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Abstract

in rural Tanzania.

Background: The goal of malaria elimination necessitates an improved understanding of any fine-scale geographic
variations in transmission risk so that complementary vector control tools can be integrated into current vector
control programmes as supplementary measures that are spatially targeted to maximize impact upon residual
transmission. This study examines the distribution of host-seeking malaria vectors at households within two villages

Methods: Host-seeking mosquitoes were sampled from 72 randomly selected households in two villages on a
monthly basis throughout 2008 using CDC light-traps placed beside occupied nets. Spatial autocorrelation in the
dataset was examined using the Moran'’s / statistic and the location of any clusters was identified using the
Getis-Ord Gi* statistic. Statistical associations between the household characteristics and clusters of mosquitoes
were assessed using a generalized linear model for each species.

Results: For both Anopheles gambiae sensu lato and Anopheles funestus, the density of host-seeking females was
spatially autocorrelated, or clustered. For both species, houses with low densities were clustered in the semi-urban
village centre while houses with high densities were clustered in the periphery of the villages. Clusters of houses
with low or high densities of An. gambiae s.|. were influenced by the number of residents in nearby houses. The
occurrence of high-density clusters of An. gambiae s.I. was associated with lower elevations while An. funestus was

also associated with higher elevations. Distance from the village centre was also positively correlated with the
number of household occupants and having houses constructed with open eaves.

Conclusion: The results of the current study highlight that complementary vector control tools could be most
effectively targeted to the periphery of villages where the households potentially have a higher hazard (mosquito
densities) and vulnerability (open eaves and larger households) to malaria infection.

Background

The frontline vector tools deployed in the battle against
malaria transmission are long-lasting insecticidal nets
(LLINs) and indoor residual spraying (IRS) [1,2]. These
tools are highly effective and their use has led to a sig-
nificant reduction of transmission in many parts of
Africa, including places that were historically holoendemic
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[3-6]. In response to such success, the international com-
munity has now prioritized regional and national malaria
elimination, with a long-term goal of malaria eradication
[7]. However, vector control that solely targets insecticides
to the inside of houses is unlikely to be sufficient to achieve
elimination [8]. Thus there is a need for complementary
vector control tools to target a range of alternative stages in
the mosquito cycle, such as the larval stage, mating or
sugar feeding. Such complementary tools will target specific
ecosystems and understanding the fine-scale geographic
variations in Anopheles mosquitoes and transmission risk
will enable tools to be developed and effectively integrated
into current vector control programmes. This need for
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detailed geographic research has been highlighted by recent
literature demonstrating that malaria transmission is highly
heterogeneous across the landscape [9-12].

Changes in malaria transmission risk can be measured
by the entomological inoculation rate (EIR) [13,14],
which is the product of the anopheline biting rate and
the proportion of infectious females (sporozoite rate).
With regard to the anopheline biting rate, household-
level characteristics have been demonstrated to influence
biting rates, such as the number of occupants, screened
windows, closed eaves or ceilings [15-17]. Further, some
level of geographic clustering has been observed where
houses closest to breeding sites tend to experience
higher adult biting rates [10,12,18-21] which is sup-
ported with mathematical modelling [9]. However, in peri-
urban or rural situations where houses are spread over
large distances (many kms) and often inter-dispersed with
larval habitats, the heterogeneity of anopheline biting rates
may be influenced by household characteristics in addition
to distance from the nearest breeding site. Understanding
the spatial clustering of anopheline biting rates at the
household level is important because households are the
focal point of many predictive malaria models and, most
importantly, are perhaps the easiest of targets for delivery
of vector control measures through either vertical or hori-
zontal delivery strategies.
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The current study therefore examines the geographic
relationships of anopheline host-seeking patterns at a
household and village level in East Africa. The null hy-
pothesis tested was that the adult biting rate would be
randomly distributed across the households within vil-
lages. For this analysis, household-level characteristics
(elevation, the number of occupants, closed eaves, the
presence of bed nets, and distance from the village
centre) were taken into account.

Methods

Study area

The study was conducted in the neighbouring villages of
Namawala and Idete, located in the Kilombero Valley
(8.1°S and 36.6°E), south-eastern Tanzania (Figure 1).
These communities experience hyperendemic malaria
transmission; primarily vectored by large populations of
Anopheles gambiae sensu lato. In this area, this species
complex has been historically represented by the two
morphologically identical sibling species: Anopheles gam-
biae sensu stricto and Anopheles arabiensis [10,24] but it
should be noted that the proportional contribution of the
former has been dramatically reduced following scale up
of LLINs in the area [24,25]. A third, locally important
vector species is Anopheles funestus sensu stricto. The
ecosystem is dominated by a low-lying river valley, 150
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Figure 1 Kilombero and Ulanga districts (8.1°S and 36.6°E) in Tanzania showing Namawala and Idete villages (left) and spatial
distribution of sentinel houses used for sampling the local anopheline population (right).
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km long and up to 40 km wide, which is interdispersed
with villages and rice farms. Annual rains (December
to May) create large quantities of ephemeral aquatic
habitat suitable for An. gambiae s.. oviposition and
larval development. Both villages have semi-urban
town centres with many people also residing in the
rural farming regions on the outskirts (Idete =1,229
and Namawala =767 households). Idete village has
been constructed in a slightly more elevated area com-
pared with Namawala (Figure 1). There are subtle cul-
tural differences between the villages, with more
pastoral farmers residing in Namawala; for example,
during 2008, there were 306 head of cattle in Idete and
6,667 in Namawala [24].

Mosquito population sampling

Seventy-two households were randomly selected for mos-
quito sampling in both villages using census information
from the Ifakara Health Institute (IHI) Demographic Sur-
veillance System (Figure 1). For each household, the loca-
tion and elevation was recorded using a handheld GPS
unit (eTrex, Vista, Garmin Inc, USA). The distance of each
household from the village centre was calculated using
ArcGIS 10 software (ESRI, Redlands, CA, USA). Addition-
ally, the physical structure of the eave openings was
recorded directly by observation. The use of bed nets
(either LLINSs or insecticide-treated nets [ITNs]) and
the number of household occupants was recorded dur-
ing a one-time survey of all household heads.

Each house was visited once a month (six houses/day,
four days/week and three weeks/month) over a period of
12 months (January to December 2008). Mosquitoes
were collected inside each house using one CDC light
trap for 12 hours (7 pm to 7 am) [26]. The light trap, fit-
ted with an incandescent bulb, was placed 1-1.5 m
above the floor and close to the feet of an LLIN occu-
pant [27]. The LLIN used was provided to each partici-
pating household by the study team (Olyset, A to Z
Textile Mills Ltd, Tanzania). Although permethrin-
treated bed nets exhibit modest excito-repellency, they
have surprising little effect on the relative efficiency of
light traps when compared with untreated bed nets
[28,29]. Traps were inspected each morning and all mos-
quitoes were morphologically identified to species com-
plex or group and classified by sex [30]. The sibling
species identity of the An. gambiae sl. complex was
identified using PCR [31]. For both An. gambiae s.l. and
An. funestus, any specimens that contained sporozoites
in the salivary glands were identified using ELISA [32].
Owing to the large number of female mosquitoes caught
per trapping effort (up to approx 1,500), separate ran-
dom subsamples, each averaging approximately 10% of
the total in each trap, were used for molecular analysis.
In cases where the catch was less than 10 females,

Page 3 of 11

molecular analysis was conducted for all individuals.
Prior to molecular analysis, mosquitoes were stored at
-20°C in micro centrifuge tubes containing a small
amount of silica drying agent. The age structure of the
An. gambiae sl. population was estimated using parity
dissections on a subset of the samples caught [33].

Spatial and statistical analysis

The spatial and statistical analyses were conducted for
An. gambiae s.). and An. funestus. Regarding An. gam-
biae s.l., the ratio of An. arabiensis to An. gambiae s.s.
was examined with a binomial GLMM with a categorical
explanatory variable for week and adjusted for multiple
comparisons with Dunnett’s test.

The spatial patterns in the dataset were analysed using
the geographical information systems software ArcGIS 10
with Spatial Analysis and Statistical Tools (ESRI, Red-
lands, CA, USA). To assess any spatial patterns over time,
the 12-month sampling period was broken into four time
periods: January to February, March to April, May to June
and July to December [24]. The time periods were selected
to reflect the temporality of the system where the mos-
quito densities undergo large fluctuations during the wet
season (January to June; thus three divisions) with less
variation during the dry season (July to December; thus
one division). For each month, one light trap sample was
collected from each household; to enable spatial analysis
with each household being a point of interest, the total
number of mosquitoes collected from all trapping efforts
(within the specified time frame) were summed.

Initially, the spatial patterns of An. gambiae s.. and An.
funestus densities within the two villages were mapped.
Next any spatial autocorrelation patterns, i e, clustered, dis-
persed, random, were analysed using the Moran’s [ statistic
[34]. Sequentially, the localities of clustered households
with high or low anopheline densities were identified using
the Getis-Ord Gi* statistic [35]. Statistically significant (at a
level of 0.05) clusters of households with high densities of
anophelines were identified with Z scores >1.96, or vice
versa, clustered households with low densities of anophe-
lines were identified with Z scores < -1.96. For all spatial
analyses, the spatial relationship among houses was con-
ceptualized using the inverse distance, which is most ap-
propriate for continuous point datasets because closer
houses have larger influences on the computations for each
target house than houses that are further away. Also, the
distance between neighbouring features was calculated
using the Euclidean distance and were run separately for
each village.

Next, any association between the location of anoph-
eline clustering and household characteristics was
investigated. In Namawala and Idete, there was a clear
socio-economic gradient from the semi-urban centres
towards the rural village outskirts, and thus there were
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potential correlations between the household charac-
teristics with distance from the village centre. The correl-
ation of household characteristics, which were ordinal
data (the number of occupants and the number of bed
nets per person), was investigated using Pearson’s correl-
ation coefficient. The presence of eaves was a binary factor
(open or closed), and the correlation of this parameter
with distance was investigated with a generalized linear
model (GLM) with a binomial distribution and a logit link
function. Sequentially, statistical associations between the
household characteristics and clusters of mosquitoes were
assessed using a GLM for each species. To account for
spatial autocorrelations, the GLM was run with the Getis-
Ord Gi* Z Score as the dependent factor and with a nor-
mal distribution. The independent factors incorporated in
the model were: elevation (m), the presence of eaves, the
number of occupants, the number of bed nets per person
and distance from the village centre (m). Interaction terms
were included for any correlated independent variables.
This analysis was conducted using R statistical software
(ver.2.14.2).

Ethics

Ethical approval for the study was obtained from the IHI
Institutional Review Board (IHRDC/IRB/No. A-32) and
the Medical Research Coordination Committee of the Na-
tional Institute for Medical Research (NIMR/HQ/R.8a/
Vol. IX/764) in Tanzania. When the study commenced,
permission was obtained from each household owner
who, after consenting, signed an informed consent form
stating their willingness to participate in the study.

Results

During the 12-month, mosquito-sampling period,
1,648 light-trap nights of sampling were conducted. A
total of 97,437 female mosquitoes were caught. Of
these mosquitoes, 30.9% (n = 30,111) were An. gambiae
s.l, comprising 85.8% Anopheles arabiensis and 14.2%
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An. gambiae s.s. (n=2,924 PCR amplifications). The
remaining mosquitoes were 2.0% An. funestus (n=1,950),
62.0% Culex spp (n = 60,442), 2.4% Mansonia spp (n = 2,302)
and 2.7% other species including Aedes and Coquillettidia
spp (1 =2,605). The ratio of An. arabiensis to An. gambiae
s.s. remained constant throughout the study (binomial
GLMM, p >0.05, Figure 2). Therefore the detailed spatial
analysis was conducted for the species complex overall.
The average number of An. gambiae sl. per light-trap
night was 18.3+2.3 and for An. funestus was 1.2+0.1.
The parity rate was only calculated for An. gambiae s.l.
and the portion of the population that were parous was
43% (397/916).

Extremely high densities of An. gambiae sl. occurred
during the wet season, especially during March to April;
whereas the density of An. funestus was relatively con-
sistent throughout the year (Figure 3 and [24]). Mapping
the spatial patterns of An. gambiae s.l. and An. funestus
densities indicated that households with high or low
densities of anophelines tended to be closer together
(Figure 3) and this was confirmed with the Moran’s /
spatial analysis. For both An. gambiae s.1. and An. funes-
tus, the existence of spatial autocorrelation, or clustering,
of host-seeking densities was evidenced with positive z
scores (Table 1). Specifically for An. gambiae s.l., cluster-
ing was evident in Namawala during all time periods, ex-
cept May to June, and was significant overall. For An.
gambiae sl. in Idete, clustering was only significant during
July to December. With regard to An. funestus, clustering
was significant in both villages during all time periods, ex-
cept March to April, and was significant overall. The age
structure (parity) of An. gambiae sl. and houses with
sporozoite positive An. gambiae sl. and An. funestus spe-
cimens were randomly distributed across the landscape
(Table 2). Thus, the biting rate was the only component of
the EIR which demonstrated any spatial autocorrelation,
this is supported by Magbity and Lines [28]. The localities
of high and low clusters of anopheline densities were
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Figure 3 Spatial distribution of Anopheles gambiae s.l. and Anopheles

funestus densities over time in Namawala and Idete villages.

Note: Scale represents the total number of mosquitoes caught in all light trap sampling efforts for each household.

identified with the Z scores computed by Getis-Ord Gi*
(Figure 4). For An. gambiae s.1., there were nine house-
holds with high densities and 46 with low densities.
For An. funestus, there were seven households with
high densities and 96 with low densities.

The influence of household characteristics on the
localities of anopheline clustering was sequentially
investigated (Table 3). The independent household
characteristics that were correlated with distance

from the village centre were: number of occupants
(t=2.662; p=0.0087), elevation (t=-4.535 p=
<0.0001) and eaves (z=2.883; p=0.0039) (see Figure 5).
The mean distance of houses with open eaves to the
centre of the village was 1,881 m, while the mean dis-
tance of houses with closed eaves was 629 m. The total
number of bed nets owned by each household was not
correlated with distance from the village centre (t=
0.440; p = 0.6604).
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Table 1 Moran’s | spatial autocorrelation indices for
Anopheles gambiae s.l. and Anopheles funestus densities
over time in Namawala and Idete villages

Village An. gambiae s.I. An. funestus

and. Moran’s | z score pvalue Moran's!/ zscore p value

period

Namawala
Jan-Feb 01020 48227 <0.0001 0.0907 43113  <0.0001
Mar-Apr 0.1938 100408 <0.0001 00357 22961 0.0216
May-Jun 00504 30473 00023 00973 53326 <0.0001
Jul-Dec 01776 91759 <0.0001  0.1820 93558  <0.0001
OVERALL  0.2007 103218 <0.0001 0.1583 8.1020  <0.0001

Idete
Jan-Feb  -0.0089 06351 05254 00147 3.4600 0.0005
Mar-Apr  —-0.0268 -1.5062 0.1320 —0.0033 1.2696 0.2042
May-Jun  —-00026 13920 0.1639 00249 40918 <0.0001
Jul-Dec 0.0279 46912 <0.0001 0.0428  6.1554  <0.0001
OVERALL —0.0228 -1.1972 02312 00440 64620 <0.0001

The multivariate GLM examining the association be-
tween household characteristics and clustering of mos-
quitoes found that distance from the village centre
significantly influenced the occurrence of anopheline
clusters (Table 4, Figure 6). For both An. gambiae sl
and An. funestus, houses with low densities were clus-
tered in the semi-urban centre of Idete and Namawala,
and there was almost no variability in the location of
these low-density clusters over time. Conversely, houses
with high densities of An. gambiae s.l. and An. funestus
were clustered in the rural outskirts of both villages.
There was some seasonal variability in the locality of the
high-density clusters. Broadly, households located to-
wards the periphery of each village had a higher chance

Table 2 Moran’s | spatial autocorrelation indices for the
sporozite positivity and parity of Anopheles gambiae s.l.
and Anopheles funestus specimens collected in Namawala
and Idete villages

Moran’s | Z score p value

Sporozoite positive - An. gambiae s.l.

Namawala 0.0176 15925 0.1113

Idete —-0.0049 -0.9838 03252
Sporozoite positive — An. funestus

Namawala® NA NA NA

Idete -00128 03168 0.7514
Parity — An. gambiae s.l.

Namawala -0.0162 01216 0.9032

Idete 0.0058 13514 0.1766

? No sporozoite positive An. funestus were detected in Namawala village.
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of being located with a cluster of households that had
higher densities of anophelines.

With regard to the remaining household characteris-
tics, the occurrence of An. gambiae sl. clusters was
also associated with elevation and the number of occu-
pants; both of these factors interacted with distance
from the village centre (Table 4). Elevation was nega-
tively associated with clusters. Notably households with
high densities of An. gambiae sl. occurred in the
south of Namawala, being on the flood-plain and in
close association with larval habitats (Figure 5). The
number of occupants in a household was positively
associated with high An. gambiae sl. densities. It is
important to note that households with higher num-
bers of occupants were generally clustered outside of
the semi-urban centres (Figure 5). For An. funestus,
elevation also significantly influenced the location of
clusters and the influence of this factor interacted with
distance from the village centre. The influence of this
interaction can be seen in Figure 6: the high-density
houses have diverged from the general pattern for dis-
tance from the village centre.

Interestingly, the number of bed nets/person was not
associated with the spatial clustering of either An. gam-
biae s.. or An. funestus. This occurred because the bed
nets were fairly evenly distributed across the landscape
with minimal or no evidence of clustering (Figure 5).
This represents the equity of the national bed net distri-
bution system as it operated in the Kilombero Valley
[36] and nationally [37]. The nets represented various
distribution schemes and 46.8% of nets in use were
either LLINs or had been treated within 1 year (for
more detail see [24]).

Discussion

Previously, models have demonstrated that the propor-
tion of mosquitoes that are infectious is influenced by
the age structure of the population. Specifically, the
highest proportion of positive mosquitoes was modelled
to be in localities with older mosquitoes, usually being
the middle of villages and away from breeding sites [9].
This study did not find any statistical evidence for spatial
clustering of the age structure of mosquitoes or the lo-
calities where sporozoite-infected, host-seeking female
mosquitoes were caught. Consistent with other studies
[38], of the two factors which comprise EIR (biting rate
and sporozoite rate), only the biting rate expressed
strong spatial heterogeneity. This study, along with the
published literature [9-12] indicates that host-seeking
mosquito densities are clustered and thus the risk of
malaria infection at a household level is relatively more
similar for close-by neighbours and not necessarily simi-
lar to the risk experienced by households further away
but still situated in the same village. Such heterogeneous
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Figure 4 Spatial clustering of Anopheles gambiae s.l. and Anopheles funestus densities over time in Namawala and Idete villages. Note:
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clustering of anopheline densities within villages
[23,39,40] has usually been associated with the proximity
to larval sites at this fine-scale level [12,18-21].

The number of household occupants positively
influenced the densities of An. gambiae sl.. This is
supported by previous research demonstrating that
the number of household occupants does influence
mosquito densities at an individual household level
[15]. Thus the combined body odour of the many
occupants may have attracted more mosquitoes to the
area [41,42] and caused the host-seeking mosquitoes
to aggregate [9]. In the current study, houses with
more occupants, and also open eaves, tended to occur

towards the periphery of the villages where higher
densities of anophelines were also observed. Both the
number of occupants and house construction are
proxy indicators of socioeconomic status [43,44] and
both have previously been associated with increased
malaria risk [15,18,21,40,45,46]. Thus, this study
demonstrates that as households are located towards
the periphery of each village there is a gradient of in-
creasing hazard (mosquito densities) and vulnerability
(open eaves and larger households) which coincide in
parallel from the village centre moving outwards.

For An. gambiae s.., there was some mild variation in
the locality of the high density clusters over time. This is
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Table 3 The mean characteristics of households that were
in clusters of high or low densities of Anopheles gambiae
s.l. and Anopheles funestus

Cluster mean®

Species Factor Low High

An. gambiae s.l. Elevation (m) 286 264
Eaves — Closed 23.94% 11.12%
Occupants 356 5.77
Bed nets/person 061 044
Distance® (m) 536 4355

An. funestus Elevation (m) 284 286
Eaves — Closed 31.25% 0.00%
Occupants 457 3.28
Bed nets/person 0.59 063
Distance® (m) 564 3770

Clusters of households with high densities of anophelines were identified
with Z scores >1.96, or vice versa, clustered households with low densities of
anophelines were identified with Z scores < —1.96.

PThe distance of each household from the village centre was calculated using
ArcGIS software (ESRI, Redlands, CA, USA).
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most likely related to the ephemeral nature of larval
habitats that changed drastically throughout the year. In
the Kilombero Valley, the occurrence of An. gambiae s.l.
larval sites is closely related to elevation: the flood plain
occurs at lower elevations where the gradient of the land
is gentler and water is able to pool and form larval sites,
being one of the most influential factors associated with
the location of high-density clusters [47]. For An. funes-
tus, the localities of high-density clusters were localized
with little spatial-temporal variability, as such it is plaus-
ible that the locality of the high clusters was related to
the availability of larval sites. Especially since the larvae of
An. funestus utilize large permanent or semi-permanent
vegetated aquatic habitats such as stream pools and
swamps [48]. For both An. gambiae s.l. and An. funestus,
the locality of low-density clusters was consistent over
time and may have been influenced by the closing of
household eaves in the low-density clusters. The elevation
of the study houses varied by less than 100 m (lowest
house: 244 m; highest house: 334 m), thus it is unlikely
that the temperature or relative humidity experienced by
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Figure 5 The spatial clustering of Anopheles gambiae s.l. and Anopheles funestus densities computed over each month in 2008. As well
as the elevation profile, distribution of houses with closed/open eaves, and the spatial clustering of the number of household occupants and the
number of LLINs per person. Note: The blue end of the scale represents clustering of households with low mosquito densities, where the red end
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Table 4 Multivariate statistical comparison of household
factors with clustering of Anopheles gambiae s.l. and
Anopheles funestus densities

Species Factor B SE p
An. gambiae Elevation (m) -0032 0013 00152*
sl Eaves - Closed -0806 0013 0.1421
Occupants 0376 0084 <0.0001*
Bed nets/person 0411 0552 04581
Distance from centre (m) 0.003 0001 0.0413*
Distance from centre (m) X <0001 <0.001 0.0065*
Elevation (m)
Distance from centre (m) X 0.001 <0.001  0.0149*
Eaves — Closed
Distance from centre (m)x  <-0.001 <0.001  0.0008*
Occupants
An. funestus Elevation (m) -0058 0015 <0.0001*
Eaves — Closed 0026 0475 09622
Occupants -0.089 0074 02293
Bed nets/person -0241 0481 06169
Distance from centre (m) —-0.011 0001 <0.0001*
Distance from centre (m)x ~ <0.001 <0.001 <0.0001*
Elevation (m)
Distance from centre (m)x  <-0.001 <0.001  0.8498
Eaves — Closed
Distance from centre (m)x  <-0.001 <0.001 06153

Occupants

The association of anopheline clusters (Getis-Ord Gi* Z Score) with household
factors was compared with a generalized linear model (GLM) with a normal
distribution.

individual houses varied greatly; even though these factors
are known to influence the distribution of vectors at
broader scales [47,49].

Apart from the LLINs that were provided to the study
houses to comply with ethical protocols, LLINs and
other bed nets were fairly evenly distributed across
the landscape and therefore did not contribute to
within village spatial clustering of anopheline dens-
ities. Nonetheless, the distribution of LLINs has
impacted on the community-wide transmission in the
villages by reducing the host-seeking density, sporozo-
ite rate and the EIR of the anopheline populations
overall [24]. Particularly in this study area, the scale-
up in LLINs has seen a dramatic reduction in the
density of vectors which feed indoors during the mid-
dle of the night, such as An. gambiae s.s. [24,25].
Consequently, any residual transmission is maintained
by mosquitoes which express exophagic feeding beha-
viours, such as An. arabiensis, which can feed out-
doors at dusk or dawn [25,50,51]. Thus exists a need
for complementary vector control interventions to
help further suppress malaria transmission by target-
ing stages of the mosquito cycle, other than indoor
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Figure 6 Scatter plots comparing the spatial clustering of
Anopheles gambiae s.l. and Anopheles funestus densities with
distance from the village centre. Spatial clustering is represented
by the species specific Getis-Ord Gi* Z Score calculated for each
household; clusters of households with high densities were
identified with Z scores >1.96 (shaded area at top), or vice versa,
clustered households with low densities of anophelines were
identified with Z scores < —1.96 (shaded area at bottom).

biting, such as the larval stages, mating or sugar feed-
ing [22]. The results of the current study highlight
that such complementary vector control tools could
be most effectively targeted to the periphery of vil-
lages where the households potentially have a higher
hazard (mosquito densities) and vulnerability (open
eaves and larger households) to malaria infection.
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