it will be considered a
genetic modified organism (GMO) that will be released in the open field (Lopez et al. 2019). As
such, it is likely that the tool will not be available for LSM programmes any time soon.

Role of communities in malaria vector control

In the scientific literature, one may come across many different terms that are used to describe the
roles and levels of involvement of communities in (vector-borne) disease control. These include,
among others, ‘community participation, ‘community engagement, ‘community mobilisation;
‘community sensitisation’ and ‘community empowerment’. The types of activities and tools that
describe the role of communities are highly diverse and are culture and context dependent. They
range from school-based education programmes and focus group discussions to the provision
of incentives and health care insurance. All of these have the aim to provide communities with a
more active role in an intervention programme (e.g. in decision making), rather than undergoing
a certain intervention without any input. The ultimate aim of these activities is to increase the
uptake and coverage of an intervention so that maximum impact on disease reduction is achieved.

A search on PubMed to quantify the attention in the scientific literature for community
participation and vector control (using ‘vector AND control AND community AND participation’
as keywords, search date: July 2020) revealed 429 publications. Of these, the majority focused
on malaria (33%) and dengue (31%). Other vector-borne diseases received far less attention in
the scientific literature, with leishmaniasis (1.4%) and onchocerciasis (1.6%) as the two vector-
borne diseases with the least publications on community participation. Of the 140 malaria-related
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studies on community participation, 19 were qualified as a ‘review’ Interestingly, eight were
labelled as ‘randomised controlled trial’ In most cases, community participation or engagement
strategies were in that case included in the study of vector control interventions, such as IRS (e.g.
Keating et al. 2011), insect growth regulators (e.g. Yapabandara et al. 2001), larvivorous fish (e.g.
Fletcher et al. 1992) or the combination of larval source management and house improvement
(McCann et al. 2017). None of the identified studies included a comparison in which the effect
of community participation by itself was evaluated at an epidemiological level. In other words,
the studies did not include intervention arms evaluating a vector control tool with and without
community participation. This probably uncovers the weakness of community participation in
integrated vector control efforts: there is no good handle on the quantitative impact of community
participation on epidemiological outcomes of malaria. One could argue that that may be an
unrealistic appeal, especially because of the logistical complexities of such a study, but without
any assessment, we remain in the dark about the true value of engaging communities in vector
control. As mentioned, many different approaches exist to involve communities as stakeholders
in a vector control program, but in recent years, also in this field innovative approaches have been
tested and evaluated. A few of these will be highlighted here.

Because farming activities, such asriceirrigation and drainage construction, are strongly associated
with malaria risk, involving farmers in vector control efforts has received much attention in the
literature. The so-called Farmer Field School is an approach that has been successfully implemented
in crop protection programs, and it has been argued that a similar approach can also be used for
malaria vector control (Van den Berg and Knols 2006). The Farmer Field School provides a form
of education that uses experiential learning methods with the aim to increase farmers’ expertise.
The concept is that groups of farmers meet at regular (e.g. weekly) intervals, take observations
and sample populations and characteristics of harmful and beneficial organisms, plants, soil and
environmental conditions. Such data are analysed and discussed and can lead to decision-making
on experimental action to be evaluated the following week. In the case of malaria vector control,
this could for example result in improved drainage channels with less standing water which, onits
turn, results in reduced vector populations and hence reduced transmission of disease. In addition,
besides these direct effects, also more indirect effects can follow. For example, increased profit
because of better water management can result in better housing and nutrition, resulting in less
disease. Also increased awareness and less use of (agro)insecticides and hence reduced selective
pressure for insecticide resistance can positively affect malaria control efforts in this way (Van
den Berg and Knols 2006). Ideally, the curricular activities on mosquito ecology are incorporated
into ongoing Farmer Field School programs on crop management, so that an integrated pest
and vector management (IPYM) approach can be rolled out. Ecologists at African institutions can
play an important role in this, and thus need the full support at academic level to train the next
generation of trainers and practitioners (Mukabana et al. 2006).

Whereas Farmer Field Schools are specifically aimed at a particular profession, other approaches,
such as the Open Space technique, aim to elicit the attention of communities at large. By
formulating provocative ‘calling questions’ prior to public meetings, those interested in a specific
topic, e.g. malaria control, come together at a specific Open Space meeting venue. Rather than
having a pre-set agenda in this approach, topics for discussion will be collected and determined
during a first round of brainstorming. This is followed by group discussions during which
participants can move freely from one topic to the other so as to promote ‘cross-pollination’ The
Open Space technique is a bottom-up approach that is frequently implemented in company
settings, for example when companies need to re-organise and to go through a change process
collectively. This approach was also tested in a public health/malaria context in Rwanda (Ingabire
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et al. 2014). Two Open Space meetings engaged the local community in the malaria problem and
resulted in community-formulated, sustainable suggestions for malaria control. One consisted
of the formation of ‘community malaria action teams’ (CMATs), which aimed to deliver malaria
prevention messages at village level. The other suggestion was the implementation of a mosquito
LSM program in the rice fields using biological substances, in this case Bti (Ingabire et al. 2016).
Evaluation of the 6-month LSM trial revealed that community awareness and support for LSM
increased. A high effectiveness of Bti in terms of mosquito abundance and nuisance biting was
perceived by the community (Ingabire et al. 2017), and later also confirmed in independent
entomological surveys (Hakizimana 2019). Especially this community perception is critical for the
success of a control programme, because without it, interest and motivation can rapidly wane,
resulting in only short-term benefits of the intervention.

Vector surveillance constitutes an essential part of malaria control programmes and is often
performed by well-trained staff at local, regional or national level. It needs to be performed
repeatedly, so as to obtain an idea of the temporal dynamics in vector populations. It also requires
high spatial coverage so as to identify areas that are most at risk of malaria transmission, which
could then be specifically targeted with (vector) control tools. The need for informative data that
have a high temporal and spatial resolution represents challenges, because often the number of
staff and available budget is limited. The consequence is that specific transmission areas may be
overlooked or that peaks in transmission may not be detected in a timely fashion. The question is
whether such gaps in surveillance could be solved by involving the general public in the reporting
of mosquito bionomic data (Bartumeus et al. 2018). If set-up rightly, such a‘citizen science’approach
may generate a large amount of relevant entomological data, while at the same time engaging
and educating communities about malaria (vector) biology. This approach has been successfully
implemented in several developed countries for the surveillance of native and invasive mosquito
species (reviewed in Kampen et al. 2015) and is considered an important tool for the detection
of (invasive) vectors and their associated diseases by the European Centre for Disease Prevention
and Control (ECDC 2014). The question remains whether the same approach can also be used to
enable ‘passive’ monitoring of Anopheles mosquitoes involved in the transmission of malaria in
rural African settings.

In a recent study from Tanzania, groups of volunteer participants were asked every month to rank
areas around their villages from low to high outdoor-biting mosquito density based on their own
knowledge and experience (Mwangungulu et al. 2016). This ranking was then validated with actual
mosquito abundance reported from odour-baited traps. Results showed that such community
knowledge and experience was a reliable means for identifying areas with true low or high
mosquito densities, and this simple low-cost tool could thus guide large-scale implementation of
mosquito control operations (Mwangungulu et al. 2016). Similarly, a 1-year citizen science project
was set-up in five villages in southern Rwanda with the aim to contribute to malaria mosquito
surveillance (Asingizwe et al. 2018, Murindahabi et al. 2018). In that study, a bottom-up approach
was chosen by involving communities in the design of the citizen science program. This involved
both the technical aspects (e.g. which trapping tool to use), as well as the social aspects of the
program (e.g. how to organise data collection and reporting (Asingizwe et al. 2019)). On a monthly
basis, data were collected on mosquito nuisance, numbers of mosquitoes in a hand-made trap
and confirmed malaria cases in the household. Results showed significant correlations among
reported nuisance, actual mosquito numbers and malaria cases, although these were strongly
dependent on time (i.e. seasonal) and space (i.e. village vs sector level) (Murindahabi 2020).
Collectively, the results from Tanzania and Rwanda suggest that by involving citizens in the
reporting of observations, one could quickly ‘scan’a larger area for potential hotspots of disease,
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and initiate further in-depth entomological surveillance. In other words, citizens could be the ears
and eyes via which the malaria situation is monitored and eventually controlled.

Of course, in such a research project setting, it is relatively easy to keep villagers motivated to
participate. Experimental projects generally do not last that long, and the challenge is to design
programmes that are sustainable in the long run, particularly in terms of acceptability and
participation, and that have high quality data and visible impact on the problem under study
(Mboera et al. 2014, Rubin et al. 2020). After the study in Rwanda, volunteers showed significantly
more involvement in malaria-related activities and had higher acceptance rates of IRS, which both
could be considered as indicators of success of the project (Asingizwe et al. 2020). With regards to
participation rates, these depend on numerous factors such as perceived severity of the malaria
problem, perceived barriers and subjective norms. They are also determined by the (perceived)
ease of use of reporting systems. The studies in Tanzania and Rwanda both used paper-based
reporting systems. This approach could be more streamlined if data were to be collected via
e.g. smartphone applications. Such digital approaches have already shown a lot of promise in
the monitoring of invasive species in Europe, and even demonstrated that the citizen science
approach picked up new invaded territories of the Asian tiger mosquito (Aedes albopictus) earlier
than the traditional approach using oviposition traps (Palmer et al. 2017).

Conclusions

Innovations in larval vector control are a cornerstone in the global fight against malaria, and these
include, among others, novel formulations of biological larvicides, RNA pesticides, monomolecular
surface films, and attract-and-kill approaches based on volatile infochemicals. These innovations
are often inspired by new knowledge in the (chemical) ecology, physiology and genomics of
mosquito larvae. Therefore, it remains of utmost importance to keep investing in basic research
as part of the Global Vector Control Response (WHO 2017). Implementation of these novel tools
requires the involvement of communities from the very start of a control programme. Several new
approaches have been evaluated recently (e.g. the Farmer Field School, Open Space, and citizen
science) that specifically address ways of involving communities and keeping them motivated to
contribute to the programme. Also, a toolbox of community-engagement approaches thus exists
that can be used to effectively integrate new solutions into ongoing malaria control programs.
Selection of approaches that have optimal local impact on malaria will be context and culture
dependent, and this will require extensive collaborations across multiple sectors.
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