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Abstract
Background: Identification and characterization of larval habitats, documentation of Anopheles spp. composition
and abundance, and Plasmodium spp. infection burden are critical components of integrated vector management.
The present study aimed to investigate the effect of landscape heterogeneity on entomological and parasitological
indices of malaria in western Kenya.
Methods: A cross-sectional entomological and parasitological survey was conducted along an altitudinal transect in
three eco-epidemiological zones: lakeshore along the lakeside, hillside, and highland plateau during the wet and dry
seasons in 2020 in Kisumu County, Kenya. Larval habitats for Anopheles mosquitoes were identified and characterized.
Adult mosquitoes were sampled using pyrethrum spray catches (PSC). Finger prick blood samples were taken from
residents and examined for malaria parasites by real-time PCR (RT-PCR).
Results: Increased risk of Plasmodium falciparum infection was associated with residency in the lakeshore zone,
school-age children, rainy season, and no ITNs (χ2 = 41.201, df = 9, P < 0.0001). Similarly, lakeshore zone and the rainy
season significantly increased Anopheles spp. abundance. However, house structures such as wall type and whether
the eave spaces were closed or open, as well as the use of ITNs, did not affect Anopheles spp. densities in the homes
(χ2 = 38.695, df = 7, P < 0.0001). Anopheles funestus (41.8%) and An. arabiensis (29.1%) were the most abundant vec‑
tors in all zones. Sporozoite prevalence was 5.6% and 3.2% in the two species respectively. The lakeshore zone had
the highest sporozoite prevalence (4.4%, 7/160) and inoculation rates (135.2 infective bites/person/year). High larval
densities were significantly associated with lakeshore zone and hillside zones, animal hoof prints and tire truck larval
habitats, wetland and pasture land, and the wet season. The larval habitat types differed significantly across the land‑
scape zones and seasonality (χ2 = 1453.044, df = 298, P < 0.0001).
Conclusion: The empirical evidence on the impact of landscape heterogeneity and seasonality on vector densities,
parasite transmission, and Plasmodium infections in humans emphasizes the importance of tailoring specific adaptive
environmental management interventions to specific landscape attributes to have a significant impact on transmis‑
sion reduction.
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Background
Malaria remains a major public health concern as well
as a leading cause of disease and death in Africa. Kenya
is currently ramping up malaria control interventions to
reduce disease burden and ultimately eliminate the disease [1]. Despite increased interventions, existing control
and treatment tools have not sufficiently suppressed Plasmodium infection in western Kenya [2]. Approximately
75% of Kenya’s 47.5 million people [3] are at risk of
malaria, with the Lake Victoria basin having the highest
prevalence of infection [1]. Heterogeneity and dynamic
changes in the malaria landscape and vector ecology will
always pose a challenge to intervention strategies.
Rainfall pattern influences vector occurrence indirectly
by determining larval habitat quality and stability [4, 5].
Fluctuations in the wet and dry seasons may change the
timing of Anopheles mosquito seasonal activity and affect
the survival and transmission of malaria vectors as well
as the parasites’ development rates [4, 6, 7]. As malaria
vector and pathogen transmission cycles respond to
increasing variability and changes in rainfall pattern, a
short transition period between the dry and wet seasons
may increase the risk of endemic vector-borne diseases
[8, 9].
The environment in which humans live is a strong
determinant of Plasmodium infection, and the degree of
interaction with infectious malaria vectors determines
the level of parasite infection [10, 11]. Variation in vector
ecology and disease burden across landscape may result
in non-homogeneous exposure to transmission risks [12].
In western Kenya’s lowlands, which are prone to flooding, and swamps that promote vector breeding and abundance, malaria is common [13–15]. The highlands, on the
other hand, are made up of hills and valleys with varying
drainage characteristics, resulting in a sparse distribution of larval habitats and a low malaria prevalence [16].
The uneven distribution of larval habitats may have an
impact on vector distribution and transmission risks. A
shift in vector ecology may alter the vector’s host-seeking
behavior, influencing malaria epidemiology [14]. Land
use for economic activities may result in water pooling,
which has the potential to support vector breeding and
vector population. Furthermore, the type of household
structure, proximity of human settlements to larval habitat, socioeconomic status, and use of insecticide-treated
bednets have all been linked to the risk of Plasmodium
infection [17, 18]. The diverse malaria eco-epidemiological settings and local vector ecologies necessitate
interventions that work best for each setting as malaria
epidemiology fluctuates over time and correlates with
the success of control programs [13]. Understanding the
vector ecology and persistence Plasmodium infection
in Western Kenya across heterogeneous landscape will
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allow for appropriate target-specific integrated vector
management limiting vector breeding and human-vector
contact. The current study assessed the role of landscape
heterogeneity as defined as topography and seasonality on malaria entomological and parasitological indices
along an altitudinal transect of western Kenya’s lowland
Lake Victoria, hillside, and highland plateau.

Methods
Study area and design

The study was carried out in the Nyakach Sub-County
of Kisumu County, which is located in western Kenya on
the lakeside of Lake Victoria, latitude − 0.33333°S and
longitude 34.99100°E. The study area was categorized
into three eco-epidemiological zones based on a previous
study [12]: lakeshore, hillside, and the highland plateau
(Fig. 1). Landscapes in the three zones are very different
from each other [12]. The lakeshore consists of flat plain,
with common stable larval habitats and an elevation of
1100–1200 m above sea level. The hillside zone located
at 1200–1500 m consists of hilly areas with unstable
larval habitats and scarce permanent larval habitats.
The highland plateau has elevations ranging from 1500
to > 1680 m with high human population density. In all of
the study zones, the majority of residents are subsistence
farmers. The entomological and parasitological survey
was conducted in July (wet season) and November (dry
season) of 2020. Each of the three zones had four clusters, with 150 households in each. From each cluster’s
150 households, 20 and 25 households were chosen at
random for adult mosquito collection and parasitological
survey, respectively. The same households were chosen
for adult mosquito collection and parasitological surveys
during the dry and wet seasons.
Larval habitat sampling

All potential larval habitats were sampled using a
standard dipper (350 ml capacity, BioQuip Products,
Inc., Compton, CA, USA) during the dry and wet season. The scooped water was poured in a white plastic
tray and carefully examined for Anopheles larvae. The
sampling took place in the morning (09:00–12:00). The
larvae were taxonomically identified using referenced
keys, and the Anopheles larvae were separated from
the Culicine larvae and counted separately [19, 20].
All larvae instars and pupae were sampled, counted,
and recorded. The larvae collected were classified as
early instars (L1 and L2) or late instars (L3 and L4).
The larval density was estimated as the average number of larvae collected per dip. Anopheline larvae
were transported to the International Centre of Excellence for Malaria Research (ICEMR) in Homa Bay and
reared into adults in the insectary. The larvae were fed
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Fig. 1 Map of Nyakach Sub-County in Kisumu County showing the study eco-epidemiological zones. Lakeshore zone (highlighted in blue), hillside
zone (highlighted in brown), and highland plateau zone (purple highlighted)

TetraMin® fish meal and kept at 27 ± 2 °C. Of all the
larvae that survived to adults, further identification was
performed using taxonomic keys [21]. No sibling species identification by PCR analysis was performed.
Characterization of larval habitats

Larval habitats were categorized based on: landscape
zones (lakeshore, hillside, highland plateau), larval habitat type (drainage ditch, river edge/reservoir shoreline,
swamp, animal hoof print, tire track, manmade pond,
natural pond, rock pool, water container, and brick pit),
seasonality (dry and wet), land use type (i.e. environment surrounding the larval habitat), vegetation cover,
substrate type, proximity to the nearest household,
presence of predators and algae in the larval habitats,
and larval habitat size as measured by larval habitat
length, width, and depth. The habitats were further
characterized as: drainage ditch, river edge, swamp,
animal hoof print, tire track, manmade pond, natural
pond/rain pool, rock pool, water container, and brick
pit (Table 1).

Adult mosquito collection

Adult mosquitos were collected using the pyrethrum
spraying catch (PSC) method in 80 selected houses in
each zone, for a total of 240 households sampled over
2 days in each dry and wet season. After obtaining consent from the household head, mosquito collection and
questionnaire survey were conducted. The PSCs were
done between 08:00 am and 12:00 pm [22]. The mosquitoes were collected and stored in 1.5-ml Eppendorf
tubes with silica gel desiccant and cotton wool before
being transported to ICEMR laboratory in Homa Bay
for further analysis. Anopheles mosquitoes were identified taxonomically according to Coetzee [21] and
females stored on silica gel at room temperature pending further sibling species ID analysis.
Questionnaire survey included the following information on household population size, ITN ownership
and use, wall material type, and open vent. ITN use was
defined as sleeping under an insecticide-treated net the
night before the survey. The wall material type was categorized into three (stone/block/brick, mud and wood,
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and mud and cement). The availability of open ventilation in the household was classified as open vent.
Parasitological surveys

A semi-structured questionnaire was administered to the
household heads who agreed to participate in the study.
The study questionnaire collected information on age,
gender, house structure type, and ITN use, as described
in the questionnaire surveys. Participants were divided
into three age groups based on risk of infection as children < 5 and school-going children and adults (< 5 years
old, 5–14 years old, and ≥ 15 years old). To test for Plasmodium parasite infections, finger prick dry blood spots
(DBS) on filter paper were collected from 100 households
in each zone. In each dry and wet season, 300 residents
from the lakeshore zone, 285 residents from the hillside
zone, and 277 residents from the highland plateau zone
were tested for real time-PCR (RT-PCR) diagnosis.
Molecular identification of mosquito species, blood meal,
and sporozoite infections

Adult mosquitoes were cut in half to separate the
head and thorax from the abdomen. The Chelex resin
(Chelex®-100) method [23] was used to extract mosquito DNA from the head and thorax, while the abdomen was preserved for blood meal analysis. Mosquito
species identification was accomplished using multiplex
PCR in T100™ Thermal Cycler (Bio-Rad, Hercules, CA,
USA) with the primers previously listed [24, 25]. The
polymerase chain reaction (PCR) method was used to
identify members of the An. gambiae complex to the species level and An. funestus following protocols developed
for An. gambiae (s.l.) [24] and An. funestus (s.l.) [26, 27].
Identification of blood meals in the fed mosquitoes was
performed using the multiplexed PCR-based methods
as described by Kent et al. [28]. Analysis of Plasmodium
sporozoite infection was conducted using multiplexed
quantitative PCR (qPCR) assay [29].
DNA extraction and screening for Plasmodium parasite

The Chelex resin (Chelex-100) saponin method was used
with minor modifications [30] to extract the genomic
DNA from dried blood spots on filter paper. Primers and
probes specific to Plasmodium species were used to target 18S ribosomal RNA [31] to confirm the presence of
parasite DNA on QuantStudio™ 3 Real-Time PCR.
Data analysis

The IBM SPSS statistical software version 21.0 was used to
analyze the data (IBM corp., Armonk, NY). The chi-square
test was used to determine whether there was a significant
difference in larval habitat types across topographical zones
and seasons. The number of Anopheles larvae divided by
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the number of dips taken from each larval habitat was used
to calculate Anopheles larval density. The Kruskal-Wallis
H test was used to determine whether there were any significant differences in the composition and abundance of
Anopheles larvae across different larval habitat types. The
negative binomial regression was run to predict Anopheles
larval density based on landscape zones, seasonality, larval habitat type, surrounding land use type, substrate type,
larval habitat size, vegetation cover, shade cover, predator
presence, and algae presence. Negative binomial regression
was used to determine whether landscape zones, seasonality, household structure type, open eaves, and ITN usage
were significant predictors of Anopheles vector abundance.
The sporozoite infection rate was calculated by dividing the
number of mosquitoes positive for Plasmodium sporozoites by the total number of mosquitoes analyzed for sporozoite infections [9, 32–34]. The chi-square test was used
to compare sporozoite infection among mosquito species.
Human blood meal indices (HBI) were calculated by dividing the number of mosquitos that tested positive for human
blood meal by the total number of mosquitos analyzed for
blood meal [28, 35]. The annual entomological inoculation rate (EIR) of Anopheles mosquitoes collected by PSCs
was calculated using the following formula: (number of fed
mosquitoes caught by PSC/number of human occupants
who spent the night in the sprayed house) × (human blood
meal indices) × (PSC based sporozoite infection) × 365 [32,
33, 36–38]. Landscape, age group, gender, bednet usage,
wall type, and seasonality were all tested as predictors of
malaria infections in humans using logistic regression. Significance level was set as P ≤ 0.05 for all tests and all regression independent variables.

Results
Distribution of larval habitats across topographical zones
and seasonality

During the study, 10 different types of larval habitats
were identified, with a total of 1315 habitats encountered
and recorded. The most common were drainage ditches
(27.3%), followed by manmade ponds (18.5%), brick
pits (12.4%), tire truck (11.2%), water container (8.1%),
swamp (7.6%), natural pond (7.1%), river edge (3.7%),
animal hoof print (2.7%), and rook pool (1.4%). The ten
larval habitat types differed significantly across the topographical zones (Fig. 2, χ2 = 616.351, df = 18, P < 0.0001).
The lakeshore zone had the most larval habitats (40.6%)
of the 1315 identified, followed by the highland plateau
zone (38.6%) and then the hillside zone (20.8%) (Fig. 2).
The ten larval habitat types differed significantly across
seasons (χ2 = 38.815, df = 9, P < 0.0001). The wet season
had more larval habitats (59.8%) comparatively followed
by the dry season (40.2%) (Fig. 2).
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Fig. 2 Larval habitat distribution cluster heat map. A Larval habitat distribution by seasonality. B Larval habitat distribution across topography.
The hierarchical clustering dendrogram pattern represents the relationship between larval habitat type and landscape zones or seasons based on
average linkage and Euclidean distance. The use of the same color indicates the availability of larval habitat types across landscape zones or seasons

Anopheles larval composition and abundance by larval
habitat types across topographical zones

There was a significant difference in the composition of Anopheles larvae across the habitat types [F(39,
8020) = 191.2, P < 0.0001]. In total, 2505 Anopheles larvae
were morphologically identified belonging to four species, which included An. gambiae (s.l.), (95.7%, n = 2398),
An. funestus (2.2%, n = 56), An. coustani (1.8%, n = 46),
and An. pharoensis (0.2%, n = 5). Furthermore, drainage
ditch had the highest abundance (28.9%) of Anopheles
larvae (Table 2). The highest proportion of An. gambiae
(s.l.), An. funestus, and An. coustani, and An. pharoensis
were found in the drainage ditch (29.1%), manmade pond
(28.6%), and natural pond (30.4%), respectively. Anopheles pharoensis was only found in the drainage ditch
(Table 2). In the lakeshore zone, the An. gambiae (s.l.)
(n = 1500) proportion differed significantly across the larval habitat types (H9 = 63.81, P < 0.0001), with manmade
ponds (31.3%) having the highest composition. The proportion of A. funestus (n = 30) was highest in manmade
ponds (36.7%); An. coustani (n = 15) was mainly found
in manmade ponds (46.7%). Only the drainage ditch had
An. pharoensis (Table 2).

Factors associated with Anopheles larval density

Negative binomial regression analysis of Anopheles larval density illustrated the following risk factors: landscape
zones, seasonality, larval habitat type, surrounding land use
type, substrate type, larval habitat size, and predation in the
larval habitat. However, presence of vegetation cover, larval habitat distance to a nearby household (P = 0.206), and
water algae were not significant predictors of larval density
(χ2 = 1453.044, df = 298, P < 0.0001) (Table 3). Compared
to the highland plateau, Anopheles larval density was 3.23
(95% CI = 2.50–4.18, P < 0.0001) times higher in the lakeshore zone and 1.81 (95% CI = 1.32–2.48, P < 0.0001) times
higher in the hillside zone. Anopheles larval density was
4.59 (95% CI = 3.61–5.83, P < 0.0001) times higher during
the wet season than the dry season (Table 3).
In the lakeshore zone, the mean larval density was 1.61
larvae per dip, with high densities of Anopheles larvae
collected from animal hoof prints (20.50 larvae per dip).
The mean Anopheles larval density in the hillside zone
was 1.11 larvae per dip, with a high density of Anopheles
larvae found in animal hoof print larval habitats (8.33
larvae per dip). The mean Anopheles larval density in
the highland plateau zone was 0.64, with a high density
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Table 1 Characterization of larval habitats
Larval habitat survey

Options

1. Study site

Nyakach Sub-County-Kisumu County

2. Eco-epidemiological zone

LK: lakeshore, MD: hillside, NB: highland plateau

3. Habitat serial number
4. Larval habitat type

A. Drainage ditch: Small to medium depression with water pools formed to chan‑
nel or drain water runoffs
B. River edge: Bodies of water along the river’s banks, shores, and edges
C. Swamp: Area of low-lying, uncultivated ground with water collects, bogs, or
marshes
D. Animal hoof print: impressions and depressions on the ground caused by
water-filled animal hooves
E. Tire track aquatic impressions left by tires on the surface onto which a vehicle
drove
F.. Manmade pond: Any dug areas filled with water, such as dams, water pans, and
fish ponds, among others
G. Natural pond: Any depressions filled with rainfall water that had not been dug
by humans
H. Rock pool: Collections of water in rocks that can support larval breeding
I. Water container: any container, pots, or bottles filled with water
J: Brick pit: Depressions in the ground caused by brick-making activities

5. Landuse type (surrounding environment)

(1) Forest/shrubland; (2) cultivated land; (3) grassland/pasture; (4) swamp

6. Vegetation coverage %

Based on visual observation, calculated by estimating the percentage of the
larval habitat covered

7. Substrate type

(1) Sand/gravel; (2) mud/dirt; (3) plastic/container

8. Distance to nearby house

(1) Less than 100 m; (2) 100–200 m; (3) over 200 m

9. Predators

Each larval habitat assessed for the presence or absence of aquatic predators

10. Algae

The presence or absence of algae visually assessed in the larval habitat

Habitat measure
11a. Length (m)

Measured and recorded in meters

11b. Width (m)

Measured and recorded in meters

11c. Depth (m)

Measured using a meter stick from various locations and the average depth taken

collected from animal hoof prints (9.00 larvae per dip)
(Additional file 1: Table S1).
Adult Anopheles species composition and abundance
across topographical zones

A total of 221 female Anopheles mosquitos were collected by PSC, including An. gambiae (s.l.) (n = 124), An.
funestus (n = 89), An. coustani (n = 7), and An. pharaoensis (n = 1). The mosquito species composition differed
significantly between topographical zones (χ2 = 31.73,
df = 6, P < 0.0001). Anopheles funestus (n = 89) was the
most common primary vector in all the zones followed
by An. arabiensis (n = 62), then An. gambiae (s.s.) (n = 2).
Based on ITS2 (ITS2A/ITS2B primer set) PCR and subsequent sequencing results, 60 specimens were identified
to be either An. sp. 1 (n = 20, GenBank accession number MT408575) or An. sp. 9 (n = 40, GenBank accession
number MT408578) as described by Zhong et al. [29].
Anopheles funestus and An. arabiensis were the most
abundant species in the lakeshore zone, hillside zone, and
highland plateau zone (Additional file 1: Table S2).

Plasmodium species sporozoite rates and entomological
inoculation rates (EIR)

The overall proportion of Anopheles infected with P. falciparum sporozoite was 3.8% (n = 213). Anopheles funestus had the highest sporozoite rate of 5.6% (n = 5/89),
followed by An. arabiensis (3.2%, n = 2/62). Anopheles
gambiae (s.s.) had only two samples with one infection
at 50%. Across the landscape zone, the sporozoite rates
were higher in the lakeshore zone (4.4%, n = 7/160), followed by the highland plateau zone (3.8%, n = 1/26)
and the hillside zone (3.7, n = 1/27) (Additional file 1:
Table S2).
The overall human blood meal indices of An. arabiensis and An. funestus were 63.6% and 30.2%, respectively. The un-amplified mosquito HBI was 34.3%. In
the lakeshore zone, the HBIs of An. arabiensis and
An. funestus were 66.7% and 41.7% respectively. In the
hillside zone, the HBI of An. funestus was 8.3% while
there was no blood-fed An. arabiensis. In the highland
plateau, there was no blood-fed An. arabiensis and An.
funestus though the un-amplified mosquito HBI was
66.7% (Additional file 1: Table S2).

(%): Proportion

n: Number

Overall

Highland
plateau

Hillside

Lake-shore

Drainage

0
0

4 (100)

3 (20.0)

462 (30.3) 30 (1.9)

An. pharoensis

An. coustani

Total

0
0

1 (100)

0

54 (12.0)

An. pharoensis

An. coustani

Total
2 (3.6)
0
1 (2.2)

14 (25.0)

5 (100)

7 (15.2)

723 (28.9) 76 (3.0)

An funestus

An. pharoensis

An. coustani

Total

An. gambiae s.l 697 (29.1) 73 (3.0)

0

0

6 (31.6)

207 (40.9) 46 (9.1)

Total

An funestus

1 (5.0)

4 (20.0)

An. coustani
0

0

0

An. pharoensis

An. gambiae s.l 47 (11.2)

0

1 (14.3)

An funestus

An. gambiae s.l 202 (42.1) 45 (9.4)

2 (6.7)

7 (23.3)

An funestus

Animal
footprint

0

0

0

9 (2.0)

0

0

0

9 (2.1)

25 (4.9)

0

0

0

25 (5.2)

0

0

0

316 (12.6) 116 (4.6)

3 (6.5)

0

9 (16.1)

304 (12.7) 116 (4.8)

32 (7.1)

0

0

0

31 (7.4)

30 (5.9)

0

0

1 (14.3)

29 (6.1)

254 (16.4) 82 (5.3)

3 (20.0)

0

7 (23.3)

244 (16.3) 82 (5.5)

River edge Swamp

Larval habitat type n (%)

An. gambiae s.l 448 (29.9) 28 (1.7)

Anopheles larvae identified
Manmade
pond

7 (46.7)

0

11 (36.7)

199 (7.9)

0

0

9 (16.1)

190 (7.9)

18 (4.0)

0

0

6 (31.6)

12 (2.9)

17 (3.4)

0

0

0

17 (3.5)

667 (26.6)

11(23.9)

0

16 (28.6)

640 (26.7)

76 (16.9)

0

0

0

76 (18.1)

104 (20.6)

4 (20.0)

0

5 (71.4)

95 (19.8)

164 (10.6) 487 (30.6)

0

0

3 (10.0)

161 (10.7) 469 (31.3)

Tire track

171 (6.8)

14 (30.4)

0

0

157 (6.5)

35 (7.8)

1 (9.1)

0

0

34 (8.1)

66 (13.0)

11 (55.0)

0

0

55 (11.5)

70 (4.5)

2 (13.3)

0

0

68 (4.5)

11 (0.4)

0

0

0

11 (0.5)

2 (0.4)

0

0

0

2 (4.8)

9 (1.8)

0

0

0

9 (1.9)

0

0

0

0

0

17 (0.7)

0

0

0

17 (0.7)

15 (3.3)

0

0

0

15 (3.7)

2 (4.0)

0

0

0

2 (0.4)

0

0

0

0

0

Natural pond Rock pool Water
container

Table 2 Anopheles larvae composition and abundance in various larval habitat types across landscape zones

209 (8.3)

10 (21.7)

0

6

193 (8.0)

209 (46.4)

10 (90.9)

0

7 (36.8)

193 (46.1)

0

0

0

0

0

0

0

0

0

0

Brick pit

2505 − 17.19

46 63.73

5 47.77

56 96.34

2398 580.2

450 2100

11 88.98

1 NA

19 55.21

419 1046

506 133.44

20 69.03

0 NA

7 35.98

479 − 942.9

1549 − 413.8

15 40.56

4 39

30 64.49

1500 63.81

Total KruskalWallis
statistics

< 0.0001

< 0.0001

< 0.0001

< 0.0001

< 0.0001

< 0.0001

< 0.0001

NA

< 0.0001

< 0.0001

< 0.0001

< 0.0001

NA

< 0.0001

< 0.0001

< 0.0001

< 0.0001

< 0.0001

< 0.0001

< 0.0001

P-value
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Table 3 Predictive factors associated with Anopheles larval densities
Parameter

Details

Coefficient

Odd ratio (95% CI)

Landscape zones

Highland plateau

0

1

Lakeshore

1.173

3.23 (2.50–4.18)

< 0.0001

Hillside

0.594

1.81 (1.32–2.48)

< 0.0001

Brick pit

0

1

Drainage

0.055

1.06 (0.74–1.51)

River edge

− 0.28

0.76 (0.44–1.30)

0.309

− 0.922

0.40 (0.24–0.66)

< 0.0001

1.731

5.65 (3.48–9.17)

< 0.0001

Tire truck

0.532

1.70 (1.14–2.55)

0.001

Manmade pond

− 0.858

0.42 (0.29–0.63)

< 0.0001

− 1.09

0.34 (0.18–0.64)

0.001

− 1.01

0.36 (0.15–0.88)

0.024

− 2.619

0.07 (0.10–0.56)

0.012

0

1

Shrub land

0.194

1.21 (0.83–1.78)

0.322

Pasture/grassland

0.558

1.75 (1.41–2.16)

< 0.0001

Wetland

0.832

2.30 (1.60–3.29)

< 0.0001

Plastic/container

0

1

Sand

− 0.0824

Habitat type

Swamp
Animal hoof print

Rain natural pond
Rock pool
Water container
Land use type

Substrate

Cultivated land

0.44 (0.05–3.60)

0.443

0.26 (0.03–2.14)

0.211

0

1

− 0.103

0.90 (0.35–2.27)

0.826

0.163

1.18 (0.46–3.01)

0.735

Dry

0

1

Wet

1.523

4.59 (3.61–5.83)

Yes

0

1

No

− 0.303

0.77 (0.61–0.89)

> 200 m
< 100 m
100–200

Season
Predators
Algae

0.761

− 1.338

Mad
Distance

P-value

Yes
No

Vegetation cover
Habitat size

0

< 0.0001
0.002

1

0.721

2.06 (0.80–5.30)

0.136

− 0.001

1.00 (0.99–1.00)

0.451

0.99 (0.99–0.99)

0.034

− 0.008

(Scale)

1

(Negative binomial)

1

Dependent variable: Anopheles density
Model: (Intercept), topography, habitat type, land use, substrate, distance, season, predator, algae, vegetation cover, habitat size

The inoculation rates of An. gambiae, An. arabiensis, and An. funestus were 26.9, 24.1, and 48.2 infective
bites/person/year respectively. The overall inoculation
rates were at 20.1 infective bites/person/year. In the
lakeshore zone, highland plateau, and hillside zone,
inoculation rates were at 135.2, 80.2, and 25.3 infective bites/person/year respectively (Additional file 1:
Table S2).
Predictors of adult Anopheles vector abundance

Negative binomial regression revealed that the landscapes of the lakeshore and the rainy season were

significant predictors of Anopheles adult vector abundance. However, the type of house wall, open eaves,
and use of an ITN were not significant predictors of
Anopheles adult vector abundance (χ2 = 38.695, df = 7,
P < 0.0001) (Table 4). Compared to the highland plateau,
the numbers of adult Anopheles vectors were 1.72 (95%
CI = 1.02–2.90, P = 0.041) times higher in the lakeshore
zone while there was no significant difference for the hillside zone (P = 0.917). The adult Anopheles were 2.17 (95%
CI = 1.48–3.20, P < 0.0001) times higher during the wet
season than the dry season (Table 4).
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Table 4 Predictive factors associated with adult Anopheles abundance
Parameter
Landscape zones

Wall type

Details

Coefficient

P-value

Highland plateau

0

1

Lakeshore

0.543

1.72 (1.02–2.90)

0.041

Hillside

− 0.035

1.00 (0.50–1.87)

0.917

Mud and cement

0

1

Brick/stone

− 0.025

1.00 (0.32–2.96)

0.965

1.74 (1.02–2.98)

0.042

Mud and wood
Season

Odd ratio (95% CI)

0.556

Dry

0

1

Wet

0.776

2.17 (1.48–3.20)

Open vent

Yes

0

1

No

0.2

1.22 (0.82–1.82)

Bed net usage

Use net

0

1

− 0.202

0.82 (0.44–1.52)

No net
(Scale)

1

(Negative binomial)

1

< 0.0001
0.327
0.525

Dependent variable: adult Anopheles number
Model: (intercept), topography, wall type, season, open vent, bed net usage

Risk factors associated with malaria prevalence

A total of 862 residents were tested for P. falciparum
infection prevalence (300 in lakeshore, 285 in hillside,
and 277 in highland plateau). The prevalence of P. falciparum infection was 15.1% (130/862). Increased risk of
P. falciparum infection was associated with residency in
the lakeshore zone, school-age children, rainy season,
and no ITNs (χ2 = 41.201, df = 9, P < 0.0001. The odds of
malaria infection were highest in the lakeshore zone (OR:
3.08, 95% CI = 1.81–5.26, P < 0.0001) then hillside (OR:
1.78, 95% CI = 1.00–3.17, P = 0.05) zone compared to

the highland plateau. The odds of P. falciparum infection
was higher among the school-going children (OR: 1.92,
95% CI = 1.26–2.92, P = 0.002) compared to individuals
≥ 15 years. Not using an ITN was linked to a three-fold
increase in the risk of P. falciparum infection (OR: 2.84,
95% CI = 1.14–7.09, P = 0.025). People who lived in brick
or block houses had lower odds of P. falciparum infection
(OR: 0.58, 95% CI = 0.34–0.98, P = 0.040) than those who
lived in mud and wood houses. Residents were 1.47 times
more likely to contract malaria during the rainy season

Table 5 Risk factors associated with Plasmodium falciparum infection prevalence
Determinants

Category

Landscape zones

Highland plateau

25 (9.0)

Lakeshore

65 (21.7)

3.08 (1.81, 5.26)

< 0.0001

Hillside

40 (14.0)

1.78 (1.00, 3.17)

0.05

≥ 15 years

57 (12.1)

1

14 (12.1)

0.95 (0.50, 1.82)

0.871
0.002

Age group

0–4 years

Infection n (%)

Odd ratio (95% CI)
1

5–14 years

59 (21.5)

1.92 (1.26, 2.92)

Gender

Male

56 (16.9)

1

Female

74 (14.0)

Bed net usage

Use net

123 (14.8)

Wall type

Mud and wood

No net

Seasonality
Dependent variable: RT-PCR results

7 (23.3)
94 (17.1)

P-value

0.90 (0.60, 1.34)

0.597

1
2.84 (1.14, 7.09)

0.025

1

Brick and block

19 (10.0)

0.58 (0.34, 0.98)

0.040

Mud and cement

17 (12.9)

0.72 (0.41, 1.25)

0.244

Dry

61 (12.8)

1

Wet

69 (17.8)

1.47 (1.01, 2.13)

0.044
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Fig. 3 Distribution of larval habitats, households with the adult vector survey, and parasitological survey households. A Overview of the study area,
including all three eco-epidemiological zones. B, C, and D Distributions of three surveys in lakeshore zone, hillside zone, and highland plateau zone,
respectively

(OR: 1.47, 95% CI = 1.01–2.13, P = 0.044) than during the
dry season (Table 5).
Figure 3 depicts the distribution of larval habitats,
Anopheles adult survey households, and parasitological
survey households. The positive in blue dots in the larval habitat survey refers to Anopheles larvae collected
from those habitats. The positives in red points in the
adult vector survey indicate that Anopheles mosquitos
were collected from that household. The households with
green color in the parasitological survey indicate that
the resident’s RT-PCR result is positive for Plasmodium
infection.

Discussion
Landscape, habitat type, land use type, substrate type,
distance to a nearby household, seasonality, and predation all predicted high Anopheles larval density. In the
current study, An. funestus and An. arabiensis were the
most abundant primary vectors in all zones. The primary
determinants of mosquito relative abundance were landscape zones and seasonality. Furthermore, lakeshore zone
residency, school-aged children, no ITN, living in mud
and wood houses, and transmission due to wet season

exposure were all associated with a high prevalence of
malaria.
The variation in Plasmodium infection across the landscape could be attributed to the spatial distribution of
larval habitats and the abundance of Anopheles vectors.
Manmade ponds, drainage ditches, and swamps were the
primary larval habitats for Anopheles mosquitoes along
the lowland lakeshore zone. The findings of the study
are consistent with those of a study conducted in western Kenya, where low-gradient landscape zones characterized by broad valley bottoms had a high malaria
risk, as opposed to a steep gradient landscape with seasonal variations [39]. Despite the fact that numerous
streams cause efficient drainage and diffuse hydrology,
resulting in unstable larval habitats, the composition of
Anopheles larval species and vector abundance remains
high in the highland zones. Land use activities such as
pond construction, dam construction for water reservoirs, and brick-making leave water-filled depressions
on the ground. The water-filled depressions may serve
as potential larval habitats for Anopheles mosquitoes,
which could be one of the factors contributing to the vector population’s persistence and malaria infection in the

Otambo et al. Parasites & Vectors

(2022) 15:340

hillside zone. The current study findings are consistent
with previous Ethiopian studies that linked environmental modifications for irrigation development activities to
proliferation of suitable mosquito larval habitats [40].
Anopheles larval density was found to be significantly
related to larval habitat type, land use type surrounding
the larval habitat, seasonality, and predation. The findings of the current study are consistent with those of a
study conducted in western Kenya’s Kombewa and Bungoma, which correlated Anopheles larval densities to larval habitat type and land use type [41]. The distribution
and abundance of Anopheles larvae are influenced by
hydrological processes that govern the formation and stability of various larval habitat types.
Aquatic predators are well known for influencing the
abundance of mosquito larvae in larval habitats and are
beneficial biological control agents of mosquito larvae
[42]. The current study, however, found that larval densities were lower in larval habitats without predators. This
may be due to the presence of other prey in larval habitats, as alternative prey in larval habitats may interfere
with the predator larval consumption ability [41]. Other
biotic/abiotic factors, such as the presence of green algae,
soil substrates, and so on, may, on the other hand, influence larval density. Polluted environments may be detrimental to Anopheles larval survival [43].
An increase in mosquito larval habitats leads to an
increase in vector density, which eventually leads to an
increase in malaria transmission, as has been observed
elsewhere [10, 33, 42, 44]. Such findings are consistent
with current research findings that show an increase in
malaria prevalence and transmission risk in lowland
areas due to higher vector abundance than in highland
areas. The entomological inoculation rates also revealed
that An. funestus (48.2 bites/person/year) was a more
efficient vector than An. arabiensis (24.1 bites/person/
year). The EIRs are influenced by topography [45], and
the current study found that the EIR was higher in lowland lakeshores (135.2 bites/person/year) than in highland plateaus (80.2 bites/person/year). The finding may
be related to a higher risk of malaria infection in lowland
areas versus highlands. These findings are backed up in
part by the annual EIRs, which revealed significant differences between study sites.
Land use type surrounding the larval habitat was significantly associated with Anopheles larval density, with cultivated land negatively influencing larval density. The low
density of larvae along cultivated land could be attributed
to agricultural insecticides, which may interfere with the
Anopheles species composition. During the rainy season, the reported productivity of larval habitats correlates with increased vector density and species richness
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[7, 9, 39]. Intense rainfall, on the other hand, may interfere with mosquito larvae densities due to the flushing of
larvae from larval habitats, even though the proportion
of Anopheles mosquito larvae may increase during and
immediately after the rainy season [46].
School-aged children were more likely to contract P.
falciparum infection in the current study. It has been
reported that school-aged children act as reservoirs for
infectious gametocytes, spreading infection throughout
the community [47–50]. The current study discovered
that houses made of mud increased the risk of infection
and the abundance of mosquitoes as reported in other
studies [13, 51, 52].
According to the current study, larval habitats are
confined to the valley bottom, with high intensity of
infection in lowland areas and few larval habitats in the
highland plateau. This has resulted in a heterogeneous
distribution of the vector and parasite burden, which has
been documented [10, 39, 53]. This eco-epidemiological
variation has implications for vector control programs, as
interventions that work well in one setting may not work
well in another. Continuously integrating larval source
management with LLINs and IRS will reduce the vector
population, resulting in a reduction in disease burden.
The current study had a limitation in that no sibling species identification by PCR analysis was performed for the
Anopheles larvae identification.

Conclusion
The risk of P. falciparum infection was linked to residency in
the lakeshore zone, school-going age, living in mud houses,
rainy season, and not using ITNs. Adult Anopheles abundance, on the other hand, was linked to landscape zones
and seasonality. Furthermore, high larval densities were predicted by landscape of the lakeshore and hillside zones, animal hoof prints, and tire truck larval habitats, wetland and
pasture land, as well as the wet season. The highest abundances of Anopheles larvae were found in drainage ditches
and manmade ponds. Anopheles funestus and An. arabiensis
were the most abundant adult vectors across the study zone
landscape. Understanding the larval habitats of malaria vectors and reducing their availability is critical for malaria control and elimination through the implementation of target
specific environmental management interventions, which
can significantly reduce malaria burden.
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