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Abstract. Malaria transmission by anopheline mosquitoes was studied in a traditional tank-irrigation–based rice-
producing village in the malaria-endemic low country dry zone of northcentral Sri Lanka during the period August
1994–February 1997. Adult mosquitoes were collected from human and bovid bait catches, bovid-baited trap huts,
indoor catches, and pit traps. Mosquito head-thoraces were tested for the presence of Plasmodium falciparum and P.
vivax, and blood-engorged abdomens for the presence of human blood by ELISAs. House surveys were done at two-
day intervals to record cases of blood film–confirmed malaria among the villagers. A total of 7,823 female anophelines
representing 14 species were collected. Trends in anopheline abundance were significantly correlated with rainfall of
the preceding month in An. annularis, An. barbirostris, An. subpictus, An. vagus, and An. varuna, but were not
significant in An. culicifacies and An. peditaeniatus. Malaria parasite infections were seen in seven mosquito species,
with 75% of the positive mosquitoes containing P. falciparum and 25% P. vivax. Polymorph PV247 was recorded
from a vector (i.e., An. varuna) for the first time in Sri Lanka. Computations of mean number of infective vector
(MIV) rates using abundance, circumsporozoite (CS) protein rate, and human blood index (HBI) showed the highest
rate in An. culicifacies. A malaria outbreak occurred from October 1994 to January 1995 in which 45.5% of village
residents experienced at least a single disease episode. Thereafter, malaria incidence remained low. Anopheles culi-
cifacies abundance lagged by one month correlated positively with monthly malaria incidence during the outbreak
period, and although this species ranked fifth in terms of abundance, infection was associated with a high MIV rate
due to a high CS protein rate and HBI. Abundance trends in other species did not correlate significantly with malaria.
It was concluded that An. culicifacies was epidemiologically the most important vector in the study area.

Anopheles culicifacies Giles (species B of Green and
Miles1) was long regarded as the only malaria vector in Sri
Lanka following its incrimination in the 1920s.2,3 However,
recent field studies have produced evidence of the involve-
ment of several other anopheline species in malaria trans-
mission, based on ELISAs to detect the circumsporozoite
protein (CS) of Plasmodium vivax and P. falciparum, the
only malaria parasite species that are currently known to be
present in Sri Lanka.4–8 This has led to some confusion re-
garding the true field vector status of these different anoph-
eline species that have been incriminated by ELISA. The
overall relative contribution of different local anopheline
species to transmission has been quantified,7 but there have
been no studies that link temporal trends in vector population
and transmission dynamics to trends in human malaria to
clarify which species are of real significance in initiating and
maintaining transmission. One of the factors that compli-
cates such an approach is the highly unstable nature of ma-
laria in Sri Lanka, where the case load has fluctuated from
150,000 to 400,000 cases per year during the present decade
(Anti-Malaria Campaign of Sri Lanka, unpublished data),
and foci of the disease shift spatially virtually from year to
year.

Studies on epidemiologic entomology relating to malaria
in Sri Lanka have been concentrated in rural habitats asso-
ciated with modern irrigation development projects such as
the Mahaweli Project,4,5,8 or in village habitats in the south-
ern part of the island.6,7 Vector bionomics and transmission
parameters have not been studied in traditional tank-based
villages that still form a substantial small-scale irrigation net-
work in the rice-producing low country dry zone of Sri Lan-
ka. Recently, a multidisciplinary study on the ecology and
socioeconomic impact of malaria was initiated in such an
area located within the Huruluwewa watershed in the North-
central Province of the island. Studies relating to the eco-

nomic costs of malaria and the population dynamics of im-
mature stages of anopheline mosquitoes have already been
published.9–11 The present paper seeks to clarify the role of
vector anophelines in malaria transmission in a typical vil-
lage within the watershed.

MATERIALS AND METHODS

Study area. The study was done in the village of Maha-
meegaswewa situated in the 41,950 hectares watershed area
of the Huruluwewa Reservoir (capacity 5 7,500 hectares) in
northcentral Sri Lanka. Details of the layout and climate of
the study area have been presented previously.9 Briefly, the
village (area 5 163 hectares) consisted of 58 homes, a pri-
mary school, Buddhist temple, rice fields, and stabilized
chenas (i.e., cleared scrub-forest areas where nonirrigated
subsidiary crops were cultivated). Irrigation water for rice
cultivation was obtained from two small reservoirs (known
locally as tanks) located within the village area. The Yan
Oya stream defined the western boundary of the village. In
total, 309 people occupied the village at the start of the
study. Mahameegaswewa is one of several purana (ancient)
villages located within the degraded forest of the watershed,
each with its own cascade of small tanks, which are consid-
ered to be remnants of a tank-based rice irrigation system
dating back 1,000–2,000 years.

The study area was situated within the low country dry
zone of Sri Lanka, with an annual rainfall of 600–1,000 mm.
The patterns of rainfall recorded at Mahameegaswewa vil-
lage, and temperature and humidity recorded at the nearest
meteorologic station at Mahailluppallama (30 km distance)
during the study period are presented in Figure 1.

Scientific and ethical review of the research protocol was
carried out within the International Irrigation Management
Institute. Malaria prophylaxis and mosquito-proof tents for



422 AMERASINGHE AND OTHERS

FIGURE 1. Climatic conditions in the study area during the period August 1994–February 1997. Rainfall (bars) was measured in the village
of Mahameegaswewa, Sri Lanka. Temperature (TEMP) (broken lines) and relative humidity (RH) (solid line) values were obtained from the
nearest weather station at Mahailluppallama, 30 km away. Max. 5 maximum; Min. 5 minimum; T 5 temperature.

sleeping were provided to all field personnel. Village resi-
dents were not used in mosquito catches. Informed consent
was obtained from project staff who participated in mosquito
bait collections.

Mosquito collections. Adult mosquitoes were collected at
two-week intervals from August 1994 to February 1997 us-
ing the following five methodologies. 1) Outdoor human bait
catches (HBC) were made using a two-person team aspirat-
ing landing/biting mosquitoes from 6:00 PM to midnight
working in relays of 2-hr duration. 2) Outdoor cattle bait
catches (CBC) were made using a two-person team aspirat-
ing landing/biting mosquitoes from a tethered cow from
6:00 PM to midnight working in relays of 2-hr duration. 3)
Cattle-baited trap hut (TRH) catches were made using a cat-
tle bait tethered within each of 2–3 huts (3 3 3 3 3 m)
constructed from coconut thatch, leaving a gap of 6 cm
around the bottom for the entry of mosquitoes. The bait an-
imal was placed in the trap hut at 6:00 PM and trapped mos-
quitoes were collected by aspiration at 5:30 AM the next
morning. Care was taken to ensure that trap huts were not
treated with insecticide during the study period. 4) Indoor
resting catches (IRC) were made using two-person teams
aspirating mosquitoes for 15 min from 15 randomly selected
dwelling houses between 6:00 AM and 10:00 AM. 5) Pit trap
catches (PTC) were made in six pits (1.5 3 1.5 3 1.5 m)
dug at selected sites within the village area and covered over
by woven coconut thatch leaving a 5-cm gap for mosquito
entry. Mosquitoes were aspirated from these traps at 6:00
AM and 6:00 PM on each collection day. Details of the meth-
odologies used have been published previously.4,5,12 Both
HBC and CBC were restricted to the first half of the night

due to hazards associated with the study area being located
close to a civil war zone within Sri Lanka. However, this
limitation would not have significantly biased anopheline
catches, since previous studies in Sri Lanka have shown that
65–85% of the host-seeking females of the species collected
herein bite before midnight.13,14

Collected anopheline mosquitoes were anesthetized using
chloroform and identified to species in the field using taxo-
nomic keys.15 All intact females were air-dried, transported
to the laboratory at the University of Peradeniya, and re-
checked for taxonomic identification. Head-thoraces were
separated from abdomens and both were stored separately
for immunologic assays.

Immunologic tests. Monoclonal antibody–based ELISAs
were used to detect CS proteins of P. vivax and P. falcipa-
rum.16 Test details have been previously reported.4 Positivity
on initial and confirmatory testing was determined on the
basis of a clear visual signal (green coloration with 2,2’-
azino-bis-3-ethylbenz-thiazoline-6-sulfonic acid [ABTS]
substrate) together with a minimum optical density value
that was at least three times greater than the mean negative
control value. Quantitative results are presented as a CS pro-
tein positive rate, calculated as the proportion of head-tho-
races tested that were positive for CS protein.

Human and bovid blood in the abdomens of mosquitoes
collected by IRC and TRH catches was detected using a
sandwich ELISA based on that of Chow and others.17 The
assay was developed for a panel of seven hosts (human,
bovine, cat, dog, pig, chicken, and rat) with homologous and
heterologous controls to obtain a species-specific assay. For
both assays, a heavy and light chain–specific polyvalent an-
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TABLE 1
Anopheline mosquitoes collected by different methods at Mahameegaswewa

Collection effort* HBC 635 CBC 694 IRC 450 TRH 354 PTC 351 Total (%)

An. aconitus
An. annularis
An. barbirostris
An. culicifacies
An. jamesii
An. maculatus
An. nigerrimus
An. pallidus
An. peditaeniatus
An. pseudojamesii
An. subpictus
An. tessellatus
An. vagus
An. varuna
Unidentified (damaged)

3
7
1
4
7
2
1
0
6
1
0

36
13
6
0

1
101
120

3
419

0
53
11

400
0

96
194

4,516
158
78

0
0
0

28
0
0
0
0
0
0

76
2
0
2
0

34
4

24
364
93

0
22

7
95

1
127
110
162
420

9

0
0
1
0
1
0
0
0
0
0
1
1
2
0
0

38 (0.49)
112 (1.43)
146 (1.87)
399 (5.10)
520 (6.65)

2 (0.03)
76 (0.97)
18 (0.23)

501 (6.40)
2 (0.03)

300 (3.83)
343 (4.38)

4,693 (59.99)
586 (7.49)

87 (1.11)
Total 87 6,150 108 1,472 6 7,823 (100)

* HBC 5 human bait catch; CBC 5 cattle bait catch; IRC 5 indoor resting catch; TRH 5 cattle-baited trap huts; PT 5 pit trap catch. Values are Human-hour for HBC, CBC, and IRC;
trap-nights for TRH; and no. of trap collections for PTC.

tibody was used as the capture antibody and a heavy chain–
specific polyvalent antibody was used as the conjugate (re-
agents obtained from Kirkegaard and Perry, Gaithersburg,
MD). A full panel of controls was used in each assay to
ensure the specificity of the result. Casein/bovine serum al-
bumin was used as the blocking buffer for the human blood
assay and all non-bovid controls, and only casein was used
for the bovid assay. Positivity on initial and confirmatory
testing was determined on the basis of a clear visual signal
(green coloration with ABTS substrate) together with a min-
imum optical density value $ 3 times the mean of the neg-
ative and heterologous control values. Quantitative results
are presented as a human blood index (HBI) calculated as
the proportion of abdomens tested that were positive for hu-
man blood protein.

Human malaria. From September 1994 to February
1997, all households in the village of Mahameegaswewa
were visited every other day by one of two trained assistants
from the study area. A malaria case was recorded if the
patient or a close family member reported an episode of
malaria, which had been confirmed positive for malaria par-
asites by Giemsa-stained thick blood film examination at a
government hospital, western-type private health facility, or
at the village level malaria treatment facility introduced to
the area in May 1996. The information collected by the as-
sistants was cross checked twice or three times per month
by the investigators.11 To minimize the reporting of relapses
as fresh cases, patient records at the three nearest hospitals
(at Kekirawa, Habarana, and Yakalla towns), as well as at
the village level treatment center, were cross-checked. A re-
currence of infection within two weeks of the original in-
fection was considered to be a relapse, and not recorded as
a new case. To minimize any bias caused by transmission
outside the village, we also omitted cases where a person
had spent a night outside the village during the previous two
weeks.

Data analysis. Anopheline temporal abundance trends are
presented as monthly mean numbers of females per trap-
night or human-night, depending on the collection method
at which each species was predominant. Because only small

numbers within individual anopheline species were collected
from HBC, a direct measure of the number of bites per hu-
man per night could not be obtained. Thus, vectorial capacity
(VC) and entomologic inoculation rate (EIR) based on the
number of bites per human per night were not estimated.
Trends in mean monthly anopheline abundance showed a
significant positive correlation among HBC, CBC, and TRH
catches (Spearman’s correlation coefficient; P , 0.05), while
IRC showed a significant positive correlation with TRH
catches and a nonsignificant positive correlation with HBC
and CBC. Thus, we combined data from these four collec-
tion methods and calculated an approximation of EIR by
multiplying mean species abundance per collection-night
over the entire study period by the overall species-specific
CS protein rate to estimate the mean number of infective
vectors per collection-night. This value was multiplied by
the species-specific HBI to estimate the mean number of
infective vectors (MIV) that would have inoculated humans
per collection night. For comparisons with the monthly pat-
tern of human malaria, MIV computations were based on
monthly values for species abundance per collection night,
the species-specific CS protein rate, and the species-specific
HBI. Thus, only those species that were both sporozoite and
human blood positive within a particular month’s collection
were considered to have contributed to transmission in that
month.

RESULTS

Mosquitoes. A total of 7,823 female anopheline mosqui-
toes representing 14 species were collected (Table 1). Direct
CBC and TRH catches were the most productive collection
methods. Only trivial numbers were collected from pit traps.
Anopheles tessellatus Theobald, An. vagus Dönitz, An. sub-
pictus Grassi, and An. varuna Iyengar predominated at HBC,
CBC, IRC, and TRH catches, respectively. Overall, An. va-
gus was overwhelmingly the most numerous, followed by
An. varuna, An. jamesii Theobald, An. peditaeniatus Leices-
ter, and An. culicifacies (Table 1).

Temporal trends in anopheline abundance (Figure 2B and
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FIGURE 2. Human malaria in relation to relative abundance of
malaria-infected anopheline species in Mahameegaswewa, Sri Lanka
during the study period. A, monthly human malaria incidence; B,
anopheline species most abundant at bovid-baited trap hut collec-
tions; C, anopheline species most abundant at direct bovid-bait
catches. Numbers within C are peak abundance levels for Anopheles
vagus. ANSU 5 An. subpictus; ANVR 5 An. varuna; ANCU 5
An. culicifacies; ANPE 5 An. peditaeniatus; ANBR 5 An. barbi-
rostris; ANVG 5 An. vagus; ANAN 5 An. annularis.

TABLE 2.
Malaria infections and human blood index in anopheline mosquitoes as detected by ELISA*

Circumsporozoite protein

No. tested
No. positive

for PV
No. positive

for PF CSP rate†

Blood meal assay

No. tested HBI‡ MIV 3 1,000§

An. aconitus
An. annularis
An. barbirostris
An. culicifacies
An. jamesii
An. nigerrimus
An. peditaeniatus
An. subpictus
An. tessellatus
An. vagus
An. varuna
Other spp.

27
103
132
378
477

64
479
252
309

4,592
491

13

–
–
–
1
–
–
–
1
–
1
3
–

–
1
2
3
–
–
4
1
–
7
1
–

–
0.010
0.015
0.011

–
–

0.008
0.008

–
0.002
0.008

–

28
4

20
242

70
19
79

189
100

76
363

–

–
–
–

0.095
–

0.052
0.025
0.016
0.050
0.013
0.008

–

–
–
–

0.772
–
–

0.198
0.076

–
0.229
0.074

–
Total 7,317 6 19 0.003 1,190 0.032

* PV 5 Plasmodium vivax; PF 5 P. falciparum.
† Circumsporozoite infection rate calculated as the proportion CS protein positive among those tested from all field collection methods.
‡ Human blood index calculated as the proportion human blood positive among those tested from indoor resting catches and cattle-baited trap huts only.
§ Mean number of infective vectors per collection night computed as outlined in the Materials and Methods.

C) were not correlated with rainfall, temperature, and hu-
midity. However, when monthly rainfall data were lagged by
one month with respect to monthly mosquito abundance data
(to make allowances for rain-related breeding habitats to
generate adult mosquitoes), significant positive correlations
were seen for An. annularis van der Wulp (Spearman’s r 5
0.48, P 5 0.007), An. barbirostris van der Wulp (r 5 0.49,
P 5 0.006), An. subpictus (r 5 0.41, P 5 0.03), An. vagus
(r 5 0.41, P 5 0.03) and An. varuna (r 5 0.50, P 5 0.004).
Correlations were not significant in the case of An. culici-
facies (r 5 0.12, P 5 0.54) and An. peditaeniatus (r 5 0.32,
P 5 0.09).

Sporozoite rates and human blood indices in mosqui-
toes. Head-thoraces of 506 of the 7,823 female anophelines
collected were not tested due to specimen damage or loss
on storage. Twenty-five (0.3%) of 7,317 tested head-thoraces
were positive for malaria parasite CS protein (Table 2). Most
(19 of 25, 76.0%) of the positive mosquitoes contained P.
falciparum and the rest (6 of 25, 24.0%) contained P. vivax.
Seven species were infected, with the highest sporozoite
rates in An. barbirostris, An. culicifacies, and An. annularis.
Despite An. vagus being the species with the most ELISA-
positive samples, its CS protein rate was significantly lower
than that of An. barbirostris (x2 5 5.4, degrees of freedom
[df] 5 1, P 5 0.02), An. culicifacies (x2 5 7.9, df 5 1, P 5
0.005), An. peditaeniatus (x2 5 5.4, df 5 1, P 5 0.02), and
An. varuna (x2 5 5.2, df 5 1, P 5 0.02). All other compar-
isons of the CS protein rate between species were not sig-
nificant. Both parasite species (though not in the same in-
dividual mosquito) were carried by An. culicifacies, An. sub-
pictus, An. vagus, and An. varuna, and only P. falciparum
was carried by An. annularis, An. barbirostris, and An. ped-
itaeniatus. It is noteworthy that all three P. vivax-positive
An. varuna were of the VK-247 polymorph, while the other
P. vivax-positive mosquitoes (An. culicifacies, An. subpictus,
and An. vagus) were of the PV-210 type.

Abdomens of 374 of 1,564 female anophelines collected
from IRC and TRH catches were discarded due to their be-
ing unfed or fed but damaged after collection. Thirty-eight
(3.2%) of 1,190 abdomens in seven of 11 tested species were



425MALARIA VECTORS IN SRI LANKA

FIGURE 3. Temporal pattern of A, ELISA-based sporozoite de-
tections in anopheline mosquitoes and B, malaria incidence in Ma-
hameegaswewa, Sri Lanka in relation to species-specific rates of
mean infective vectors per collection night (MIV). Abbreviations of
the species names are as given in Figure 2.

human blood-positive (Table 2). The highest HBI was seen
in An. culicifacies and the lowest in An. varuna. The HBI
of An. culicifacies was significantly higher than that of An.
peditaeniatus (P 5 0.041, by Fisher’s one-tailed exact test),
An subpictus (P 5 0.002, by Fisher’s one-tailed exact test),
An. vagus (P 5 0.015, by Fisher’s one-tailed exact test), An.
varuna (x2 5 22.1, df 5 1, P , 0.0001). The HBI of An.
tessellatus was significantly higher than that of An. varuna
(P 5 0.016, by Fisher’s one-tailed exact test). All other com-
parisons of HBI between species were not significant. Con-
current bovid blood was detected in 14 of 38 human-positive
samples overall (36.8%), involving An. culicifacies (4 of 23
human-positive samples), An. nigerrimus (1 of 1 human-pos-
itive samples), An. peditaeniatus (1 of 2 human-positive
samples), An. subpictus (2 of 3 human-positive samples), An.
tessellatus (3 of 5 human-positive samples), and An. varuna
(3 of 3 human-positive samples). Thus, human-bovid mul-
tiple feeding was a common phenomenon among anophe-
lines in the study area.

Despite being ranked fifth in terms of overall abundance,
An. culicifacies was first in terms of MIV due to the high
HBI and CS protein rate (Table 2). The most abundant spe-
cies, i.e., An. vagus, ranked second, An. peditaeniatus third,
An. subpictus fourth, and An. varuna fifth, respectively, in
terms of MIV.

Human malaria and vector dynamics. Trends in malaria
incidence in the study population (Figure 2A) are shown in
relation to the abundance patterns of anopheline species im-
plicated in malaria parasite carriage (Figure 2B and C). A
malaria outbreak occurred during the period October 1994–
January 1995, in which 134 (45.5%) of 294 village residents
experienced at least a single disease episode. Thereafter, the
malaria incidence remained at a relatively low level, with a
moderate seasonal increase during the latter part of 1996.

During the 12-month period when outbreak malaria oc-
curred (i.e., September 1994–August 1995), monthly malaria
incidence and An. culicifacies abundance lagged by one
month (to allow time for transmission and human infection
to develop) and showed a significant positive correlation
(Spearman’s r 5 0.89, P , 0.001). A similar analysis done
for the 12-month period March 1996–February 1997 when
malaria transmission was again evident in the study area also
showed a positive correlation with An. culicifacies (r 5 0.78,
P 5 0.003). Corresponding analyses with other Anopheles
species did not produce any significant positive correlations.
The trends in malaria and anopheline species abundance
over the entire duration of the study period were not signif-
icantly correlated primarily due to the virtual absence of the
disease during seasonal anopheline abundance peaks be-
tween September 1995 and February 1996 (Figure 2).
Monthly malaria incidence during the study period was not
significantly correlated with monthly rainfall (Spearman’s r;
P . 0.05) either when compared directly or after lagging
malaria figures by 1–2 months in relation to rainfall.

The inoculation potential varied sharply within the study
period: when monthly MIVs of individual species were
summed, the total MIV 3 1,000 value was 35.6 for the pe-
riod September 1994–August 1995 (244 malaria cases),
compared with 9.4 for the period September 1995–August
1996 (26 malaria cases). Figure 3A shows the species tem-
poral distribution of sporozoite ELISA-positive specimens in

tested mosquitoes, and Fig. 3B shows the corresponding
monthly MIV and malaria incidence values. A high MIV
was associated with An. culicifacies during the onset of the
malaria outbreak in October 1994 (Figure 3B). Lower MIVs
associated with low levels of human malaria were seen dur-
ing months when An. peditaeniatus, An. subpictus, and An.
varuna were involved in transmission. Other malaria-infect-
ed species containing human blood were not detected (An.
annularis and An. barbirostris) or did not feed on humans
in the same months in which they were malaria-infected (An.
vagus); thus, the monthly MIVs were zero.

DISCUSSION

Because of the short recall period (1–2 days) and the
heavy emphasis on blood film examination at government
clinics, the survey methodology used to monitor human ma-
laria in the study area provided accurate data on disease
incidence. However, it did not provide a means to assess the
relative prevalence of P. vivax and P. falciparum since peo-
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FIGURE 4. Relationship between Anopheles culicifacies immature form abundance in the Yan-Oya stream in Sri Lanka (ANCU-IM, ex-
pressed as mean number of immature forms per dip per sample 3 1,000), adult abundance at bovid-baited trap huts (ANCU-AD, expressed
as mean number of females per trap-night 3 10), and malaria incidence (number of cases) during the period July–December 1994 when a
malaria outbreak occurred. (Note: data for immature form abundance were taken from Amerasinghe and others9).

ple were often uncertain of the parasite species identification
made by blood film examination at treatment centers they
visited. An indication of relative parasite prevalence is avail-
able from two mass blood surveys carried out at the study
village in September and December 1994, which showed
that 26 (74.3%) of 35 detected malaria infections were due
to P. falciparum and nine (25.7%) of 35 to P. vivax (Amer-
asinghe PH, unpublished data). Matching this high human
incidence, only P. falciparum was detected from mosquitoes
during the August 1994–November 1995 period of the pres-
ent study (n 5 11 positive mosquitoes). Subsequently, the
incidence of P. vivax incidence increased: sporozoite detec-
tions in mosquitoes showed 42.9% to be P. vivax and 57.1%
P. falciparum (n 5 14 positive mosquitoes) between Decem-
ber 1995 and February 1997. Data from a village clinic es-
tablished in May 1996 showed a similar trend of increasing
incidence of P.vivax in humans in the study village, with
55.0% P. vivax and 45.0% P. falciparum (n 5 20 cases)
from May 1996 to February 1997 (Amerasinghe PH, unpub-
lished data).

The unstable nature of malaria in Sri Lanka was clearly
demonstrated in the village of Mahameegaswewa during this
study, with an outbreak occurring in late 1994–early 1995,
and substantially lower disease incidence for two years
thereafter. This was reflected in a sharp decrease in MIV
values during this period. Such temporal fluctuations in vec-
tor inoculation rates have occurred at the village level in
malaria hyperendemic regions in Africa,18 but since the over-
all inoculation rate is roughly 103 times greater than in Sri
Lanka, a high incidence of the disease occurs nonetheless.
The major malaria vector control measure used in Sri Lanka

is indoor house spraying conducted by the Anti-Malaria
Campaign, generally on a trimester schedule. While it is
noteworthy that this regular spray regimen did not prevent
the malaria outbreak in late 1994 in our study area, the sub-
sequent sharp decrease in disease incidence could have been
due to the switch from the decade-long usage of malathion
(last used in July 1994 in our study village) to newer insec-
ticides such as sumithion (from late 1994 to early 1996) and
fenitrothion (from mid 1996 onwards). A contributing factor
could have been the reduced availability during 1995–1997
of breeding habitats for An. culicifacies, the species with the
highest MIV in the study area, due to the water flow dynam-
ics in one of its main breeding habitats, namely, the Yan
Oya stream (Amerasinghe FP, unpublished data).

Overall, the pattern of malaria was most closely associated
with the population dynamics of An. culicifacies. Adult
abundance trends in this species were unrelated to rainfall
since the major breeding habitats in the study area were
stream bed and tank bed pools that were available before
the onset of the monsoon rains.9 The relationship between
this species and malaria was of a classical nature during the
outbreak period in 1994, when An. culicifacies immature
form dynamics in the nearby Yan Oya stream (reported pre-
viously by Amerasinghe and others9) were combined with
adult dynamics and malaria at Mahameegaswewa village
(Figure 4). The succession of peaks corresponding to im-
mature form abundance in the nearby stream, adult abun-
dance and malaria in the village, together with the high MIV
values (Table 2, and Figure 3B) associated with this species
leave no doubts as to its epidemiologic importance. A sim-
ilar conclusion was reached by Dewit and others at a site in
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the intermediate zone of Sri Lanka, based on adult popula-
tion dynamics and vectorial capacity determinations.19

Six other anopheline species were implicated in malaria
parasite transmission in our study area. With the exception
of An. peditaeniatus, abundance trends in the these species
were related to rainfall since they bred mainly in rain-gen-
erated habitats.9 Anopheles peditaeniatus bred in habitats
generated by both rainfall and irrigation water,9 and thus its
abundance trends did not correlate significantly with rainfall.
All of these species except An. peditaeniatus have been im-
plicated in malaria parasite carriage in previous studies in
Sri Lanka.4,7,8 Anopheles peditaeniatus is reported infected
with P. falciparum for the first time locally, following a sim-
ilar report from Thailand.20 Sporozoites of the VK247 poly-
morph of P. vivax carried by An. varuna also are reported
for the first time in Sri Lanka. However, this is not the only
species capable of carrying the parasite strain, since An. sub-
pictus has also been shown to be infected elsewhere on the
island (Amerasinghe PH, unpublished data). Serologic evi-
dence for VK247 infection in humans in Sri Lanka has also
been reported.21 It is evident that previous ELISA studies4–8

that used only the PV-210 polymorph would have underes-
timated the CS protein rates of P. vivax in Sri Lankan anoph-
elines and thereby the VC and EIR estimates based on these
rates.

While some or all of these species may have contributed
to malaria transmission, it is clear from the present study
that the initiation of noteworthy levels of transmission was
associated primarily with An. culicifacies. This was espe-
cially evident in August–October 1994 when this species
was the only anopheline found in significant numbers in the
study area (Figure 2). In 1996, an increase in malaria was
also observed when this species became abundant in May–
July 1996. In both instances, the species was infected with
malaria parasites, as determined by ELISA. The other six
infected anopheline species could be considered to assist in
maintenance transmission, especially of P. falciparum, in
which recrudescence through parasite dormancy in humans
is not known to occur. Anopheles subpictus already has been
shown to be a secondary vector of malaria in Sri Lanka,
capable of carrying both parasite species.5,7 This species, An.
peditaeniatus, and An. varuna were implicated in the rela-
tively low level of malaria transmission that occurred during
late 1995–mid 1996 in the present study (Figure 3B). Sea-
sonally highly abundant, outdoor dusk biting species such as
An. vagus and An. peditaeniatus, in particular, could have an
impact on the maintenance of P. falciparum at the substan-
tial levels (20–30% of the infections) seen in Sri Lanka over
the past decade. However, there is at present no published
evidence of any of these species causing outbreak malaria
in Sri Lanka in the absence of An. culicifacies. Using a com-
plex mathematical formulation, Mendis and others7 have
evaluated the relative contribution of different anopheline
species to malaria transmission in southern Sri Lanka, but
their study did not take detailed temporal patterns of abun-
dance or transmission potential into account, and thus does
not provide a clear insight into the species that are respon-
sible for initiating transmission. Transmission indices com-
puted on ELISA-based sporozoite determinations assume
that positive head-thoraces are indicative of salivary gland
infections, and thus that the CS protein rate reflect infectiv-

ity. However, this may not always be the case since CS pro-
teins in the thorax may be detected even when sporozoite
infections abort before reaching the salivary glands.22 Thus
ELISA-based indices could overestimate true infectivity and
may also incriminate species that are, in fact, not transmitters
in the field. This could well be a factor in Sri Lanka, where
in a situation of unstable malaria and low transmission rates,
ELISA studies have incriminated a large number of anoph-
eline species.4–8 As the present study shows, parasite infec-
tion in many of these species could not be clearly linked to
human malaria. The increasing ELISA-based evidence of
multispecies involvement in transmission4–8 has resulted in
some confusion among local vector control personnel re-
garding target species and control strategies. The findings of
the present study that both the initiation of significant levels
of transmission and high transmission potential to humans
were associated primarily with An. culicifacies indicates that
the primary target should still be this species, though other
vectors may enhance or maintain transmission depending on
local abundance trends.

It is well established that south Asian anophelines are
mainly zoophagic in their feeding habits.23 In the present
study, 625 human-hours produced only 87 human biting
anophelines. Only four An. culicifacies were collected at
these catches, although this species was the most anthropo-
phagic anopheline in the area with 9.5% of engorged female
abdomens containing human blood. This contrasts with a
previous report of 35% human feeding in a sample of
;1,000 An. culicifacies using a gel diffusion test (Abhaya-
wardena TA, Anti-Malaria Campaign of Sri Lanka, unpub-
lished data). The HBI of An. culicifacies s. l. varies tempo-
rally and spatially in India, and this is partly attributed to
seasonal changes in sibling species population dynamics.24

This is unlikely in Sri Lanka, where only sibling species B
of An. culicifacies occurs.25 However, HBIs are likely to be
biased by collection methodology: those based mainly on
catches from human dwellings generally have higher human
blood rates than samples from bovid-baited catches.24 Un-
fortunately, there seems to be no satisfactory unbiased meth-
ods of collecting engorged female anophelines in large num-
bers. Pit traps (present study), light traps,26 and outdoor rest-
ing catches by D-vac type suction aspirators (Amerasinghe
FP, unpublished data) have proven to be unproductive in Sri
Lanka. The effect of trap bias is to some extent offset by
the evidence of multi-host feeding within the same gono-
trophic cycle seen in the present as well as previous stud-
ies,27,28 which increases the chances of detecting human feed-
ing even in catches biased in favor of other hosts. Engorged
females of all tested anopheline species were overwhelm-
ingly (, 80%) bovid-fed, and several had mixed bovid-hu-
man blood. However, natural zooprophylaxis did not seem
to occur: an investigation of malaria risk factors in our study
village showed that the distance of nocturnally resting bo-
vids from human-occupied houses was not a significant
modulator of human malaria.29

In a situation where a low level of human feeding occurs,
calculating the traditional transmission indices such as the
EIR using the number of bites per human per night will not
provide reliable estimates due to the low numbers at direct
human bait catches. An EIR may also be based on indirect
estimation where the human biting rate is derived from the
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numbers of freshly blood-fed anophelines in a bedroom di-
vided by the number of humans in the room, the assumption
being that the mosquitoes have fed only on the humans.30

This approach was used by Amerasinghe and others5 to com-
pute an EIR for indoor resting An. subpictus in Sri Lanka,
except that the HBI of the indoor resting sample was deter-
mined to have a more accurate estimate of human feeding.
Extending the indirect estimation approach in the present
study where both endophilic and exophilic potential vectors
were present, we pooled the mosquitoes across four collec-
tion methods, and computed an all-methods females per col-
lection night statistic, which was then multiplied by the
ELISA-based HBI and CS protein rate. The pooled meth-
odologies provided a large sample size, which allowed de-
tailed analyses that were not possible with the low numbers
present at direct human biting collections. The MIV index
used here is, in a sense, a modified EIR, but is not based on
the number of bites per human per night, which is not pos-
sible to estimate from pooled methodologies. The MIV pro-
vided a useful statistic to compare the transmission potential
of different anopheline species, and to compare trends in the
infectivity rate with trends in malaria in this study. The dis-
advantage of the present index is that it cannot be used to
directly compare the results of different studies unless iden-
tical mosquito collection methodologies are used.
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