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Abstract

Background: Anopheles funestus mosquitoes currently contribute more than 85% of ongoing malaria transmission
events in south-eastern Tanzania, even though they occur in lower densities than other vectors, such as Anopheles
arabiensis. Unfortunately, the species ecology is minimally understood, partly because of difficulties in laboratory
colonization. This study describes the first observations of An. funestus swarms in Tanzania, possibly heralding new
opportunities for control.

Method: Using systematic searches by community-based volunteers and expert entomologists, An. funestus swarms
were identified in two villages in Ulanga and Kilombero districts in south-eastern Tanzania, starting June 2018.
Swarms were characterized by size, height, start- and end-times, presence of copulation and associated environmen-
tal features. Samples of male mosquitoes from the swarms were examined for sexual maturity by observing genitalia
rotation, species identity using polymerase chain reaction and wing sizes.

Results: 581 An. funestus (98.1% males (n=570) and 1.9% (n=11) females) and 9 Anopheles gambiae sensu lato (s.l.)
males were sampled using sweep nets from the 81 confirmed swarms in two villages (Ikwambi in Kilombero district
and Tulizamoyo in Ulanga district). Six copulation events were observed in the swarms. Mean density (95% CL) of
An. funestus caught/swarm/village/evening was 6.6 (5.9-7.2) in Tulizamoyo and 10.8 (5.8—-15.8) in kwambi. 87.7%
(n=71) of the swarms were found in Tulizamoyo, while 12.3% (n = 10) were in lkwambi. Mean height of swarms was
1.7 m (0.9-2.5 m), while mean duration was 12.9 (7.9-17.9) minutes. The PCR analysis confirmed that 100% of all An.
funestus s.I. samples processed were An. funestus sensu stricto. Mean wing length of An. funestus males was 2.47 mm
(2.0-2.8 mm), but there was no difference between swarming males and indoor-resting males. Most swarms (95.0%)
occurred above bare ground, sometime on front lawns near human dwellings, and repeatedly in the same locations.

Conclusion: This study has demonstrated occurrence of An. funestus swarms for the first time in Tanzania. Further
investigations could identify new opportunities for improved control of this dominant malaria vector, possibly by
targeting the swarms.

Background

Global statistics indicate that malaria morbidity and mor-
tality have declined mostly as a result of scaling up vector
control interventions [1, 2], but that the gains are stag-
nating in some countries [3]. This decline has also been
observed in Tanzania with more than 50% reduction of
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malaria burden recorded since the year 2000 [4]. The
2016-2017 Tanzania malaria indicator survey demon-
strated reduction of prevalence in children under five,
from 18.0% in 2008 to 7.3% in 2017 [5-7] in the main-
land. These successes may be attributed to scaling up
of vector control tools, such as long-lasting insecticide-
treated bed nets [8] and indoor residual sprays [9], as well
as socio-economic developments and urbanization [10]
and treatment with artemisinin-based combination ther-
apy (ACT) [11].
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In a recent study, it was demonstrated that just one
malaria vector species, Anopheles funestus, contrib-
utes to more than 85% of malaria transmission in south-
eastern Tanzania, despite occurring at far lower densities
than the other major vector, An. arabiensis [12]. Unfor-
tunately, the An. funestus populations are resistant to
pyrethroid insecticides commonly-used on bed nets [12,
13], survive longer than An. arabiensis, and feed almost
exclusively on humans [12, 14]. Other studies in differ-
ent African countries have also documented An. funestus
resistance to pyrethroids: Malawi [15, 16], Mozambique
[17, 18], South Africa [19], Zambia [20, 21], Zimbabwe
[21], Cameroon [22, 23] and Senegal [24], a situation
that compromises effectiveness of current vector control
options [25], and perpetuates residual transmission even
in communities where bed net coverage is more than 90%
[26]. Given its dominance in Tanzania, it has been sug-
gested that interventions that effectively target An. funes-
tus could have a high impact on residual transmission
here [12]. One potentially effective approach involves
suppressing mosquito populations by identifying and
directly targeting Anopheles swarms with highly effective
insecticides [27], before the mosquitoes enter houses.

Swarming behaviours have previously been intensively
studied, mostly in Western and Central Africa [28-30].
However in East and southern Africa, there have only
been a few studies in Zambia and Mozambique [20, 31]
in addition to an old set of observations in northern Tan-
zania in the 1980s [32]. Anopheles swarms are naturally
difficult to find since they occur at dusk when visibility is
poor and last only for a few minutes. In fact, the rarity of
Anopheles swarms in East Africa has led some to hypoth-
esise that they mate primarily indoors, such as previously
observed in experiments by Dao et al. [33]. Neverthe-
less, a recent study by the Ifakara Health Institute, which
relied primarily on community volunteers rather than
experts, demonstrated natural occurrence of swarms of
An. arabiensis in villages across south-eastern Tanza-
nia [34], more than three decades after the last records
of this species swarming anywhere in the region [32]. In
addition to providing detailed characterization of over
200 An. arabiensis swarms, the study also demonstrated
that trained volunteers were able to identify and locate
mosquito swarms in their villages [34]. Follow-up studies
have since demonstrated potential for localized control
by targeting the swarms using aerosol spraying (Kaindoa
et al. unpublished data).

An interesting revelation in that last study on An.
arabiensis swarms was a single incidence where 13 An.
funestus males were caught in a sweep net [34], providing
earliest indications that this species too formed swarms
in the valley, but that these swarms were certainly more
elusive than those of An. arabiensis. The aim of this
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current study was, therefore, to identify and character-
ize swarms of An. funestus, which is now the dominant
malaria vector species in rural south-eastern Tanzania.

Methods

Study area

The study was done in the two districts of Ulanga and
Kilombero in south-eastern Tanzania. In Ulanga, col-
lections were done in Tulizamoyo village (8.354497°S,
36.705468°E), while in Kilombero, the collections were
in Ikwambi village (7.98244°S, 36.82167°E), both of them
in the Kilombero river valley (Fig. 1). The villages were
selected because previous adult mosquito surveys had
yielded high densities of An. funestus. The area is char-
acterized by perennial meso-endemic malaria transmis-
sion, with mosquito densities peaking between February
and May [35]. Malaria vectors comprise primarily An.
arabiensis and An. funestus, the former being more abun-
dant but the latter more dominant in transmission.

Observation and characterization of swarms

Following the successful training of village volunteers
during the An. arabiensis swarm identifications in 2016
and 2017, a refresher training course was provided in
early 2018 to the same volunteers, using the same pro-
cedures for swarm searching [34]. In this approach, the
study villages were divided into sub-sections where vol-
unteers had to first identify potential swarm markers, and
then search for swarms later in the evening. Whenever a
swarm was seen, volunteers reported to the supervisors
and after physical expert verification, swarm sampling
and characterization was performed the following day.
Sampling was done 10—15 min after the start of swarm-
ing using standardized sweep nets (190 cm diameter
attached to a 2 m long stick) as describe by Kaindoa et al.
[34] and the sweeping was done only once per swarm.
Similar sampling procedure was done across all the
swarming events to allow comparison. Using a standard
observation sheet, all the identified swarms were charac-
terized as shown in Table 1.

Morphological and molecular identification of Anopheles
mosquitoes collected in swarms

All collected mosquitoes were aspirated from the sweep
nets, placed in paper cups and maintained on 10% glu-
cose solution. The following morning, the mosquitoes
were killed in a closed container by freezing, then iden-
tified morphologically by taxa and sex following keys
by Gillies and Coetzee [36]. All samples from each col-
lection were further identified by multiplex polymerase
chain reaction (PCR) to sibling species [37].
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Fig. 1 Map of the study area, showing villages in south-eastern Tanzania, where swarm surveys were conducted
Table 1 Descriptive variables assessed during field surveys of Anopheles funestus swarms
Variables Methods used and indicators measured
1 Swarm size and copulation events Visual estimates of swarm sizes: approximate number of mosquitoes in swarm, as estimated

visually to the nearest 5 mosquitoes (observations were made between 10 and 15 min
after start of the swarm)

Sweep net estimates of swarm sizes: approximate number of mosquitoes in the swarm,
as estimated using standardized sweep nets, collected once by experienced collectors.
Swarm size was a measure of density of mosquitoes per collection by sweep net per
instance

Copulation: number of copulation events observed in the swarm after 10 min of observation
2 Location, time and height of swarms Geo-location of the swarm measured using handheld GPS receivers

Unique ID of compound owner (each swarm was uniquely identified on this parameter)

Time of day when the swarm begins appearing, recorded to the nearest minute

Time of day when the swarms completely disperse, also measured to the nearest minute

Height measured as distance between the base of the swarm and the ground level in meters

3 Molecular identification and characteristics of Morphological and molecular identification of the species of Anopheles mosquitoes col-
sampled mosquitoes lected in the swarm

Proportion of males caught that have evidence of being capable of mating (determined by
observing the rotation of male genitalia)

Measurements of wing size (mm)

4 Important landmarks and potential swarm markers A record of important landmarks, at or near which swarms occur such as vegetation, house,
mosques, markets, schools, water pumps, houses, cowshed, banana tree and cemeteries
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Assessing sexual maturity and wing sizes of sampled
mosquitoes

All collected An. funestus males were assessed for matu-
rity through observations of genitalia rotation as previ-
ously described by Dahan et al. [38]. Wing lengths of
male mosquitoes sampled from swarms or resting indoor
surfaces, were measured under a dissecting microscope.
An additional 70 mosquitoes were collected from indoor
surfaces of local houses using mouth aspirator and used
for comparative assessment of wing size. These samples
were collected in the same period as the samples from
swarms. One wing of each specimen was cut and placed
onto a slide, then its length measured from the alula
notch to wing tip following procedures by Lyimo et al.
[39] and Charlwood et al. [31].

Data analysis

Data analysis was done by using R software version 3.3.2
[40]. Swarm sizes were calculated as median number
of mosquitoes sampled in each swarm (using a sweep
net when the swarming was at its peak), and com-
pared between the two study villages. The swarm size
was, therefore, a measure of mosquito densities in each
sweep net collection. Swarm duration was obtained
based on the difference between start and end times of
each swarm in minutes. Mean height of swarms above
ground, and mean duration of swarms were also calcu-
lated. Wing sizes of swarming and resting An. funestus
males were compared. Predicted means from generalized
linear model (glm) were used to produce different figures
showing variations in catches between study sites. In this
model, the number of mosquitoes caught in the swarms
was modelled as count data following a Poisson distri-
bution while study sites were considered as a predictor
variable. Student’s T-test was used to compare the mean
wing length of swarming and resting An. funestus. Geo-
locations of the swarms were visualized in ArcGIS 10.4
(ESRI, USA). Swarm sizes estimated visually were com-
pared to those estimated by using sweep nets and their
correlation coefficients computed.

Results

Mean density of Anopheles funestus and copulation events
in swarms

A total of 570 An. funestus males and 11 females were
sampled using sweep nets, from 81 swarms observed
in the two villages. A total of 6 copulation events were
observed in the swarms, following the standardized
observation period of 10 min per swarm (Table 1). Mean
density of An. fumestus caught per swarm per village
per evening was 6.6 (5.7-7.5) in Tulizamoyo and 10.8
(5.8-15.8) in Ikwambi (Fig. 2). Overall, 87.7% [n="71]
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of the swarms were found in Tulizamoyo, while only
12.3% [n=10] were in Ikwambi. Four instances of mixed
swarms were identified in Tulizamoyo village which con-
tained 2, 3, 1, and 3 Anopheles gambiae sensu lato male
mosquitoes found together in the same sweep nets with
2, 2, 3 and 7 An. funestus males, respectively, suggest-
ing either mixed swarms or swarms of different species
appearing in close proximity.

Correlations between visual and sweep net estimates

of swarm sizes

Anopheles funestus swarm size was estimated by visual
assessments of approximate numbers of mosquitoes
forming the swarm prior to sampling with sweep nets
(as described in Table 1) to estimate mosquito densities
per sweep. Regression models revealed significant but
weak correlation between visual estimates and sweep
net estimates (Linear regression analysis: R=0.4518,
P-value<0.001; Polynomial regression:  Adjusted
R?=0.2041, P-value < 0.001) (Fig. 3).

Location, time and height at which the swarms occurred

The identified swarms were all characterized in the
months of June and July 2018 and are shown in a georef-
erenced map in Fig. 5. Most swarms started at approxi-
mately 6:40 pm. Mean (+SD) duration of the swarm
was 12 (£5) minutes. The mean height of swarms above
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Number of Anopheles funestus
caught per swarm per evening

Ikwambi village Tulizamoyo village
(Kilombero district) (Ulanga district)
Fig. 2 Median number of An. funestus caught per swarm per evening
in the two study sites. The fitted model was generalized linear model
(glm) fitted to obtained the predicted means used to plots the
graphs showing the means catch between study villages
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ground was 1.7 (+0.8) meters. It was observed that most
An. funestus swarms occurred close to human houses.

Environmental features associated with swarm occurrence
There were no obvious physical features being used as
markers as previously described for An. arabiensis. How-
ever, assessment of all the swarm locations resulted in
four different categories of places where swarming by
An. funestus occurred. The most common feature was
bare ground near the houses (Fig. 4), usually dusty but
no obvious textural discontinuation and sometimes in
the front lawns of human dwellings (91.4% (n="74) of the
swarms occurred in such sites) (Fig. 5). Two swarms were
observed on small cleared farms (2.5% of the swarms;
(n=2), one swarm under of a teak tree, and one over a
demolished house (Table 2).

Molecular identification, wing lengths and sexual maturity
of sampled An. funestus

A total of 413 An. funestus males were analysed for spe-
cies identification in the laboratory, 93.9% (n=2388) of
which yielded successful DNA amplifications. All ampli-
fied samples were confirmed as An. funestus s.s. A total
of 109 and 70 swarming and resting An. funestus males,
respectively, were examined for size, using wing length
as proxy. The wing length of An. funestus males ranged
between 2.00 and 2.80 mm with a mean of 2.47 mm
(Minimum=2.00 and Maximum=2.80) as shown in
Fig. 6. There was a very small insignificant difference in
wing size between the swarming and resting male An.
funestus (t=2.301, df=214.38, P=0.022). Nearly all
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Fig. 3 Correlations between visual estimates of the swarm sizes and
the swarm densities per sweep net collection per evening
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Table 2 Environmental features of locations
where Anopheles funestus swarms were observed
in the study villages

Environmental features Total marker (%) No.

mosquitoes
caught
1 Bare ground near dwellings 77 (95.0) 535
2 Demolished house 1(1.2) 18
3 Cleared farms 2(2.5) 10
4 Teak tree 1(1.3) 18
Total 81 (100) 581

(97.3%) of the male An. funestus had rotated genitalia,
suggesting sexual maturity.

Discussion

Improved understanding of malaria vector ecology and
behaviour is crucial for achieving the ambition of malaria
elimination through vector control tools [41]. The swarm-
ing and mating behaviours in particular are components
of mosquito behaviour that has been neglected for a long
time [30, 31, 34]. Given that An. funestus contributes
to more than 80% of the ongoing malaria transmission
in the area, it is important to identify and characterize
swarms of An. funestus, so as to explore complimentary
tools, possibly targeting swarming behaviour.

Furthermore, it is important to understand mating
behaviour for implementation of certain control meth-
ods, e.g. use of sterile insect techniques and release of
genetically modified males. This is the first verified report
of An. funestus swarms in Tanzania, though the earlier
study confirmed natural occurrence of An. arabiensis
swarms in the same area [34]. Together, the two reports
confirm widespread occurrence of swarms by the main
malaria vectors, even though they are generally elusive
and require dedicated teams with local knowledge to
map.

An attempt to characterize the swarm sites did not
yield any obviously distinctive physical markers of
the swarm stations. Instead, most of the swarms were
observed to occur above bare ground, sometime on the
front lawns of human houses (Fig. 4). This is very similar
to observations by Charlwood et al. who suggested that
An. funestus mosquitoes in Mozambique formed swarms
close to the houses used for resting and that the swarm-
ing sites could be used as indicators of houses to be tar-
geted for vector control interventions [31].

Proximity to houses is therefore an essential condi-
tion for An. funestus mating swarms, and the possibility
that some degree of mating happens indoors cannot be
excluded. Relative to previous observations in the same
area [34], this current study has demonstrated that An.
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funestus swarms differ from those of An. arabiensis in
terms of height, swarm size and location. For example,
while An. arabiensis males were observed swarming at
mean heights of 2.5 m, swarms of An. funestus occurred
at much lower heights averaging just 1.7 m above ground,
with several swarms lower than 1 m. In terms of location
and markers, An. funestus preferred to swarm very close
to human houses, unlike An. arabiensis swarms, which
were mostly at the edge of the villages [34], possibly due
to the greater anthropophily of the former than the lat-
ter species. The An. funestus swarms were small and gen-
erally consisted of less than 15 mosquitoes, as collected
by sweep nets, while An. arabiensis swarm sizes ranged
from approximately 10 to 60 mosquitoes [34]. It is pos-
sible that these differences in vector densities may be
associated with season (this An. funestus study was con-
ducted between June and July 2018 while the An. ara-
biensis study was conducted between August 2016 and
June 2017). Nonetheless, the natural differences in popu-
lation sizes as previously observed in the valley [12].

While the work with community volunteers certainly
increased the ability of research team to identify the An.
funestus swarms, visual estimates of the swarm sizes by
the volunteers did not strongly correlate with the sweep
net estimates (R=0.4518). Though the volunteers were
able to locate An. fumestus swarms, either they could
not accurately estimate the number of mosquitoes in the
swarm, or the flying males were able to avoid the sweep
nets. In the previous study however, there was a strong
correlation between sweep nets estimates and visual esti-
mates of the number of An. arabiensis in the swarm, indi-
cating that visual estimates could possibly be relied upon
to estimate swarm sizes [34]. Given that this current
study was not done across multiple seasons, the discord-
ance between estimates may indicate density dependence
of such relationships, or that the correlations are non-
linear (Fig. 3). Besides, one limitation of the approach is
that the approximation of the peak swarming time and
the collections using sweep nets may have been impre-
cise, even though the standardization allowed compari-
son across all the swarming events.

The molecular analysis confirmed that 100% of all
amplified samples of An. funestus s.. mosquitoes were
An. funestus sensu stricto (s.s.). Although Anopheles riv-
ulorum and Anopheles leesoni have also been recorded
from this area [12], the present study did not find any
other sibling species in the swarms apart from An. funes-
tus s.s. However, in a recent study in Zambia, a mixed
swarm of An. funestus and An. leesoni was found [20].
Though rare, An. arabiensis and An. funestus mosqui-
toes may also swarm either in very close proximity or
together. Indeed, in the previous study of An. arabiensis
swarms, one instance of 13 male An. funestus mosquitoes
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was observed in a sweep net targeting the former spe-
cies [34]. Also, in this current work, four instances of 2,
2, 3 and 7 An. arabiensis males were caught in a sweep
net targeting An. funestus. Previously, mixed swarms of
Anopheles coluzzii, An. gambiae and An. funestus have
also been reported from other areas in Africa [20, 42].

Genitalia rotation is a physiological change that occurs
when male mosquitoes become sexually mature [20].
Dahan and Koekemoer indicated that these are visible
a few hours after emergence, but the rotation rate can
increase with the increase in temperature [38]. During
this process, the genitalia turn clockwise or ant-clockwise
until sexual maturity is reached at 180 degrees full rota-
tion. This current study showed that 100% of all sampled
males had complete genitalia rotation, suggesting that
only sexually mature males participate in the swarming
activity.

It was also observed that there was no special selec-
tion based on size of mosquitoes entering the swarms.
The wing lengths of An. funestus males ranged between
2.0 and 2.8 mm, with no statistically significant differ-
ences observed in mean sizes between the mosquitoes
caught in the swarms and those caught resting indoors.
The results are comparable with those of Charlwood et al.
[31] on An. funestus in Mozambique.

The elusive nature of Anopheles swarms in East Africa
is confirmed the paucity or complete lack of reports on
such swarms by previous entomologists working in the
region. However, this study adopted the approach of
working with trained community members to search for
swarms as previously described by Kaindoa et al. [34],
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and also in Burkina Faso [27]. Similar approaches have
also been used by community members to accurately
identify places with low, medium and high mosquito den-
sities [43]. This has implications for vector control strate-
gies using community participation in targeting mosquito
swarms. Indeed, there are several examples where com-
munity participation in vector control programs have
been successfully relied upon for disease control [44—46].
Even though aerosol spraying could be used to target
swarms, additional surveys are needed given that An.
funestus swarms occur very close to human houses and
are generally smaller than An. arabiensis swarms. Moreo-
ver, additional safety precautions would be required to
protect humans. Alternatively, improved technologies
such as small robotic drones could potentially be used to
target the identified swarms of An. funestus mosquitoes,
and apply small but targeted insecticide doses.

The challenge of identifying An. funestus swarms in
the study area was associated with the unexpected low
height of the swarms, given that this study had used
previous knowledge of An. arabiensis swarms when
searching for An. funestus swarms. Anopheles funestus
swarms occurred in close proximity to the houses, places
that could not be predicted or associated with mos-
quito swarming. Additional research and exploration of
technologies such as the use of unmanned aerial vehi-
cles fitted with high-resolution infrared cameras could
help to locate swarms in areas that are inaccessible by
humans. Moreover, though the characterization here was
restricted to one season, future studies should consider
assessments across multiple seasons to assess whether
climatic factors may have an influence on the character-
istics of these An. funestus swarms. There is also a need
to develop methods for prediction and estimation of An.
funestus swarms, which could help to improve the con-
trol of malaria in rural areas.

Conclusion

This study has demonstrated for the first time the occur-
rence of An. funestus swarms in south-eastern Tanzania.
Based on available evidence, the study team believe that
this is also the first report on swarms of An. funestus in
the country. More intensive studies should be conducted
so as to map and characterize An. funestus swarms and
assess the factors which influence swarming and mating
behaviours of this species as well as how these swarms
could best be targeted for control. Approaches aimed at
An. funestus swarms could be one of the complemen-
tary tools used alongside existing interventions, such as
long-lasting insecticide-treated nets (LLINs) and indoor
residual spraying (IRS) to control malaria transmission,
to target the mosquitoes while outdoors.
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