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Abstract

Background Increasing unplanned urbanization in tropical Africa may create new niches for malaria vectors, raising
transmission risk, yet control efforts focus on rural ecosystems. Understanding mosquito diversity, ecology and biting
behaviour in urban areas is crucial for effective control. This study assessed Anopheles diversity, abundance, behaviour,
and Plasmodium infection rates in Kisumu city, Kenya.

Methods Indoor and outdoor host-seeking and resting adult mosquitoes were collected using CDC miniature light traps
(CDC-LT) and Prokopack aspirators along an urban-rural transect. Anophelines were identified morphologically, with Anoph-
eles gambiae sensu lato (s.l) and Anopheles funestus group further distinguished to siblings using polymerase chain reaction
(PCR). Sporozoite infection rates were determined using a multiplexed real-time quantitative PCR (qPCR) assay.

Results A total of 3,394 female Anopheles mosquitoes were collected: An. gambiae s.I. (68%), An. funestus s.I. (19.8%),
Anopheles coustani (7.8%), Anopheles pharoensis (2.6%), Anopheles maculipalipis (1.6%), and Anopheles leesoni (0.2%).
All six species were found in urban zone, but only three were in peri-urban and rural sites. Overall, urban collection
accounted for 55.5% of mosquitoes, followed by peri-urban (30%) and rural sites (14.5%). Anopheles arabiensis domi-
nated urban (84.3%) and peri-urban (89%), sites, while An. gambiae sensu stricto (s.s.) was predominant in rural zone
(60.2%) alongside An. arabiensis (39.7%). Anopheles funestus was predominant in peri-urban (98.4%) and rural (85.7%)
areas, while An. leesoni accounted for 1.6% and 14.3%, respectively. In urban areas, all An. funestus s... samples were
An. funestus s.s.. Most (55.5%) of Anopheles mosquitoes were collected indoors, while secondary vectors were mainly
outdoors. Overall, sporozoite rates were higher outdoors (3.5%) than indoors (1.45%) in rural areas. Indoor rates were
2.5% (An. funestus), 1.4% (An. gambiae s.s.), and 1% (An. arabiensis). Outdoors, An. gambiae had 5.3%, and An. arabiensis
2.1%. In peri-urban areas, An. gambiae had 2.3%. No sporozoites were found in urban samples.

Conclusion The study highlights a shift in Anopheles diversity towards urban areas with increased outdoor activity
and outdoor malaria transmission in rural and peri-urban areas, underscoring the need for tools targeting outdoor-
biting mosquitoes. The presence of An. funestus in urban settings emphasizes the need for sustained entomological
surveillance to inform integrated vector control.
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Background

The sustained global malaria control campaign has made
remarkable progress in reducing malaria morbidity and
mortality, primarily by scaling up vector control tools
and improving malaria case management [1]. Neverthe-
less, recent findings from the World Health Organiza-
tion (WHO) indicate that further reductions in malaria
prevalence in Africa are not as significant, with progress
stalling in several regions of sub-Saharan Africa where
the disease remains widespread [2]. The campaigns have
predominantly focused on rural areas, overlooking urban
centres where malaria prevalence has traditionally been
low. However, malaria is now considered an emerging
threat in rapidly urbanizing areas of sub-Saharan Africa
[3, 4], highlighting the need to monitor vector popula-
tions and implement long-term interventions in the
neglected urban environments. This oversight has gained
significant attention, particularly with the recent estab-
lishment and spread of the invasive urban vector Anophe-
les stephensi, which is likely to alter disease risk landscape
in Africa [5-7]. In response to these challenges, the
WHO introduced a framework supporting the control
and elimination of malaria in urban environments, mark-
ing the beginning of efforts to address malaria in urban
settings [8].

Urbanization, often associated with human devel-
opment and progress, can also lead to significant ine-
qualities and health problems [9, 10]. The prevalence
of Anopheles mosquitoes and malaria transmission in
urban environments can be influenced by various factors,
including construction activities, housing conditions,
land use patterns, population density, transportation/
migration, and waste generation/pollution, among other
anthropogenic practices [11-15]. Peri-urban locations,
which combine urban and rural characteristics, is likely
to experience unique challenges due to changing environ-
mental conditions and socioeconomic factors [16]. Rural
areas, with diverse ecological conditions and traditional
practices, typically have higher mosquito densities and
infection rates [17-19]. However, many cities are now
experiencing increased urban agriculture, poor drainage
systems, broken and open sewers and inadequate hous-
ing due to rapid urbanization. These conditions create
ideal environments for vector breeding and facilitate
their entry into homes, significantly increasing the risk of
exposure to malaria vectors [19-21]. In addition, chang-
ing rainfall patterns may increase the availability and
suitability of vector breeding habitats. Therefore, under-
standing mosquito-borne diseases in cities will require
an integrative approach that combines ecological findings
with their social context [22].

Although malaria vectors are uncommon in urban set-
tings, they have adapted to human-induced changes,
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including climate change, which can potentially increase
the risk of malaria transmission [23]. Over half the
world’s population (4.2 billion people) now live in urban
areas with the number expected to reach 9.7 billion by
2050 [9]. The proportion of urban residents in Africa is
projected to increase from 36% in 2010 to 50% by 2030
and 60% by 2050 [24]. In developing cities, large popu-
lations, particularly the poor, face significant challenges
and often turn to activities like urban farming, which
creates favourable conditions for mosquitoes [20]. High
mobility from malaria-endemic rural areas and rural
practices in urban regions, along with the recent pres-
ence of invasive species such as Anopheles stephensi [6,
25] and climate change [26, 27] in Kenya and other devel-
oping African cities, underscores the need for robust
mosquito surveillance in the urban centres. The main aim
of this study was to assess malaria vector diversity, spe-
cies composition, host-seeking and resting behaviours,
and their contributions towards indoor and outdoor
malaria transmission across urban, peri-urban and rural
settings to provide critical insights for integrated malaria
control strategies and targeted mitigation measures in
urban areas.

Methods

Description of study area

The study was conducted in an urban-rural continuum
in Kisumu County in Western Kenya. Kisumu (00°06’S
034°45E) is the third largest urban settlement in Kenya
with a population of approximately 610,000 people and is
located 10 km south of the equator on Lake Victoria. The
city lies on the northeastern shore of Lake Victoria with
an elevation of approximately 1,140 m above sea level.
Kisumu city experiences a humid climate with an average
relative humidity of 70%. Western Kenya has two distinct
rainy seasons: a long rainy season from March to May
and short rains in September through December. The
extended dry season spans from January to March, with
a shorter dry period from August to September. Annual
rainfall typically ranges between 1,000 and 1,500 mm.
Thirteen sites were randomly selected along an urban—
rural transect from Kisumu city spanning a distance of
30 km. Among these, five locations: Nyalenda, Gesoko,
Migosi, Mamboleo and Bandani were surveyed within
the urban Kisumu and are characterized by dense urbani-
zation. These sites all are informal residences located
within the city). There were four sites in the peri-urban
area: Kotetni, Kandalo, Tiengre and Kisian. The four rural
locations sampled included Ojola, Mainga, Chulaimbo
and Marera, which are approximately 30 km from the
city (Fig. 1). Kisumu city is a major regional transporta-
tion hub where populations are engaged in formal and
informal economic activity [19]. Anopheles mosquito
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species in the peri-urban and rural of western Kenya low-
lands include An. arabiensis, An. funestus, and An. gam-
biae [28, 29].

Adult Anopheles collection

To determine the abundance of indoor and outdoor bit-
ing and resting adult female Anopheles mosquitoes in
urban, peri-urban, and rural clusters, sampling was con-
ducted from September 2022 to September 2023. CDC
light traps (Model 512; John W. Hock Company, Gaines-
ville, FL, USA) and mechanical aspirators (Prokopack)
were used for these collections. For indoor and outdoor
biting mosquitoes, battery-powered CDC light traps
were hung at the foot end of the bed approximately 1.5 m
above the floor with a sleeping person protected under
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bed net indoors from 18:00 h to 06:00 h. and outdoors
within 2 m of sentinel houses [30]. Collections were con-
ducted in the morning from 6:00 h to 07:00 h. The trap-
ping was conducted over four consecutive nights in five
randomly selected houses per site within each of the
three zones (urban, peri-urban, and rural) during each
sampling period. Prokopack aspirator (John W Hock,
Gainesville, FL, USA) was used to collect indoor and
outdoor resting mosquitoes from ten randomly selected
houses every morning (06:00 h to 10:00 h) for four days
in each cluster per zone. Indoor collections targeted
mosquitoes resting on hunged clothes, walls, furniture,
under roofs or ceilings, and under beds. Outdoor sam-
pling included open containers, water reservoirs, out-
door kitchens, animal sheds, and outdoor human resting
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Fig. 1 Map of Kenya (right corner) and Kisumu County (in expanded view) showing mosquito collection sites (circles) in the three sites (urban,

peri-urban and rural areas in western Kenya
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points. Each collection session in a house (both indoors
and outdoors) lasted for approximately 20 min. Mosqui-
toes from each house and collection method were sorted,
classified according to their gonotrophic status, and mor-
phologically identified as Anopheles species following the
recent taxonomic keys [31]. Mosquitoes from each col-
lection method were stored in vials labelled separately
and preserved by desiccation. Different houses were vis-
ited throughout the study period.

Identification of vector species complexes

A subset of members of An. gambiae s.l. and An. funestus
s.l. randomly selected from indoor and outdoor collec-
tions from each cluster per zone were identified to spe-
cies by polymerase chain reaction (PCR), following the
protocols developed by Scott et al. [34] for An. gambiae
s.l, and Koekemoer et al. for An. funestus s.l. [32].

Molecular detection of sporozoite infections

The head and thorax of the preserved Anopheles mos-
quito specimens were carefully separated from the abdo-
men, and DNA extracted from head/thorax using the
alcohol precipitation method [33]. The DNA was ana-
lysed to determine sporozoite infections of Plasmodium
species using a multiplexed real-time quantitative PCR
(qPCR) assay. The assay was performed using the pub-
lished species-specific 18 s ribosomal RNA probes and
primers for Plasmodium falciparum, Plasmodium malar-
iae, and Plasmodium ovale [34, 35].

Data management and analysis

Mosquito data were entered into Microsoft Excel spread-
sheets for cleaning and visualization. Statistical analyses
were performed using R software (version 4.0.3; R Foun-
dation for Statistical Computing, Vienna, Austria). Before
analysis, non-normalized data were transformed using
the formula loglO(x+1). Vector densities from indoor
and outdoor night collections were calculated as the
number of female mosquitoes per trap per night for each
collection method. Differences in mosquito composition
and abundance (total counts) between sites and locations
were tested using chi-squared tests. A t-test was used to
compare the mean mosquito density between indoor and
outdoor locations. Variations in mean densities between
species and among sites were analysed using one-way
analysis of variance (ANOVA). The sporozoite rate was
calculated as the proportion of Anopheles mosquito
samples that tested positive for Plasmodium species. A
p-value of <0.05 was considered statistically significant in
all analyses.
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Results

Mosquito species composition and abundance

During the study period, a total of 27,483 mosquitoes
were collected, comprising 14,478 host-seeking and
13,005 resting mosquitoes, across urban, peri-urban,
and rural sites. Culex spp. constituted the majority of
the samples 87.6% (n=24,089), while Anopheles spp.
accounted for 12.4% (n=3,394). The highest number of
mosquitoes was collected in the urban zone, compris-
ing 49.4% (n=13,579) of the total captures. This was fol-
lowed by the peri-urban zone with 37% (n=10,164) and
rural zone with 13.6% (n=3,740) (Table 1).

Anopheline mosquito species composition and abundance
Overall, a total of 3,394 adult female Anopheles mos-
quitoes, comprising six species, were collected over the
study period. Of these, 55.5% (n=1,883) were from the
urban zone, 30% (n=1,018) from the peri-urban zone,
and 14.5% n=493 from the rural zone (Table 1). The dif-
ference in the distribution of anopheline mosquito spe-
cies between the study sites was statistically significant
(Fy 1997=14.45, P<0.001). Overall, An. gambiae s.I. was
the predominant species, comprising 68% (n=2,309) of
the total collection. This was followed by An. funestus s.1.
(19.8%, n=675), An. coustani s.l. (7.8%, n=263), An. pre-
toriensis (2.6%, n=89), An. maculipalpis (1.6%, n=53),
and An. pharoensis (0.2%, n=5). In the urban zone, An.
gambiae s.l. was the most abundant 55.3% (n=1042) fol-
lowed by An. funestus s.l. 25.5% (n=480), An. coustani s.l.
11.5% (n=216), An. pretoriensis 4.7% (n==89), An. macu-
lipalpis 2.8% (n=>53) and An. pharoensis 0.2% (n=3). Out
of 1,018 Anopheles females collected in peri-urban, 88.2%
(n=898) were An. gambiae s.1,, 8.4% (n=_86) An. funestus
s.l. and 3.3% (n=34) An. coustani s.l.. In rural zone, An.
gambiae s.l. was predominant species 74.8% (n=396) fol-
lowed by An. funestus s.l. 22.1% (n=109), An. coustani s.l.
2.6% (n=13) and An. pharoensis 0.4% (n=2).

Indoor and outdoor Anopheles mosquito composition

Overall, the majority of anophelines (55.5%, n=1885)
were collected indoors across the three zone. In urban,
peri-urban, and rural sites, more Anopheles mosquitoes
were host-seeking indoors [51.3% (95% CI 48.8-53.7%),
57.3% (95% CI 52.8-61.8%), and 73.1% (95% CI 68.3—
78%), respectively] than outdoors [48.7% (95% CI 46.3—
51.1%), 42.6% (95% CI 38.2-47.1%), and 26.8% (95% CI
22-31.8%), respectively]. The mean indoor host-seeking
density for the An. funestus s.l. in urban zone was sig-
nificantly higher than the outdoor density (¢ ,,=2.67,
p<0.004) (Fig. 2A). In contrast, there was no significant
difference in the mean indoor and outdoor host-seeking
densities for An. gambiae s.l. in urban zone (p >0.05). The
secondary vectors mean outdoor host-seeking densities
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Table 1 Morphologically identified adult mosquitoes samples by zones (urban, peri-urban and rural) based on sampling method and

location in Kisumu city

Zone Mosquito species Indoor Outdoor Total
LT Aspiration Total LT Aspiration Total

Urban An. gambiae s.| 453 29 482 455 105 560 1042
An. funestus s./ 354 24 378 90 12 102 480
An. coustanis.l 21 0 21 195 0 195 216
An. maculipalpis 4 2 6 22 25 47 53
An. pretoriensis 13 3 16 37 36 73 89
An. pharoensis 0 0 0 3 0 3 3
Total Anopheles 845 58 903 802 178 980 1883
Culex spp 3663 2182 5845 4389 1462 5851 11696

Peri-urban An. gambiae s.| 227 309 536 151 211 362 898
An. funestus s.| 40 23 63 18 5 23 86
An. coustanis.l 2 0 2 31 1 32 34
Total Anopheles 269 332 601 200 217 417 1018
Culex spp 2021 3339 5360 1748 2038 3786 9146

Rural An.gambiae s.| 180 108 288 62 19 81 369
An.funestus s.| 54 36 90 13 6 19 109
An. coustanis.l 3 0 3 10 0 10 13
An. pharoensis 0 0 0 2 0 2 2
Total Anopheles 237 144 381 87 25 112 493
Culex spp 740 648 1388 470 1389 1859 3247

were marginally significant compared to the indoor
densities for An. maculipalpis (¢t y=1.96, p<0.04) and
An. coustani s.l. (t ,,=2.15, p<0.02). The proportion of
outdoor host-seeking An. pretoriensis was higher 74%
(95% CI 61.8-86.2%) compared to indoors 26% (95% CI
13.8-38.2%).

There was no significant difference in the mean indoor
and outdoor host-seeking densities for An. gambiae s.1.
and the An. funestus s.l. (p>0.05) in the peri-urban sites.
The mean indoor host-seeking density for the An. gam-
biae s.l. was significantly higher than the outdoor den-
sity (¢ ¢94=2.3, p<0.01), whereas the difference in the
mean indoor and outdoor host-seeking densities for the
An. funestus s.l. was not significant (p >0.05) in the rural
zone. Most members of the An. coustani group were
host-seeking outdoors in both peri-urban [94% (95% CI
85.7-100%)] and rural areas [76.9% (95% CI 54—-99.8%)].

The majority of female Anopheles mosquitoes were
caught resting outdoors [75.4% (95% CI 70-81%)] com-
pared to indoors [24.6% (95% CI 19.1-30%)] in the urban
zone. Conversely, in the peri-urban and rural sites,
most female Anopheles mosquitoes were caught resting
indoors [60.5% (95% CI 56.4—64.6%) and 85.2% (95% CI
79.8-90.5%), respectively] than outdoors [39.5% (95% CI
35.4-43.6%) and 14.8% (95% CI 9.4-20.1%), respectively].
The mean outdoor resting density of An. gambiae s.l. in
urban areas was significantly higher than indoor density

(t ¢6=2.2, p<0.016) whereas, the difference in the mean
indoor and outdoor resting density for An. funestus s.l.
was not significant (p>0.05) (Fig. 2A). The majority of
An. maculipalpis 93% (95% CI 82.7-100%) and An. pre-
toriensis 92.3% (95% CI 83.9-100.6%) were resting out-
doors. The difference in mean indoor and outdoor resting
densities for An. gambiae s.l. and An. funestus s.1. in peri-
urban were not significant (p>0.05) (Fig. 2B). In rural
zones, the mean indoor resting density of An. gambiae s.1.
was higher than outdoor (¢ 4,=1.76, p<0.042) (Fig. 2C).
The proportion of An. funestus s.l. caught resting indoors
85.7% (95% CI 75.1-96.3%) was higher than outdoor
14.3% (95% CI 3.7-24.9%).

Anopheles gambiae and Anopheles funestus sibling species
composition

A total of 2,170 specimens (1,896 An. gambiae s.l. and
274 An. funestus s.l.) were used for molecular assay to
discriminate respective sibling species. Anopheles ara-
biensis was the predominant sibling species in both the
urban (84.3%) and peri-urban (89%) sites, while An. gam-
biae accounted for 15.7% and 11% in these sites, respec-
tively. In contrast, in the rural zone, An. gambiae s.s.
(hereafter An. gambiae) was the most abundant species
(60.2%), compared to An. arabiensis (39.7%). All the An.
funestus s.l. samples assayed from the urban zone were
An. funestus s.s. (hereafter An. funestus) (Fig. 3A). In the
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Fig. 2 Indoor and outdoor resting density of female Anopheles mosquitoes collected per trapping method A: Urban and B: Peri-urban and C: Rural

sites in Kisumu, western Kenya
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peri-urban and rural sites, An. funestus was the dominant
species (98.4% and 85.7%, respectively), while An. leesoni
accounted for 1.6% and 14.3%, respectively (Fig. 3B, C).
Overall, there was a significant difference between indoor
and outdoor locations in terms of An. fumestus group
species composition (x>=21.34, df=1, p<0.001).

Sporozoite infectivity rates

Sporozoite infectivity rate was used as a proxy for
establishing Plasmodium infection rates. Out of the
2,170 mosquitoes tested, 8 specimens turned positive
for sporozoites (i.e. 5 An. gambiae, 2 An. arabiensis,
and 1 An. funestus). Of these, one sample was from the
peri-urban zone and seven from the rural zone. In the
peri-urban zone, 2.3% (1/43) of An. gambiae collected
outdoors tested positive for sporozoite. The sporozoite
rate for An. gambiae in the rural zone was 1.4% (2/139)
indoors and 5.3% (2/38) outdoors. The sporozoite rate
for An. arabiensis was 1% (1/99) indoors and 2.1% (1/48)
outdoors. Additionally, 2.5% (1/40) of An. funestus col-
lected indoors tested positive for sporozoites. Overall,
the sporozoite rates were higher for samples collected
outdoors 3.5% (3/86) than indoors 1.45% (4/278) in rural
areas. None of the samples tested from urban zone were
positive (Table 2).

Discussion

With over half of the world’s population now residing in
urban areas and projections suggesting this could rise
to 75% by 2050 [9], rapid urbanization, often coupled
with economic decline, has the potential to profoundly
affect malaria epidemiology and control, thereby rais-
ing the disease burden in urban populations [9, 36]. A
major global public health concern is whether the rapid
urbanization experienced in most developing African cit-
ies will shift malaria from rural to urban areas [8]. Gain-
ing insight into mosquito species composition, ecology,
and biting behavior in these developing African cities is
essential for implementing effective vector control strate-
gies [37]. This study found a surprisingly higher species
diversity of anopheline mosquitoes in urban areas which
was even higher compared to peri-urban and rural areas.
The predominant vector was An. gambiae s.l. with An.
arabiensis population being the highest in urban and
peri-urban areas, while An. gambiae dominated the rural
areas.

The higher numbers of An. arabiensis in the city cor-
roborates similar studies in West Africa, which have
demonstrated the increased adaptability of this species
in urban environments [38, 39]. This adaptability may
be facilitated by urbanization-induced environmental
changes, such as higher temperatures and lower humid-
ity, which favor its survival [40]. The abundance of Axn.
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gambiae in rural areas can be attributed to its prefer-
ence for unpolluted waters, commonly found in such
settings. In contrast, urban environments, characterized
by polluted waters, are less conducive to the survival of
this species. However, instances of this species adapting
to urban environments have been documented in Came-
roon, Central Africa [41]. The presence of An. funestus, a
significant malaria vector in rural sub-Saharan Africa, in
urban areas is concerning as it could potentially sustain
high levels of malaria transmission within cities. Reports
of this species in urban areas of West Africa highlight
their expansion to new niches thereby increasing the risk
of malaria [41].

In addition to primary vectors, secondary vectors such
as An. coustani group, An. pretoriensis, An. maculipal-
pis and An. pharoensis were abundant in urban areas,
unlike the rural and peri-urban settings where only the
An. coustani group and An. pharoensis were observed.
A recent study from rural western Kenya reported an
increase in secondary vectors [42] compared to previ-
ous findings [43]. The co-occurrence of primary and
secondary vectors in the urban zone is concerning as it
may lead to increased risk of malaria transmission. This
increased vector presence could potentially amplify
transmission risk if factors such as an increase in asymp-
tomatic human reservoirs or enhanced vector survival
create conditions favourable for Plasmodium develop-
ment. Studies have shown that many secondary vectors
prefer outdoor resting and biting, allowing them to sus-
tain transmission even after indoor control measures,
like insecticide-treated bed nets, have reduced primary
vectors [44, 45]. Some of the factors likely contribut-
ing to vector occurrence in urban environments can be
linked to climate change and anthropogenic influences.
For instance, urban heat islands caused by human activi-
ties and the built environment creates localized tempera-
ture that differ significantly from surrounding rural areas.
These altered microclimates provide favorable condi-
tions for organisms, such as mosquitoes, that adapt well
to warmer and more stable environments [27, 44, 46, 47].
The adaptation of the secondary vectors to the urban
environment highlights the need for additional vector
control interventions that target the behavior of these
vectors, as well as a better understanding of their biology
and role in urban malaria epidemiology to inform tar-
geted interventions.

Consistent with previous studies in western Kenya
[43, 48, 49], An. arabiensis was found to seek hosts
and rest outdoors more frequently than indoors in
urban and rural sites but showed no such preference
in peri-urban areas. This variability may be influenced
by ecological factors and implemented indoor vector
control measures [50, 51], challenging the traditional
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Table 2 Sporozoite rates of Anopheles mosquitoes from indoor and outdoor collections in Urban, peri-urban and rural zones in

Kisumu, western Kenya

Study zone and Parameters Indoor Outdoor Overall
Anopheles species
LT Aspiration Total LT Aspiration Total
Urban
An. gambiae s.s No.tested 39 2 41 41 10 51 92
Pf+Ve (%) 0 0 0 0 0 0 0
An. arabiensis No.tested 221 21 242 189 80 269 511
Pf+Ve (%) 0 0 0 0 0 0 0
An. funestus s.s No.tested 76 15 91 27 0 27 118
Pf+Ve (%) 0 0 0 0 0 0 0
An. coustani No.tested 3 0 3 48 0 48 51
Pf+Ve (%) 0 0 0 0 0 0 0
An. ziemanni No.tested 0 0 0 26 0 26 26
Pf+Ve (%) 0 0 0 0 0 0 0
An.maculipalipis No.tested 1 0 1 22 15 37 38
Pf+Ve (%) 0 0 0 0 0 0 0
An. pretoriensis No.tested 8 0 8 35 31 66 74
Pf+Ve (%) 0 0 0 0 0 0 0
Peri-urban
An. gambiae s.s No.tested 35 18 53 20 23 43 96
Pf+Ve (%) 0 0 0 0 1(4.4) 1(2.3) 1(1.0)
An. arabiensis No.tested 223 188 411 152 165 317 728
Pf+Ve (%) 0 0 0 0 0 0 0
An. funestus s.s No.tested 8 2 10 3 2 5 15
Pf+Ve (%) 0 0 0 0 0 0 0
An. coustani No.tested 0 0 0 21 0 21 21
Pf+Ve (%) 0 0 0 0 0 0 0
Rural
An. gambiae s.s No.tested 9% 43 139 23 15 38 177
Pf+Ve (%) 0 2(4.7) 2(1.4) 0 2(13.3) 2(5.3) 4(23)
An. arabiensis No.tested 58 41 99 43 5 48 147
Pf+Ve (%) 1(1.7) 0 1(1.0) 0 1(20) 12.) 2(14)
An. funestus s.s No.tested 25 15 40 1 1 2 42
Pf+Ve (%) 0 1(6.7) 1(2.5) 0 0 0 1(24)
An. leesoni No.tested 1 0 1 4 3 7 8
Pf+Ve (%) 0 0 0 0 0 0 0

indoor-focused interventions. Conversely, An. funes-
tus and An. gambiae consistently exhibited indoor
host-seeking and resting behaviours despite the use of
LLINS, likely as a result of high insecticide resistance
[49, 52]. Moreover, these behaviors may also be influ-
enced by poor housing conditions, which frequently
fail to prevent mosquitoes from entering homes. While
urbanization often improves infrastructure and hous-
ing quality, providing better mosquito-proof environ-
ments and healthcare access, this improvement may
not extend to many developing African cities with
slum-like conditions, as observed in this study. Thus,

effective vector control strategies like house screening
and larval source management are necessary to mitigate
mosquito entry and outdoor mosquito activities in such
settings. Secondary vectors like An. maculipalpis, An.
coustani, An. pretoriensis, and An. pharoensis showed
increased outdoor activity, particularly in urban areas,
potentially evading primary interventions and sus-
taining malaria transmission. Their ability to harbour
Plasmodium parasites [42, 53] emphasizes their signifi-
cant epidemiological impact, highlighting the need for
robust entomological surveillance and targeted vector
control strategies.
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Malaria persistence is linked to behavioural changes
in anopheline mosquitoes [54]. This study found that
most malaria transmission by An. funestus likely occurs
indoors in rural areas, confirming its significant role in
indoor transmission. Conversely, An. arabiensis and An.
gambiae may be more involved in outdoor transmission,
with An. gambiae potentially driving outdoor malaria
transmission in peri-urban areas. Overall, most trans-
mission occurred outdoors in rural and peri-urban areas,
suggesting that indoor vector control methods like LLINs
and IRS alone may not be sufficient, as outdoor-biting
vectors pose a significant threat to elimination efforts.
The higher abundance of vectors in urban areas, despite
the absence of detectable sporozoite infections, suggests
a complex interplay of factors influencing malaria trans-
mission. This absence of detection could be due to the
limitations of the CDC LT trap in high-light urban envi-
ronments. In western Kenya, CDC light traps in areas
dominated by An. arabiensis have been found to capture
a higher proportion of younger mosquitoes, confirmed
by parity dissections [55]. Moreover, urban-adapted
malaria vectors have been reported to have a shorter
lifespan compared to rural counterparts (4.1 days versus
11 days) [56], potentially limiting their ability to trans-
mit the parasite. Although this parity and survivorship
information were not considered in the current analysis,
integrating these factors in future research could enhance
our understanding of mosquito population dynamics in
urban areas. Additionally, studies have reported varia-
tions in the prevalence of asymptomatic malaria cases
across different ecotypes, with rural areas exhibiting a
higher prevalence compared to urban areas [57]. Asymp-
tomatic cases are known to serve as source of infection,
contributing to sustained malaria transmission, particu-
larly in rural malaria endemic regions [58]. This pattern
has also been observed in the rural areas sampled in this
study [59], which may explain the high sporozoite rates
recorded at the rural site. Nonetheless, studies in West
Africa have implicated An. arabiensis and An. funestus
to urban malaria transmission, necessitating the need
for tailored urban-specific vector control strategies. It is
concerning that secondary vectors such as An. coustani,
An. pretoriensis, and An. pharoensis, despite their ten-
dency to feed on animals, have been found susceptible to
Plasmodium infections [42, 43, 53]. The complex behav-
iors and species diversity of these vectors in urban areas,
pose a significant challenge to malaria elimination efforts
that rely solely on indoor vector control, underscor-
ing the need for ongoing adoption of integrated control
strategies.
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Conclusion

The study revealed a high diversity of Anopheles spe-
cies in urban areas, with significant outdoor activity.
The detection of An. funestus in urban environments is
concerning due to its established role in malaria trans-
mission in rural areas, where malaria is high. Notably,
outdoor malaria transmission was prevalent in rural
and peri-urban regions, emphasizing the need to adapt
and diversify interventions targeting outdoor-biting
and resting mosquitoes. These findings highlight the
importance of increased routine entomological surveil-
lance in urban areas. Implementing integrated vector
control measures, including larval source management,
house modifications such as screening windows and
eaves, and improved urban planning, is crucial for
effective urban vector control.
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