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Summary An entomological study on vectors of malaria and their relative contribution to Plasmodium falciparum

transmission in the semi-urban area of Ifakara, south-eastern Tanzania, was conducted. A total of 32

houses were randomly sampled from the area and light trap catches (LTC) performed in one room in each

house every 2 weeks for 1 year. A total of 147 448 mosquitoes were caught from 789 LTC; 26 134

Anopheles gambiae s.l., 615 A. funestus, 718 other anophelines and 119 981 culicines. More than 60% of

the total A. gambiae s.l. were found in five (0.6%) LTCs, with a maximum of 5889 caught in a single trap.

Of 505 A. gambiae s.l. speciated by polymerase chain reaction, 91.5% were found to be A. arabiensis.

Plasmodium falciparum sporozoite enzyme-linked immunosorbent assay tests were performed on 10 108

anopheles mosquitoes and 39 (0.38%) were positive. Entomological inoculation rate (EIR) estimates

were generated using a standard method and an alternative method that allows the calculation of

confidence intervals based on a negative binomial distribution of sporozoite positive mosquitoes.

Overall EIR estimates were similar; 31 vs. 29 [95% confidence interval (CI): 19, 44] infectious bites per

annum, respectively. The EIR ranged from 4 (95% CI: 1, 17) in the cool season to 108 (95% CI: 69, 170)

in the wet season and from 54 (95% CI: 30, 97) in the east of the town to 15 (95% CI: 8, 30) in the

town centre. These estimates show large variations over short distances in time and space. They are all

markedly lower than those reported from nearby rural areas and for other parts of Tanzania.

keywords Plasmodium falciparum, Tanzania, entomological inoculation rate, transmission intensity,

Anopheles arabiensis, A. gambiae

Introduction

The entomological inoculation rate (EIR) estimates the

level of exposure to Plasmodium falciparum-infected

mosquitoes and is the most favoured measure for assessing

malaria endemicity and transmission intensity (Burkot &

Graves 1995). EIR assessments may be particularly useful

when estimating the effect of efforts to reduce human–

vector contact. This is an important component of malaria

control in many endemic countries is through the use of

insecticide treated materials – mosquito nets and curtains –

or residual household spraying. Different levels of trans-

mission have been linked to different age and clinical

disease patterns, the public health relevance of which has

been debated in recent years (Snow et al. 1997). The level

of transmission has also been correlated with the multi-

plicity of infection (Arnot 1998) and may be a key factor in

the spread of drug-resistant parasites (Hastings & D’A-

lessandro 2000). Near the area in which this study was

conducted, possible associations between EIR and both

multiplicity of infection (Fraser-Hurt et al. 1999) and

morbidity (Smith et al. 1998) have been suggested.

The EIR is classically derived from the density of man-

biting anopheline mosquitoes, the sporozoite rate within that

mosquito population and the human blood index. The

human biting catch (HBC) is considered the most accurate

method for assessing man-biting rates, although this tech-

nique has serious ethical and logistic constraints. Light trap

catches (LTC) and pyrethrum spray catches (PSC) represent

viable alternatives and have been evaluated against HBC

(Lines et al. 1991a; Mbogo et al. 1993). Apart from practical

considerations, an additional problem with EIR calculations
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is an inability to estimate their precision. This means that

sample size calculations are not possible and makes it

difficult to extrapolate the results of malaria intervention

studies to other sites on the basis of intensity of transmission.

A recent review of EIR estimates in Africa found marked

heterogeneity in malaria risk across the continent (Hay

et al. 2001). The majority of EIR estimates were from rural

areas with an overall mean of 146 infectious bites per

person per year (ib/p/y) (range 0–884). In contrast,

estimates from more ‘urban’ areas had a mean of

14 ib/p/year (range 0–43). The review showed Tanzanian

EIR estimates to be amongst the highest recorded (mean

367 ib/p/year, range 94–667), although none of these was

from an urban area (Hay et al. 2001).

Our study was designed to provide an EIR estimate for

Ifakara town, the setting for various malaria research studies

in the past 5 years (Menendez et al. 1997; Hatz et al. 1998;

Acosta et al. 1999; Schellenberg et al. 1999, 2001). An EIR

estimate of approximately 300 ib/p/y from Namawala,

some 30 km away, has been used to describe the endemicity

of the trials setting (Smith et al. 1993). This figure is similar

to other estimates from a number of villages around the

town of Ifakara (Tanner et al. 1986; Lyimo 1993; Charl-

wood et al. 1998). However, a study of Anopheline malaria

vectors in Ifakara town itself in 1965 suggested an overall

EIR of only 21–24 ib/p/year (Freyvogel & Kihaule 1968). It

may well be that the intensity of transmission in Ifakara

town is rather lower than in the surrounding villages,

possibly because of fewer and more marginalized breeding

sites, reducing the number of mosquitoes. This paper reports

an alternative approach to the estimation of the EIR from

the semi-urban setting of Ifakara town.

Materials and methods

Study site and mosquito sampling

The town of Ifakara lies in the flood plain of the Kilombero

Valley at approximately 36�41¢ east and 8�8¢ south; the

region has an average altitude of 270 m and an annual

rainfall range of 1200–1800 mm. Malaria is the foremost

health problem reported through the health services and

perceived by the local population (Tanner et al. 1991).

Ifakara town covers an area of approximately 15 km2.

This EIR estimate was confined to an area bounded by the

Lumemo River to the west, rice fields to the south and east,

and by the ward boundary to the north. A self-weighting

sample was chosen as follows: the households within the

town are allocated among Balozis (traditionally an indi-

vidual responsible for a group of 10 houses, although in

reality ranging from seven to 23) a list of which was

obtained from the local council offices. The town area was

arbitrarily divided into three zones: town centre (1), east

(2) and south (3). In the town centre, habitation is denser

and the majority of houses are of more substantial

construction, there is relatively little cultivated land and

few trees. The southern zone is less densely populated with

large numbers of mature trees and farming of maize,

cassava and beans. The eastern zone is the most sparsely

populated area and borders on the rice cultivation area.

Balozis were randomly sampled, based on the total

number within each area. Each selected Balozi was visited

and a list of the heads of households obtained. A single

household was selected randomly from each chosen Balozi

and visited to assess suitability for inclusion in the study.

Households were included if consent was obtained and

insecticide was not used in the house either on walls or

mosquito nets. One room was selected in each house. For

sampling of Balozis and households, three alternative

choices were randomly made in case of refusal or unsuit-

ability of the first or subsequent choices.

Mosquito catches were performed in each room once

every fortnight over a period of 1 year. Mosquitoes were

caught using standard Centre for Disease Control light

traps (CDC, Atlanta, GA, USA) hung from the ceiling at

the foot end of the bed (Mboera et al. 1998). The owner of

the house was provided with a new untreated net for the

LTC room. Traps were set by trained staff and run for 12 h

from 7.00 p.m. Mosquitoes were collected each morning,

Anopheles gambiae s.l. separated from A. funestus, both

counted and then stored in separate tubes with silica gel.

Other anophelines and culicine mosquitoes were counted

and then discarded.

Additional data

Each house in the study was assessed in terms of its

structure and proximity to mosquito breeding sites. Study

houses were mapped using a hand-held GPS unit (Garmin

GPS 12, GARMIN International, Olathe, KS, USA) and

distances between each house and the St Francis Designated

District Hospital (SFDDH) were calculated using the

Haversine formula (Sinnott 1984). A simple weather station

was established at Ifakara Health Research and Develop-

ment Centre to record temperature and rainfall daily.

Laboratory analysis

After catching and counting, mosquitoes were stored on

silica gel at room temperature. Mosquitoes sampled for

speciation (see below) were split into two tubes with

abdomen for speciation and head and thorax for

P. falciparum circumsporozoite protein (CSP) by enzyme-

linked immunosorbent assay (ELISA).
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CSP ELISA. It was not possible to assay all mosquitoes by

ELISA. As such a large proportion came from five LTCs,

ELISAs were run on a sample of mosquitoes from each of

these catches. The rationale was that these high mosquito

density LTC were the result of waves of emergence of

nulliparous adults, as described previously (Charlwood

et al. 1995a), and these mosquitoes would be uninfected.

The CSP ELISA was performed as described previously

(Wirtz et al. 1987; Collins et al. 1988a) with mosquitoes

assayed individually. Wells were considered positive when

the optical density exceeded the mean + 3 SD of a set of 12

negative controls on the same plate (four P. berghei infected

A. stephensi, four P. yoelli infected A. stephensi and four

uninfected A. gambiae). In each plate, four A. gambiae

infected with P. falciparum were used as positive controls.

A. gambiae speciation. Each LTC was categorized to one of

nine space-time points, according to zone and season of

collection, and a target sample of 100 mosquitoes randomly

selected from each. The sample size was chosen assuming a

1:1 ratio in A. gambiae sibling species between A. gambiae

s.s. and A. arabiensis with 10% variation. In some space-

time points, <100 mosquitoes were collected, so the total

number of mosquitoes speciated was 567. DNA from

A. gambiae s.l. individual specimens was extracted from the

abdomen or wings according to Collins et al. (1988b).

Samples were identified to species following a protocol

described in Pinto et al. (1997).

Entomological inoculation rate estimation

The EIR was estimated including a conversion factor for

LTC vs. man biting catches of 1.605, as described by Lines

et al. (1991a), without allowance for the number of

occupants per room. Two approaches were used to

calculate the overall annual EIR, with subsequent estimates

calculated by area and season: 1. standard method, i.e.

1.605 · (no. of sporozoite positive Elisas/no. of mosqui-

toes tested) · (no. of mosquitoes collected/no. of

catches) · 365; 2. alternative method, i.e. 1.605 · (no. of

positive Elisas/no. of catches) · 365.

The former approach, being the product of the sporozoite

rate and the man-biting rate, is the standard approach and

assumed that mosquitoes caught in the five large mosquito

catches, but not assayed by ELISA, were sporozoite-negat-

ive. This assumption is implicit in the latter approach which

also assumes that the vast majority of mosquitoes were

assayed. The second approach has the advantage that CIs

can be calculated around the resulting EIR estimates.

A comparison of the observed frequencies of sporozoite-

positive mosquitoes with those predicted by Poisson and

negative binomial distributions (Table 1) showed that the

negative binomial distribution produced the better fit and

this was used for the subsequent analysis. Analysis was

performed in STATA (version 6: TX, USA) and standard

commands used to assess the effect of clustering within LTC

houses. This produced similar CIs as the cluster-unadjusted

analysis and only the former estimates are presented.

Ethics

Ethical permission for the study was obtained from the

local ethical committees in Ifakara and the National

Institute for Medical Research.

Results

Climatic data and vector abundance

Rainfall and mean monthly minimum and maximum

temperature for the year is shown in Figure 1; no data were

available for the first month of the study (March 1999)

from our source, although other local sources recorded a

Table 1 Table comparing observed

numbers of sporozoite-positive mosquitoes

in light trap catches (LTC) with those

expected, assuming negative binomial and
Poisson distributions

No. of sporozoite-

positive mosquitoes
in LTC

No. of times
observed

No. of times expected

with negative
binomial distribution

No. of times

expected with
Poisson distribution

0 761 761.1 751.0
1 21 20.6 37.1

2 5 4.9 0.9

3 0 1.5 0.02

4 2 0.5 0.00
‡5 0 0.3 0.00

Total 789 789 789

Chi-squared 5.62 on three degrees

of freedom�,�
21 435.96�

� Some expected values are <5 hence chi-squared test invalid.

� Unlikely to be significantly different from observed numbers.
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figure of 405 mm (C. Golding, Kilombero Valley Teak

Company, Tanzania). The year was subsequently divided

into seasons (see footnote to Figure 1). May was classified

as wet season because of the large amount of surface water

despite low rainfall.

The 32 households in which traps were set and their

position relative to SFDDH are shown in Figure 2. Of 832,

789 (95%) LTCs were included in the final analysis, with

operator error and battery malfunction, the main reasons

for exclusion. A total of 26 134 A. gambiae, 615

A. funestus, and 119 981 culicine mosquitoes were caught.

Other anophelines, about 718, were caught (A. pharoensis,

A. coustani, A. squamosus and A. zimini) which were

found in all zones in the first 4 months of the study,

coinciding with the rains.

Anopheles gambiae were caught in 264 of 789 (33.5%)

LTCs and there were only two houses in which no mosquito

of this species was caught during the study. Of all A.

gambiae caught, 60% (15 462) came from five LTCs

in households in the eastern zone; four of these catches

came from two households in consecutive LTCs. Anopheles

funestus was found in 125 of 789 traps (15.8%). They were

most prevalent in LTC immediately following the rainy

season with a maximum of 99 caught in one trap. Culicine

mosquitoes were caught in 734 of 789 traps (93%) and

were consistently high in the eastern zone throughout the

year. Figure 3 shows the breakdown of mosquito density of

LTC for each species of mosquito by season.

Laboratory analysis

CSP ELISA. A total of 10 108 mosquitoes were tested for

the presence of P. falciparum sporozoites in the salivary

glands of which 39 (0.39%) were positive. Three of 621

(0.48%) A. funestus were sporozoite positive. No spor-

ozoite-positive mosquitoes were collected in 16 of 32

(50%) of the houses, although 10 sporozoite-positive

mosquitoes were caught in one house alone. Of 39, 33

(85%) infected mosquitoes were caught during the wet

season. The proportion of CSP-positive mosquitoes was

lowest during the rains (0.34%) and maximal (3.28%) in

the hot season. All 369 samples assayed from the five high

mosquito density LTC were negative for CSP.

A. gambiae speciation. Of 567, 505 (89%) mosquitoes

selected were successfully speciated by polymerase chain

reaction (PCR). Of these 462, 505 (91.5%) were typed

as A. arabiensis. None of the 45 mosquitoes typed as

A. gambiae s.s were sporozoite-positive nor were they

associated with any particular season or zone.

Entomological inoculation rate estimation

Data from both methods used are presented in Table 2.

The column in the table for the number of mosquitoes

tested by ELISA includes the number actually assayed by

ELISA and the large number of mosquitoes not tested but

assumed to be nulliparous and therefore negative (Lines

et al. 1991b; Charlwood et al. 1995b). The overall esti-

mates of 31 for the standard method and 29 ib/p/year

(95% CI: 19, 44) for the alternative method was obta-

ined. Seasonal effects were reflected by a maximal EIR of

108 ib/p/year (95% CI: 69, 170) in the wet season and a

minimum of four (95% CI: 1, 17) in the cool season.

Estimates were also spatially distinct, the lowest estimate

found in the town centre 15 ib/p/year (95% CI: 8, 30) and

the highest in the east 54 ib/p/year (95% CI: 30, 97).

Household factors

Data on mosquito abundance for both vector and non-

vector species and EIR estimates were categorized into

tertiles and tested for associations with various internal and

external household features using Fisher’s exact test. Of the

factors investigated, houses within 50 m of a ‘shamba’

(a cultivated area) (P ¼ 0.015), near to a permanent water

pool (P ¼ 0.027) and owning chickens (P ¼ 0.013) were

all associated with higher catches of anopheline vectors.

When analysed for an association with EIR estimates, these

factors were of borderline significance (P range 0.051–

0.085), although houses with windows larger than 0.6 m2

had EIR in the highest tertile (P ¼ 0.022) (data not shown).
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Figure 1 Meteorological information by month during the study

period: open bars correspond to rainfall (in millimetres) on

lefthand y-axis, -n- mean monthly minimum temperature and

-m- mean monthly maximum temperature on the right hand x-axis.
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Discussion

This paper describes a year-long entomological study of

malaria vectors in the semi-urban area of Ifakara, southern

Tanzania. Overall EIR estimates of 31 and 29 infectious

bites per person per annum were generated using two

different methods. The advantage of the second method is

that it allows the calculation of CIs. This is complicated in

the standard method, as the man-biting rate and the

sporozoite rate are not independent of each other: an

inverse association over time is expected between spor-

ozoite rate and population density, as observed in this

study and others (Charlwood et al. 1995a). Hence an

estimate of the covariance of these terms is necessary to

generate a CI around the EIR figure. The second method

assumes that ELISA results are available for all mosquitoes

caught in a light trap. These represent the numerator and

denominator of the man-biting rate and sporozoite rate,

respectively, and as such cancel each other out in calcu-

lation. In our data set we have 25 256 ELISA results

(including those from the five large LTCs which we
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Figure 3 Graph showing the number of light trap catches

with 51+ j, 6–50 , 1–5 and 0 h mosquitoes for vector

and non-vector species by season in the study area.
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assumed to be negative) and 26 759 mosquitoes from LTC,

i.e. results for 94% of mosquitoes. In any study, it is

unlikely that the number of catches used to calculate an

EIR will fully represent the total number of person nights

within a village and therefore the calculation of CIs allows

the estimate to be placed in context. Sample size calcula-

tions can also be made on the basis of the expected CI,

which may be particularly important in areas of low

endemicity where vector densities (and sporozoite

positivity) are low.

The speciation data strongly implicate A. arabiensis as the

principal malaria vector in Ifakara town. This species has

been described previously in detail in a nearby rural area

(Charlwood et al. 1995a,b). Pertinent to this study, the

investigators described a high proportion of A. arabiensis in

a large number of nulliparous females trapped in LTC

immediately after rain, high human blood index in blood-fed

A. arabiensis and a range of sporozoite rates. A recent

study from Northern Tanzania has shows that A. arabiensis

has a memorized home range and that mosquitoes tend to

return to the same houses to feed (McCall et al. 2001).

This might also have contributed to the clustering of malaria

transmission even within a relatively small town. In this

study more than one quarter (10 of 39) of sporozoite-

positive mosquitoes were collected in one house and in

half the houses, no infected mosquitoes were found.

In 1965, Freyvogel and Kihaule (1968) estimated an EIR

of 21–24 ib/p/year for Ifakara, which is very similar to the

estimate from this study. However, the earlier result was

based on relatively few mosquitoes caught in PSC and

visual examination of the salivary glands, and is thus likely

to be an underestimate. Ifakara is a district town in rapid

transition characterized by increases in population, quality

of housing and availability of goods. These goods are

very likely to include mosquito control and protection

methods, in demand because of nuisance mosquitoes which

our data show are present in large numbers all year round.

There has also been an active social marketing programme

distributing insecticide treated mosquito nets (Armstrong

Schellenberg et al. 2000). It may therefore be that

increasing ‘urbanization’ has caused a decrease in trans-

mission intensity, but we were unable to confirm this.

EIR estimates for the rural sites close to Ifakara have

suggested the region is highly endemic for malaria (Tanner

et al. 1986; Lyimo 1993; Smith et al. 1993; Charlwood

et al. 1998) although our data suggest that this may not be

the case for the town itself. Whilst not statistically signifi-

cant, the estimate for the town centre is less than that for the

eastern side of the town. This presumably reflects distance

from breeding sites with houses in the town centre further

from these sites. Analysis of household data, whilst limited,

supports this by showing that an increased density of malaria

vectors and EIR were associated with proximity to farmland

or ‘shambas’ and permanent water collections. These

findings are in accordance with observations from other

studies in the same area showing an increasing incidence of

clinical malaria as distance from the hospital increased

(Acosta et al. 1999; Schellenberg et al. 2001). The phe-

nomenon has also been described in an urban area in

Mozambique, where the EIR decreased by 50% every 90 m

moved further away from breeding sites (Mendis et al. 2000)

and, in Kenya, where protection from severe malaria was

correlated with higher surrounding population density, a

surrogate for urbanization (Snow et al. 1999). The

contrast in our estimates and those 10-fold higher from the

rural areas 10–30 km away will be due to a variety of factors.

These are expected to be primarily decreased because of

proximity to breeding sites, increased human density and

Table 2 Entomological inoculation rate (EIR) estimates for Ifakara town by zone and by season

Category

No. of mosquitoes

caught

No. tested

by ELISA�
No. sporozoite-

positive

Proportion sporozoite

positive

EIR standard

method�
EIR alternative

method (95% CI)§

Season
Wet 26 228 24 758 (94%) 33 0.0013 114.4 108.0 68.7–169.9

Cool 387 375 (96.9%) 2 0.0053 4.4 4.3 1.1–17.0

Hot 134 123 (91.8%) 4 0.0325 7.6 6.9 1.9–25.3

Zone
Town 3310 3175 (95.9%) 8 0.0025 15.8 15.1 7.6–30.2
South 2574 1939 (75.3%) 8 0.0041 27.2 20.5 7.1–59.4

East 20 865 20 142 (96.5%) 23 0.0011 55.8 53.9 29.8–97.4

Overall 26 749 25 256 (94.4%) 39 0.0015 30.7 28.9 19.0–44.2

� Includes data from five light trap catches in which large numbers of mosquitoes were caught (15 462) but not assayed on the
assumption they were nulliparous.

� Standard method: 1.605 · (no. of sporozoite-positive Elisas/no. of mosquitoes tested) · (no. of mosquitoes collected/no. of

catches) · 365.

§ Alternative method: 1.605 · (no. of positive Elisas/no. of catches) · 365.
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dilution of the infectious reservoir, higher quality housing

and greater coverage of mosquito nets in the urban setting.

A consistent finding in the two Ifakara town-based

studies was the marked seasonal change in estimates, both

reporting the highest number of sporozoite-positive mos-

quitoes and EIR in the wet season. The overall EIR from

our study was within the range of estimates from urban

sites in Africa (0–43), although the wet season figure (108)

shows that, at times, malaria transmission is as intense as

in more rural settings (Hay et al. 2001). However, taken

together, the Ifakara studies suggest a likely difference in

EIR estimates from areas in close proximity to each other

and with differing patterns of land use.

The highest EIR estimate was 108 ib/p/year in the wet

season, corresponding to more than one infectious bite per

night for this season. In contrast, the transmission intensity

in the cool and hot seasons were significantly lower and

equates to approximately one infectious bite per month.

Interestingly, hospital admissions for malaria peak after

the wet season (Freyvogel & Kihaule 1968; Guinovart

2001). A possible explanation is that clinical attacks are

caused by infections with new clones generated from

increased sexual recombination of the parasite

(Ofosu-Okyere et al. 2001), although the data are also

consistent with seasonal changes in access to preventive

and curative health services.

In summary, we have used a novel approach to the

calculation of the EIR which enables an assessment of the

CI surrounding the estimate. This approach may facilitate

comparison of different EIR estimates and can be used as a

basis for rational sample size calculations for entomologi-

cal studies. This study has also shown that A. arabiensis

was the principal vector of P. falciparum transmission in

the semi-urban setting of Ifakara and that the intensity of

transmission was rather lower than in the more rural

surrounding areas. This helps to set in context a number of

recent malaria intervention studies.
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