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Breeding of Anopheles mosquitoes in irrigated areas
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Abstract. As part of investigations on potential linkages between irrigation and
malaria transmission, all surface water bodies in and around three villages along an
irrigation distributary in South Punjab, Pakistan, were surveyed for anopheline
mosquito larvae (Diptera: Culicidae) from April 1999 to March 2000. Samples were
characterized according to exposure to sunlight, substratum, presence of vegetation,
fauna, inorganic matter and physical water condition (clear/turbid/foul). Also water
temperature, dissolved oxygen (DO), electroconductivity (EC) and pH of sites were
recorded. A total of 37 982 Anopheles larvae of six morphological types were
collected from 2992 samples taken from irrigation/agricultural and village/domestic
aquatic habitats. Anopheles subpictus Grassi sensu lato was by far the most
abundant (74.3%), followed by An. culicifacies Giles s.l. (4.1%), An. stephensi
Liston s.l. (2.6%), An. pulcherrimus Theobald (1.8%), An. peditaeniatus Leicester
(0.3%) and An. nigerrimus Giles (0.1%). The four most abundant species were
signi®cantly associated with waterlogged ®elds and communal village drinkingwater tanks. Habitat characteristics most correlated with occurrence of anophelines
were the physical water condition and the absence/presence of fauna, particularly
predators. Occurrence and abundance of Anopheles immatures were not
signi®cantly correlated with water temperature, DO, EC or pH. Malaria vectors of
the Anopheles culicifacies complex occurred at relatively low densities, mainly in
irrigated and waterlogged ®elds. In South Punjab, where rainfall is very low, it
should be possible to reduce anopheline breeding through water management, as
larvae develop mainly in water bodies that are directly or indirectly related to the
extensive canal-irrigation system.
Key words. Anopheles culicifacies, An. pulcherrimus, An. stephensi, An.
subpictus, canals, dissolved oxygen, environmental management, irrigation, larvae,
malaria, mosquito breeding, pH, predators, salinity, temperature, water condition,
Punjab, Pakistan.
Introduction
Irrigation development projects world-wide have been associated with negative impacts on human health, particularly with
respect to vector-borne diseases. Evidence for a direct
relationship between irrigation development and increased
malaria transmission is inconsistent (Harrison & Scanlon,
1975; Oomen et al., 1994; Ijumba & Lindsay, 2001), with
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increased transmission in some situations (Coosemans, 1985;
Goonasekere & Amerasinghe, 1988; Robert et al., 1992) but
not others (Robert et al., 1988; Boudin et al., 1992). Pakistan is
an intensively irrigated country where, during the colonial era,
the Punjab province was considered one of the most malarious
areas and experienced some of the most devastating epidemics
in the Indian subcontinent (Christophers, 1911; Gill, 1927).
Major epidemics of malaria in Pakistan have been attributed to
long-term effects of the climatic cycle (Gill, 1928; Bouma &
van der Kaay, 1996a, b). Despite expansion of the canal
irrigation system and decline of the national Malaria Control
Programme activities, due to economic constraints since the
ã 2001 Blackwell Science Ltd
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eradication efforts of the 1960s, malaria is not regarded as a
major problem currently in the Punjab of Pakistan, perhaps
re¯ecting sustained high levels of acquired immunity among
the inhabitants as well as ecological factors governing
vectorial capacity (Herrel et al., 2001). Just across the Indian
border in Rajasthan, adjacent to our study area in South
Punjab, recent irrigation of the Thar Desert has worsened the
malaria situation. Malaria epidemics in this area are clearly
associated with the extensive new irrigation network and
above-average rainfall (Tyagi et al., 1995; Akhtar &
McMichael, 1996) favouring ef®cient malaria vectors of the
Anopheles culicifacies complex (Tyagi & Chaudhary, 1997).
There are claims that both endorse (Birley, 1990) and refute
(Muneer, 1999) the view that irrigation development and
malaria transmission are linked in Pakistan. As the anti-malaria
house-spraying programme has been curtailed due to budgetary constraints, and because resistance is emerging in both
Anopheles vectors and Plasmodium parasites in Pakistan,
appropriate water management for the bene®t of health as well
as agriculture (i.e. saving water) should represent a feasible
supplement to conventional vector control strategies.
The distribution and abundance of mosquito larvae re¯ect
the oviposition preferences of adult females and the ability of
immature stages to tolerate the conditions that prevail in
aquatic habitats (Reisen et al., 1981). The only comprehensive
attempt to characterize mosquito habitats systematically in the
Punjab was made by Reisen et al. (1981). Prior to the 1980s,
published research on mosquito ecology is scarce and remains
largely qualitative (Ansari & Nasir, 1955; Aslamkhan &
Salman, 1969). Studies from the Sindh province (Nalin et al.,
1985) and North-west Frontier Province (Suleman et al., 1993)
are also few and far between.
The objective of this study was to determine, in irrigated
villages of South Punjab, which water bodies constitute
breeding sites for anopheline larvae. The role of canalirrigation was of particular interest. Our aim was to
characterize Anopheles species preferences in terms of
environmental characteristics and physical and chemical
water quality, amplifying and updating the picture described
by Reisen et al. (1981) The overall goal was to determine
which sites and which site characteristics could best explain
the occurrence and abundance of anophelines in order to de®ne
which environmental management strategies might be applicable for mosquito control in irrigated areas of Pakistan.
Findings on adult anopheline population dynamics and malaria
transmission are reported by Herrel et al. (2001).
Materials and methods
Study area
From 1 April 1999 to 31 March 2000 we surveyed irrigated
villages within the Indus Basin Irrigation System (IBIS). About
130 billion m3 of water are diverted annually into 62 000 km
of irrigation channels and more than 70% of the Punjab is
irrigated. The development of the IBIS, characterized by large
water losses and the absence of a drainage system, has had
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profound ecological impacts such as rising groundwater tables,
waterlogging, salinization and sodi®cation. With the introduction of canal irrigation, groundwater tables have risen from
30 m to 0±1.6 m below surface level in many irrigated areas
(PDWC, 1987). It is estimated that soil salinity deprives
Pakistan of about 25% of its potential production of major
crops (World Bank, 1994). As a result, despite an extensive
irrigation network, crop yields in Pakistan are among the
lowest in the world.
The study area lies within the command area of the Hakra
6R distributary, near Haroonabad (29°30¢ N 73°08¢ E) in
Bahawalnagar District, ~300 km SW of Lahore (Fig. 1). This
distributary, with a length of 45 km, is the sixth largest in
Pakistan, serving an irrigated area of 42 000 ha. Via the
Sulaimanke Headworks, water from the Sutlej River is
diverted to the Hakra Branch Canal. Water is then channelled
to the Hakra 6R distributary and further downstream through a
network of lined tertiary canals. Finally, water is allocated
through a ®xed rotational system (warabandi) to farmers, who
irrigate their ®elds via earthen ®eld water courses.
The introduction of irrigation and settlement schemes in the
late 1920s promoted migration to the area, which was
previously a sparsely populated desert. With the (1947)
partition of India and Pakistan, which subdivided the Punjab
internationally, a second in¯ux of settlers arrived, mostly from
the Indian state of Punjab. The current population of the
command area is estimated at 160 000 inhabitants, for which
agriculture is the dominant activity. In the rabi season (May±
September), sugarcane, cotton and rice are grown. Rice
cultivation is possible only in areas where irrigation water is
abundant, for example, in villages located in the head of the
system. In the kharif season (October±April), the main crops
are wheat and fodder.
Out of the 94 villages located within the Hakra 6R command
area, villages 149/6R, 111/6R and 438/6R were selected for
this study. These particular villages were selected from the
head, middle and tail of the distributary to re¯ect a continuum
of environments, from severely waterlogged to desert conditions. Groundwater tables are 0.5±2 m below soil surface in
the head and middle villages and at a depth of more than 10 m
in the tail-end of the distributary. These levels remained stable
for the study period. Villages are not levelled and do not have
roads nor any drainage systems for the disposal of excess rain
water and household wastewater. Agricultural drains for the
collection of runoff from irrigated ®elds are also non-existent.
No vector control activities were carried out for the duration of
the study and both villagers and the District Health Of®ce
con®rmed that this had been the case for at least the past
5 years. Our census in November 1999 established population
size in these villages as 900, 1530 and 970 inhabitants,
respectively.
The study area is situated in the Cholistan portion of the
Thar Desert, which stretches into the neighbouring state of
Rajasthan in India. The area lies below the 200 mm rainfall
isohyet and the climate is arid. Rainfall, humidity, potential
evaporation and temperature for the study area are given in
Fig. 2. Total rainfall per village for the 12 months under study
was particularly low (132 mm) as the region experienced a
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Fig. 1. (A) Outline map of Pakistan, showing inset: location of the Hakra-6R distributary and (B) the three study villages (111, 149, 438) along
the distributary.

severe drought. Measurements from the Haroonabad meteorological station con®rmed that 1999 was indeed an exceptionally dry year (53 mm) as compared with 1998 (258 mm).
Using data from this station, total potential evaporation during
our study was estimated at 2470 mm.
Mosquito sampling
Four ®eld assistants were trained in larval collection and
recording methods and were supervised on most ®eld visits by
an additional researcher. On each ®eld visit, sites were

sampled as they were encountered by the entomology team
as they walked through the village. To avoid clustering of
samples, particularly for site types that were common,
collections were spaced throughout the village.
The surface area of every sampled site was estimated in m2.
Samples were taken in proportion to area with a standard
350 mL aluminium dipper (Amerasinghe et al., 1997). Six dips
were collected per m2. One `sample' was de®ned as 30 dips (or
less, for smaller sites) taken over a surface area of 5 m2. For
sites in the 5±10 m2 range, one sample was collected, whereas
two samples were taken from sites in the 11±20 m2 range and
so forth. An upper limit of six samples was set for all sites with
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Fig. 2. Climatological data for the study area, April 1999±March 2000. Potential evaporation and percentage relative humidity (r.h.) were
calculated from data collected at the nearest meteorological station in Haroonabad (45 km away from the farthest village). Rainfall and
temperature data (T-MIN, minimum; T-MAX, maximum) represent monthly averages measured in the study villages.

a surface area exceeding 50 m2. All anopheline larvae were
preserved in 70% isopropyl alcohol and counted.
Since partition from India there have been no new keys
published for the larval stages of anopheline mosquitoes of
Pakistan. Therefore, based on the most recent checklist of
Pakistan Anopheles contained in Glick (1992), existing larval
keys (Puri, 1931; Christophers, 1933; Mattingly & Knight,
1956; DuBose & Curtin, 1965; Reid, 1968; Harrison &
Scanlon, 1975; Rao, 1984; Amerasinghe, 1992) were adapted
for the Pakistan fauna. These keys (Amerasinghe et al., in
preparation) were further re®ned by rearing larvae to adulthood
and con®rming adult identities using Glick (1992). Taxonomic
identi®cations were limited to third and fourth instars. Younger
instars and damaged larvae were noted in a separate category
and were left unidenti®ed.
Habitat characterization
Sampled sites were described in terms of vegetation,
including algae, reeds, grasses, rice and other crop plants.
Fauna was subdivided into non-predators and predators,
with the latter category comprising larvivorous ®sh, giant

water bugs (Diplonychus sp., Hemiptera: Belostomatidae),
water beetles and water beetle larvae (Dytiscus sp., Coleoptera:
Dytiscidae), damsel¯y (Agrion sp., Odonata: Agrionidae)
and dragon¯y larvae (Pantala sp., Odonata: Libellulidae),
water scorpions (Nepa sp. and Ranatra sp., Hemiptera:
Nepidae), water boatmen (Corixa sp. and Sigara sp.,
Hemiptera: Corixidae) and backswimmers (Notonecta sp.,
Hemiptera: Notonectidae.). Substratum was classi®ed as
either soil or cement. Physical water condition was assessed
by eye as clear, turbid or foul, and water was recorded as
¯owing or standing. In addition, the exposure of the site to
sunlight was scored as exposed, partially shaded or shaded.
The temperature of all samples was measured by taking
readings from a thermometer held submerged at the edge of the
site. When it was not possible to measure temperature directly
from the site (e.g. from wells and shallow water tanks),
measurements were made from a freshly collected water
sample in the dipper itself. The chemical water quality
parameters: dissolved oxygen (DO) (mg/L) (Hachâ
Company, Loveland, CO U.S.A.; DO175 Meter), electroconductivity (EC) (mS) (Hachâ company; EC20 Meter) and
pH (Hannaâ Instruments; Woonsocket, RI, U.S.A.) were
measured in the ®eld for most samples.
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Fig. 3. Simpli®ed diagram of villages along the Hakra-6R distributary, showing the various water bodies sampled for anopheline larvae,
illustrating that houses are in close proximity to canals and other perennial surface water bodies associated with irrigation.

Habitat selection
Villages were sampled consecutively on separate days every
fortnight, between 07.00 and 12.00 hours. Larvae were
collected from a minimum of 23 sites within the village and
in agricultural areas within a 1 km radius (Fig. 3). Sites were
selected to capture, as far as possible, the diversity of potential
breeding habitats in villages. The apportionment of samples
between site types was based on the abundance of the different
site types at the start of the study. Most habitat categories were
present in the different villages but wetlands, waterlogged
®elds and ®shponds were found exclusively in the head of the
system, in village 149/6R. This is because head villages in
general receive more water than those located further along
distributaries.
At the beginning of the study, sites were classi®ed into the
following categories:
1 Water tank ± near the middle of every village is a
main water tank (diggi), at least 50 m2 wide, with bricked
or plastered sides. Water is received on a ®xed rotational

basis from the Hakra 6R distributary and then pumped from
the diggi to individual households for drinking and domestic
use.
2 Well ± this category includes seepage wells, which are
groundwater wells, and connected wells, which are linked to
water tanks via a conduit and contain irrigation water.
3 Animal pond ± villages have one main animal pond located
at the periphery of the village, which receives water from
Hakra 6R. Animal ponds are at least 30 3 40 m2 and are
always earthen. They are used for the watering and washing of
animals.
4 Watercourse ± a lined irrigation watercourse delivering
water to ®eld water courses. This category also includes pools
in watercourses.
5 Seepage pool ± a pool that forms from seepage losses due to
leakage from a watercourse.
6 Field watercourse ± an unlined, earthen irrigation channel
that takes off from a lined watercourse to deliver water to
®elds. This category also includes pools located in the ®eld
watercourse.
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7 Irrigated ®eld ± a ®eld inundated due to deliberate action by
a farmer. If a crop was present, e.g. rice, it was recorded. This
category included ®eld pools.
8 Waterlogged ®eld ± an inundated ®eld with a layer of excess
water that stands for a period of time due to the presence of an
impermeable clay layer or over-irrigation1.
9 Street pool ± a pool in a street that forms due to rainfall, high
groundwater table, seepage from the water tank or a nearby
hand pump.
10 Street drain ± a pool in a street that is clearly connected to
and caused by ef¯uents from a household drain.
11 Septic tank ± a brick-lined construction that collects human
wastes. These are under 3 m2 and are often uncovered. This
de®nition includes true septic tanks as well over¯ow tanks.
12 Overhead tank ± a concrete or brick tank placed on a
rooftop, typically covered and with a grid along the upper
edges. These usually contain about 1 m3 of water, which is
used for domestic purposes within a single household.
13 Fishpond ± a pond to which irrigation water has been
diverted for the purpose of commercial ®sh farming. It always
has an earthen substratum and is typically larger than 50 m2.
14 Wetland ± an area that has become extensively waterlogged due to the proximity of the groundwater table and/or an
impermeable clay layer. Because of the high salinity, the area
cannot be cultivated for agricultural purposes.
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a site type divided by the odds of ®nding that species in animal
ponds (the reference habitat).
The associations of particular species with site characteristics was also investigated using logistic regression analysis
(SPSS 8.0 for Windows). The characteristics `substratum' and
`water ¯ow' were dropped from the analysis because most sites
had a soil substratum and standing water. Samples that were
`partially shaded' and `shaded' were merged as one category
and were included in the model so that sites were classi®ed as
being either `shaded' or `exposed'. The remaining parameters
were included in the logistic regression model to correct for
possible confounding effects and the analysis was done for
each species individually. Results are reported as ORs,
calculated as the odds of a particular factor being present in
sites positive for a species divided by the odds of it being
present in the absence of this species.
Anopheline larval densities are reported as the total
collected and the number of immatures per 1000 dips per
sample for each of the site types. The abundance data were
not used in the analysis because they remained highly
skewed and could not be normalized through any transformation. No relationships could be discerned between
larval abundance data and changes in temperature, DO, EC
and pH. No further analysis was carried out and it was
therefore only possible to report on the ranges at which
anophelines occurred.

Data analyses
Species occurring in at least 3% of the total number of
samples collected were included in the analysis. The association of particular species with site types was investigated
using logistic regression analysis (SPSS 8.0 for Windows). For
each species, site categories that were always negative were
excluded. The logistic regression model included the remaining site types only and was carried out for each species
separately. The occurrence of a species was de®ned as the
presence of that species, regardless of the density at which it
was collected. Odds ratios (ORs) were derived for each
species, calculated as the odds of ®nding a particular species in
1
Covell (1941) distinguishes two types of water-logging, as follows:
``Irrigation and water-logging ± The term `water-logging', as de®ned
by Gill (1917), is con®ned to areas where owing to the height of the
subsoil water the superimposed soil is kept permanently damp by
moisture derived from the subsoil, as contrasted with `false waterlogging', which refers to dampness of the soil caused by the presence
of an impenetrable stratum preventing for a considerable time the
downward percolation of rain water.
The question of the in¯uence of irrigation and water-logging on the
incidence of malaria is a complex one, and its aspects differ widely in
different localities. In India, in the Punjab, it has been repeatedly
shown that where canal irrigation gives rise to water-logging a grave
degree of endemic malaria associated with a constantly high spleen
rate results (Gill, 1927). Here irrigation, if unaccompanied by adequate
drainage schemes, will tend to raise the level of the subsoil water and
favour the formation of swamps; whilst by raising the relative humidity
it will create conditions favourable for mosquito life.''

Results
Site availability
Most sites were present throughout the year, despite the fact
that the area experienced a severe drought. For all three study
villages, irrigation structures (e.g. watercourses) were obvious
permanent water bodies, as were street drains, street pools and
animal ponds. This fact would tend to support the view,
expressed by previous workers (de Zulueta et al., 1980; Birley,
1990), that because rainfall is minimal in South Punjab and
evaporation rates very high, breeding is likely to be con®ned to
water bodies that are directly or indirectly related to canal
irrigation.
Mosquito species
Among 2992 samples collected, 1005 were mosquitopositive (Tables 1 and 2). Culex and Anopheles mosquito
larvae occurred in 19.2% and 24.7% of all samples, respectively. Anopheline larvae were collected from all surveyed sites
with the exception of overhead tanks and wetlands. The most
frequently occurring and by far the most abundant species was
An. subpictus. Anopheles culicifacies and An. stephensi were
encountered much less often. Overall abundance of these
species was also much lower than An. subpictus. Species that
were present but much more rarely collected were An.
pulcherrimus, An. peditaeniatus and An. nigerrimus.
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Table 1. Percentage occurrence of mosquito and Anopheles larvae per site type for the period April 1999±March 2000. Numbers represent the
percentage of positive samples out of the total number of samples taken from each site type.
Group or species (%) (No. of positive samples)
Site type
(No. of samples)

Mosquito Anopheles An. subpictus An. culicifacies An.stephensi An.pulcherrimus An.peditaeniatus An.nigerrimus
(1005)
(740)
(521)
(218)
(203)
(109)
(34)
(12)

DOMESTIC (2196)
Animal pond (786)
Street drain (404)
Street pool (399)
Septic tank (73)
Well (84)
Water tank (401)
Overhead tank (49)

34.5
38.2
19.1
27.8
26.0
27.4
56.9
0

26.4
27.1
11.6
22.6
4.1
14.3
53.4
0

19.7
26.1
10.4
20.8
2.7
4.8
24.2
0

7.6
2.9
1.0
2.0
0
7.1
31.4
0

6.8
4.1
2.5
6.3
1.4
9.5
18.2
0

2.9
0.3
0
0.5
0
1.2
14.5
0

0.7
0.8
0
0
0
0
2.5
0

0.2
0.1
0
0
0
0
0.7
0

AGRICULTURAL (796)
Waterlogged ®eld (57)
Irrigated ®eld (313)
Fishpond (61)
Wetland (24)
Field watercourse (114)
Watercourse (204)
Seepage pool (23)

31.0
38.6
32.3
26.2
50.0
30.7
27.0
26.1

20.2
28.1
22.4
24.6
0
23.7
15.2
8.7

11.1
15.8
11.5
8.2
0
17.5
8.3
4.3

6.4
15.8
6.7
24.6
0
2.6
1.5
0

6.8
10.5
7.7
4.9
0
7.9
5.4
4.3

5.8
24.6
8.9
0
0
0.9
1.5
0

2.3
0
5.1
0
0
0.9
0.5
0

1.0
0
2.6
0
0
0
0
0

Site types and occurrence of anophelines
The logistic regression model with site types explained quite
well the occurrence of the four main species we encountered
(Table 3). All species showed signi®cant associations with
both agricultural and domestic sites located within villages.
Anopheles subpictus was collected from all Anopheles-positive
site types. Habitats that were most signi®cantly associated with
this species were: animal ponds, water tanks and waterlogged
®elds. It also frequently occurred in street pools and ®eld water
courses but signi®cantly less often in all other sites. Anopheles
culicifacies was very strongly associated with water tanks,
®shponds, waterlogged and irrigated ®elds. Wells were also
frequently positive for this species. A signi®cant negative
relationship was found with street drains. The species was
never collected from septic tanks and seepage pools. Like An.
culicifacies, An. stephensi showed signi®cant associations with
water tanks, waterlogged and irrigated ®elds and wells.
Anopheles pulcherrimus was signi®cantly found breeding in
water tanks, waterlogged and irrigated ®elds but was never
collected from street drains, septic tanks, ®shponds and
seepage pools. No anophelines, of any species, were ever
collected from wetlands and overhead tanks.
Site characteristics and occurrence of anophelines
Characteristics of different site types are summarized in
Table 4. The major characteristics that differentiate sites
include salinity levels, physical water condition and the
presence of fauna, predators and vegetation. Wetlands and
waterlogged ®elds were highly saline, in contrast with drinking

water sources such as overhead tanks and water tanks, which,
not surprisingly, had the lowest EC values. Physical water
condition was also an important parameter, as the main
breeding sites were overwhelmingly clear. Vegetation occurred
least often in overhead tanks, as did fauna and predators.
Predators were also only rarely found in septic tanks.
The logistic regression model using environmental characteristics explained quite well the occurrence of the four species
in aquatic habitats (Table 5). The occurrence of An. subpictus
was highly correlated with presence of vegetation, inorganic
matter, predators and other fauna. Exposed sites with turbid
water were also preferred by this species. Anopheles
culicifacies and An. stephensi were similar, occurring signi®cantly more often in habitats with fauna, predators and
inorganic matter. Both species preferred sites with clear,
rather than turbid or foul water. Anopheles pulcherrimus was
found signi®cantly more frequently in sunlit habitats with clear
water that contained predators.
Most larvae occurred in sites with a DO below 10 mg/L,
within a pH range of 7±11 and with low salinity, below 5 mS.
The variation in temperature between sites is more likely a
re¯ection of the time, between 07.00 and 12.00 hours, at which
they were sampled on one sampling day, rather than real
differences between sites. In general, however, anophelines
occurred in the range 15±35°C.
Discussion
Understanding where mosquitoes breed and why they prefer
certain water bodies over others is vital for the elaboration of
sound mosquito control strategies and is particularly important
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Table 2. Abundance of anopheline larvae by site type for the period April 1999±March 2000. Total number of immatures collected and the
mean number of larvae per 1000 dips per sample (6 SE).Unidenti®ed larvae totalled 6355 ®rst and second instars and damaged larvae.
Species
An. subpictus

An. culicifacies

An. stephensi

An. pulcherrimus

An. peditaeniatus

An. nigerrimus

Site type

Total

Average

Total Average

Total Average

Total Average

Total

Average

Total Average

DOMESTIC
Animal pond
Street drain
Street pool
Septic tank
Well
Water tank
Overhead tank

11355
2368
8222
8
13
1324
0

482.2
698.1
789.5
29.7
15.2
110.1
0

19
0
0
0
0
32
0

0.8 6 0.4
0
0
0
0
2.7 6 1.1
0

6
6
6
6
6
6

102.7
413.5
191.3
23.7
9.4
21.9

43
1.8
14
1.7
13
2.3
0
0
10 10.6
1237 102.8
0
0

AGRICULTURAL
Waterlogged ®eld
57 33.3 6 16.0
25
Irrigated ®eld
305 35.3 6 19.2
106
Fishpond
16
8.7 6 5.3
111
Wetland
0
0
0
Field watercourse
4325 3367 6 1676.0
6
Watercourse
207 63.4 6 21.4
4
Seepage pool
8 38.6 6 38.6
0
Totals
28208 479.5 6 93.2
1569

14.6
12.1
60.7
0
2.6
0.7
0
18.0

6 0.4
6 1.1
6 1.1

88 4.3 6 1.3
4
62 9.8 6 3.7
0
177 17.5 6 8.8
4
1 0.8 6 0.8
0
48 50.3 6 23.0
1
246 20.4 6 3.5 180
0 0
0

6 4.9
6 14.8

6 6.1
6 3.8
6 21.3
6 1.6
6 0.4
6 2.2

64
252
5
0
30
38
1
1012

37.4
95.2
2.7
0
12.8
8.8
4.8
20.8

6 21.7 243
6 47.5 274
6 1.6
0
0
6 6.6
1
6 3.5
6
6 4.8
0
6 5.2 713

0.2
0
0.5
0
1.0
15.0
0

6 0.1

142.1
30.5
0
0
2.9
1.0
0
8.2

6 58.3
6 10.1

6 0.4
6 1.0
6 3.1

6 2.9
6 0.7
6 1.6

0
47
0
0
2
1
0
101

0
5.0
0
0
0.6
0.2
0
1.1

6 1.4
6 0.6
6 0.2
6 0.2

2
0
0
0
0
3
0

0.1 6 0.1
0
0
0
0
0.2 6 0.1
0

0
19
0
0
0
0
0
24

0
2.0 6 0.9
0
0
0
0
0
0.3 6 0.1

Table 3. Associations of anopheline larvae with particular site types as derived by logistic regression analysis. Odds ratios with 95% con®dence
intervals in parentheses, using animal ponds as the reference category (OR = 1).
Species
Site type

An. subpictus

An. culicifacies

An. stephensi

DOMESTIC
Animal pond
Street drain
Street pool
Septic tank
Well
Water tank
Overhead tank

1.0
0.33
0.74
0.08
0.14
0.90
0*

1.0
0.33
0.68
00*
2.55
15.19
0*

1.0
0.60
1.57
0.33
2.48
5.24
0*

AGRICULTURAL
Waterlogged ®eld
Irrigated ®eld
Fishpond
Wetland
Field watercourse
Watercourse
Seepage pool

0.53
0.37
0.25
0*
0.60
0.26
0.13

(0.23±0.47)
(0.56±0.99)
(0.02±0.33)
(0.05±0.39)
(0.68±1.19)

(0.25±1.10)
(0.25±0.54)
(0.10±0.64)
(0.36±1.00)
(0.15±0.43)
(0.02±0.96)

6.22
2.38
10.82
0*
0.89
0.49
0*

(0.11±0.97)
(0.30±1.53)
(1.00±6.46)
(9.54±24.20)

(2.73±14.18)
(1.30±4.38)
(5.29±22.12)
(0.26±3.03)
(0.15±1.66)

2.77
1.96
1.22
0*
2.02
1.34
1.07

(0.29±1.23)
(0.92±2.70)
(0.04±2.43)
(1.10±5.57)
(3.39±8.10)

(1.11±6.93)
(1.13±3.38)
(0.36±4.10)
(0.94±4.35)
(0.66±2.71)
(0.14±8.19)

An. pulcherrimus
1.0
0*
1.97 (0.27±14.03)
0*
4.71 (0.42±52.49)
66.15 (16.09±272.04)
0*
127.37
38.43
0*
0*
3.46
5.84
0*

(28.08±577.63)
(9.11±162.16)
(0.31±38.46)
(0.97±35.14)

*Denotes sites excluded from the logistic regression analysis because samples collected were all species-negative.

in areas where large-scale irrigation is being practiced (Birley,
1991; Ijumba & Lindsay, 2001). Our study showed that, in
three irrigated villages of South Punjab, four Anopheles
complexes dominated among larval collections. In order of
abundance these were: An. subpictus, An. culicifacies, An.

stephensi and An. pulcherrimus, but our investigations were
compromised by inability to distinguish between sibling
species of these complexes (Subbarao & Sharma, 1997).
Apart from the absence of An. annularis from our collections,
the anopheline fauna on which we report is consistent with
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Table 4 Characteristics of sampled sites. Numbers represent the percentage of samples with each characteristic. For DO, EC, pH and
temperature, the mean values (6 SE) for each site type are indicated.
Characteristic
Inorganic matter Physical water
condition

Site type
DOMESTIC
Animal pond
Street drain
Street pool
Septic tank
Well
Water tank
Overhead tank
AGRICULTURAL
Waterlogged ®eld
Irrigated ®eld
Fishpond
Wetland
Field watercourse
Watercourse
Seepage pool

Light
Vegetation Fauna Predators
Exposed Present
Present Present Present

Clear

Turbid

Foul

Chemical water quality

pH

DO (mg/L) EC (mS)

Temperature
(°C)

78.6
92.3
93.7
54.8
47.6
97.3
55.1

97.5
96.8
92.7
84.9
71.4
98.0
57.1

97.2
65.6
74.9
60.3
51.2
94.5
8.2

84.5
23.8
58.6
5.5
19.0
80.8
4.1

26.7
56.4
42.4
37.0
38.1
55.6
0

16.8
5.7
21.8
6.8
85.7
97.3
98.0

81.3
38.4
71.9
16.4
6.0
2.7
2.0

1.9
55.9
6.3
76.7
8.3
0
0

8.1
8.3
8.5
8.0
8.0
8.8
8.2

6
6
6
6
6
6
6

0.1
0.1
0.1
0.1
0.1
0.1
0.2

5.7
3.0
5.9
2.6
3.8
7.7
7.0

6
6
6
6
6
6
6

0.2
0.2
0.4
0.3
0.3
0.2
0.5

1.9
5.2
13.1
2.7
1.2
0.4
0.8

6
6
6
6
6
6
6

0.1
0.3
1.7
0.3
0.5
0
0.2

25.7
26.0
27.6
25.3
24.3
25.3
25.7

6
6
6
6
6
6
6

0.2
0.3
0.3
0.7
0.6
0.3
0.9

96.5
73.5
100
100
80.7
75.5
95.7

93.0
98.4
77.0
66.7
96.5
89.7
95.7

73.7
71.9
83.6
58.3
70.2
54.4
82.6

66.7
65.5
62.3
41.7
56.1
37.3
73.9

1.8
4.8
4.9
0
17.5
18.1
8.7

86.0
88.5
90.2
95.8
58.8
54.9
47.8

14.0
11.2
9.8
4.2
41.2
42.6
43.5

0
0.3
0
0
0
2.5
8.7

8.7
8.5
7.9
10.4
8.4
8.5
9.0

6
6
6
6
6
6
6

0.3
0.1
0
0.1
0.2
0.1
0.4

4.3
5.3
7.7
15
7.3
6.2
3.8

6
6
6
6
6
6
6

0.7
0.3
0.4
0
0.7
0.4
2.6

32.1
1.5
2.3
50.3
1.4
1.0
2.4

6
6
6
6
6
6
6

7.8
0.2
0.4
3.8
0.5
0.1
1.1

33.0
30.0
26.3
34.5
27.2
25.9
32.0

6
6
6
6
6
6
6

0.5
0.3
1.0
1.1
0.5
0.4
0.6

Table 5. Associations of anopheline larvae with particular habitat characteristics. Odds ratios (with 95% con®dence intervals in parentheses)
derived by logistic regression, showing reference category value 1.0 for each type of association.
Species
Characteristic
Water quality
Light
Vegetation
Fauna²
Predators
Inorganic matter

Clear
Turbid
Foul
Shaded
Exposed
Absent
Present
Absent
Present
Absent
Present
Absent
Present

An. subpictus

An. culicifacies

An. stephensi

An. pulcherrimus

1.0
1.51
0.41
1.0
1.40
1.0
2.54
1.0
2.77
1.0
2.46
1.0
1.69

1.0
0.14
0.02
1.0
1.59
1.0
1.90
1.0
6.13
1.0
2.14
1.0
2.14

1.0
0.35
0.16
1.0
1.06
1.0
1.53
1.0
6.84
1.0
1.85
1.0
1.47

1.0
0.06
0*
1.0
2.18
1.0
1.10
1.0
0.74
1.0
8.54
1.0
0.98

(1.23±1.85)
(0.24±0.68)
(1.03±1.91)
(1.26±5.10)
(1.69±4.54)
(1.82±3.32)
(1.37±2.08)

(0.09±0.20)
(0.00±0.16)
(0.96±2.63)
(0.67±5.36)
(2.30±16.33)
(1.37±3.34)
(1.58±2.89)

(0.25±0.48)
(0.06±0.41)
(0.68±1.64)
(0.61±3.87)
(2.60±18.09)
(1.20±2.86)
(1.08±2.00)

(0.03±0.13)
(1.03±4.61)
(0.38±3.18)
(0.18±3.05)
(2.67±27.28)
(0.63±1.53)

²General aquatic fauna of potential predators (see line below) as well as non-predators (e.g. Baetidae, Chironomidae, Hydrometridae).*Excluded
from logistic regression analysis because samples with this characteristic were all negative.

®ndings of other authors (Aslamkhan, 1971), as recorded
previously from parts of the Punjab nearer Lahore (Ansari &
Nasir, 1955; Aslamkhan & Salman, 1969; Reisen et al., 1981)
and across the Indian border in neighbouring Rajasthan (Tyagi,
1998).
Each Anopheles complex was found to be associated with
particular site types and environmental characteristics, which

suggests that the categories we developed were a valid
framework for investigating larval ecology. In other parts of
Punjab, these species were found to breed mainly in ponds and
pools (Reisen et al., 1981). In our study area, water tanks and
waterlogged ®elds supported highest densities of the four
major species complexes collected. Irrigated ®elds were also
important for all species, except for An. subpictus. We found
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that irrigated rice ®elds supported Anopheles breeding,
whereas anophelines were completely absent from wetlands
and from overhead tanks. This is probably attributable to the
very high salinity levels detected in wetlands. In overhead
tanks anopheline larvae were probably absent due to the
frequent cycling of water and the relative absence of vegetation, fauna and sunlight.
For the major malaria vector of Pakistan, An. culicifacies,
we report that water tanks followed by ®shponds, waterlogged
and irrigated ®elds, were the key habitats in terms of
occurrence and abundance. More polluted habitats such as
street drains were negatively associated with this species.
Previous researchers have noted higher densities of An.
culicifacies at pond margins and lotic habitats (Reisen et al.,
1981). Under similar climatic conditions in the Thar Desert of
Rajasthan, India, irrigation development has created suitable
sites, including waterlogged ®elds, which resulted in the
widespread introduction of An. culicifacies to the area (Tyagi
& Chaudhary, 1997). There, An. culicifacies s.l. has become
the predominant anopheline (Tyagi & Verma, 1991). In our
area, we found that An. culicifacies outnumbered An. stephensi
but our collections remained overwhelmingly dominated by
An. subpictus larvae.
In Rajasthan, there is a clear distinction in the breeding
preferences of An. culicifacies and An. stephensi, with the
latter species preferring deep, earthen, well-like freshwater
storage reservoirs (Tyagi & Verma, 1991). In agreement with
these observations and those of others (Ansari & Nasir, 1955),
we also found signi®cant An. stephensi breeding in wells.
However, we noted considerable overlap in the site preferences
of these two species. This was con®rmed by both species'
preference for sites with clear, over turbid, water as reported
previously (Reisen et al., 1981).
Although the overall number of An. culicifacies collected
was low, it was signi®cantly associated with both irrigated and
waterlogged ®elds in agreement with other researchers (Tyagi
& Chaudhary, 1997), as were An. stephensi and An. subpictus.
The presence of all four major species in waterlogged ®elds
with an average electroconductivity of around 32 mS does
seem to indicate a certain degree of salt tolerance but
anophelines were absent from wetlands where salinity was
higher (50.3 on average). In many areas of the Punjab, canal
irrigation has led to a rise in water tables and extensive
waterlogging and salinization. If the data from our `wetlands'
are indicative of the wider situation in severely waterlogged
and salinized areas of the Punjab then it would seem that
mosquito productivity is indeed offset by high salinity levels.
Since the 1970s various Salinity Control and Reclamation
Projects (SCARP) are underway in Pakistan to reclaim land by
lowering groundwater tables. It is possible that such reclaimed
lands, as compared with saline lands, might in fact favour
mosquito breeding, as surface water habitats would tend to be
fresh because they would be generated by rainfall and
irrigation. Preliminary investigations have shown no relationship between depth to groundwater and malaria prevalence nor
between the percentage of land under rice cultivation and
malaria prevalence (Donnelly et al., 1997).
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In terms of occurrence and abundance, animal ponds and
street pools were important habitats for An. subpictus, which
attained quite high densities in relatively polluted sites such as
street pools and drains. These site preferences are in agreement
with previous research in the Punjab, which recorded that this
species was able to tolerate a wide range of physico-chemical
conditions (Reisen et al., 1981) including higher organic
matter content (Ansari & Shah, 1950). We con®rm that An.
subpictus is signi®cantly associated with turbid water (Reisen
et al., 1981). Although it was occasionally present in irrigated
®elds, we do not ®nd evidence for a clear association with
irrigated rice ®elds, as has been previously reported for this
species in Pakistan (Ansari & Nasir, 1955). According to
Suguna et al. (1994), the An. subpictus complex comprises at
least four sibling species, provisionally termed A, B, C and D.
Of these, Species B breeds in brackish water and is an
important vector of malaria and ®lariasis in coastal zones,
probably distributed from India to Indonesia (Barodji et al.,
2000), whereas the freshwater sibling species apparently have
much lower vectorial capacity due to their zoophily. We have
not determined which sibling species of An. subpictus s.l.
occur(s) in our study area.
Both An. culicifacies and An. stephensi have been implicated as malaria vectors in irrigated areas of the nearby Thar
Desert (Tyagi & Chaudhary, 1997). Although both An.
culicifacies species A and B occur in rural areas of the
Pakistani Punjab (Mahmood et al., 1984), ®eld and laboratory
observations indicate that species A is the likely key malaria
vector, whereas An. stephensi is considered of lesser or no
importance in transmission (Mahmood et al., 1984; Mahmood
& Macdonald, 1985; Subbarao et al., 1988). Recent evidence
from Sheikhupura District in Northern Punjab, suggests that
An. stephensi may be a more important vector than previously
believed (Rowland et al., 2000). It was ®ve times more
prevalent than An. culicifacies, and falciparum malaria cases
peaked in October, after An. culicifacies had disappeared but
when An. stephensi was still present (Rowland et al., 2000).
There are three ecological variants of An. stephensi: `type',
`intermediate' and `mysorensis' (Sweet & Rao, 1937;
Subbarao et al., 1987), with only the latter two occurring in
rural areas. We do not yet know which of the ®ve sibling
species of the An. culicifacies complex (Kar et al., 1999), nor
which ecological variants of An. stephensi, occur in our study
area (Tyagi & Verma, 1991).
Results from monthly active case detection surveys in our
study villages revealed that malaria prevalence remained very
low. We are not in a position to discern whether this is
attributable to the low densities of adult An. culicifacies
(Herrel et al., in preparation) or other factors such as the harsh
climatic conditions, which may have limited Plasmodium
development and/or shortened the lifespan of female anophelines.
We observed a temporal pattern (data not shown) in the
occurrence of anopheline larvae with the greatest proportions
of positive samples collected from August to December, which
broadly corresponds to the period with progressively cooler
temperatures. Proportions of positive samples declined in
winter (January±March) and summer (April±June). There was
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no clear temporal trend for An. stephensi, unlike previous
®ndings (Reisen et al., 1981). Anopheles culicifacies was more
frequently collected in the months September to December.
Our observations support previous ®ndings, which show that
temperature changes result in a temporal shift of An. subpictus,
which dominates in the warmer season (Ansari & Nasir, 1955;
Reisen et al., 1981) and attains a peak occurrence of 45% in
October. This has been attributed to its inability to tolerate low
temperatures (Ansari & Nasir, 1955), as well as its ability to
withstand higher conductivity, turbidity, pH and organic
pollution with ammonia of sites that dessicate during the
warmer season (Reisen et al., 1981). Previous workers have
found that An. subpictus larvae and adults disappear completely from January to June and conclude that the species is
reintroduced annually with the onset of the monsoon (Ansari &
Nasir, 1955; Reisen, 1978; Reisen et al., 1982; Reisen &
Milby, 1986). Although numbers were reduced, we still found
An. subpictus larvae in this period, which suggests that
immatures of this species are able to overwinter.
In terms of chemical water quality, we did not ®nd
conclusive evidence for associations with anopheline abundance nor occurrence. Other studies indicate that An. culicifacies abundance is positively associated with dissolved
oxygen in Sri Lanka (Amerasinghe et al., 1995), India
(Russel & Rao, 1942) and Pakistan (Reisen et al., 1981).
The range 28±32°C has been shown to be an important
determinant for the development of immature stages of An.
culicifacies in India (Pal, 1945). Anopheles stephensi is
inversely correlated with temperature and positively correlated
with pH (Reisen et al., 1981). The preference of An. stephensi
for slightly acidic sites has been noted in Rajasthan (Tyagi
et al., 1992) and in Pakistan it has been collected in highly
saline sites (unpublished, reported in Reisen et al., 1981).
Our study suffered from the usual limitations associated
with larval sampling as described by Service (1993). It is well
established that there is unequal dispersion of larvae and
clustering occurs within habitats but, for practical reasons, we
assumed homogenous distribution of larvae within habitats.
Although samples were taken in proportion to surface area, the
maximum number of dips from any single site was 180, even
when sites far exceeded 50 m2. Especially for larger habitats,
which are ecologically more diverse than small water bodies, it
is possible that we missed a substantial proportion of the larval
population. Although we found signi®cant relationships
between species occurrence and site types as well as environmental variables, we experienced dif®culties in interpreting
our abundance data. Factors such as predator densities, interand intraspeci®c competition and other variables undoubtedly
in¯uenced the abundance of Anopheles immature stages in
each site. However, apart from the general associations
summarized in Table 5 we were unable, for logistical reasons,
to determine correlations (negative or positive) with each type
of potential predator and other aquatic fauna, as interpreted by
Victor & Reuben (1999) and Sunish & Reuben (2001) for
mosquito immature populations in rice ®elds of South India.
Moreover, we ignored the possible in¯uences of fertilizers
(Victor & Reuben, 2000; Sunish & Reuben, 2001), pesticides
and insecticide resistance.

We found some interesting contrasts in the anopheline fauna
between villages. Anopheles culicifacies larvae and most of the
six anopheline species were collected from village 149/6R at
the head of the distributary. In contrast to the other villages, it
was characterized by high groundwater tables and had
waterlogged ®elds and ®shponds. In the tail-end village,
species diversity was much lower and An. subpictus overwhelmingly dominated larval collections. The differences in
the species encountered were dependent on the site types
present in villages, which are directly related to the irrigation
water management practices and groundwater levels. These
contrasting patterns merit further research in order to establish
how they might related to the large-scale situation in the
Punjab.
To facilitate the planning of environmental control
measures, there is a need for further investigations on
bionomics and ecology of anopheline mosquito developmental
stages, especially in irrigated agricultural systems. Detailed
small-area studies as presented here should be combined with
assessments of land use over large areas through remote
sensing and satellite imagery within a Geographical
Information System framework (Thomson & Connor, 2000).
Acknowledgements
We thank the people of villages 111/6R, 149/6R and 438/6R,
who kindly cooperated with us for this study. Many thanks to
Tipu Naveed, Tariq Mehmood, Tariq Nazir, Asim Munawar,
Sarath Lional-Rathna and Kapila Thushara Fonseka for their
hard work and dedication under extreme ®eld conditions.
Thanks to Najaf Ali Khan, who conscientiously entered the
data, and to Gayathri Jayasinghe, who advised on the statistical
analysis.
References
Akhtar, R. & McMichael, A.J. (1996) Rainfall and malaria outbreaks
in western Rajasthan. Lancet, 348, 1457±1458.
Amerasinghe, F.P. (1992) A guide to the identi®cation of the
anopheline mosquitoes (Diptera: Culicidae) of Sri Lanka. II:
Larvae. Ceylon Journal of Science (Biological Science), 22, 1±13.
Amerasinghe, F.P., Indrajith, N.G. & Ariyasena, T.G. (1995) Physicochemical characteristics of mosquito breeding habitats in an
irrigation development area in Sri Lanka. Ceylon Journal of
Science (Biological Science), 24, 13±29.
Amerasinghe, F.P., Konradsen, F., Fonseka, K.T. & Amerasinghe, P.H.
(1997) Anopheline (Diptera: Culicidae) breeding in a traditional
tank-based village ecosystem in North Central Sri Lanka. Journal of
Medical Entomology, 34, 290±297.
Amerasinghe, F.P., Mukhtar, M. & Herrel, N. (2001) Keys to the
anopheline mosquitoes (Diptera: Culicidae) of Pakistan. Journal of
Medical Entomology (submitted).
Ansari, M.A.R. & Nasir, A.S. (1955) A preliminary note on the
anophelism of Lahore suburbs. Pakistan Journal of Health, 4, 212±
223.
Ansari, M.A.R. & Shah, K.S. (1950) A Guide to the Mosquitoes of the
Punjab. Institute of Hygiene and Preventive Medicine, Lahore.

ã 2001 Blackwell Science Ltd, Medical and Veterinary Entomology, 15, 236±248

Punjab irrigation and Anopheles larvae
Aslamkhan, M. (1971) The mosquitoes of Pakistan, I: a checklist.
Mosquito Systematics Newsletter, 3, 147±159.
Aslamkhan, M. & Salman, C. (1969) The bionomics of the mosquitoes
of Changa Manga National Forest, West Pakistan. Pakistan Journal
of Zoology, 1, 183±205.
Barodji, Sumardi, Suwaryono, Rahardjo, Mujioni & Priyanto, H.
(2000) Some aspects of the bionomics of a malaria and ®lariasis
vector Anopheles subpictus Grassi in Tanjung Bunga SubDistrict,
East Flores. Bulletin Penelitan Kesehatan, 27, 268±281.
Birley, M.H. (1990) Feasibility Test of Guidelines for Forecasting the
Vector-Borne Disease Implications of Water Resources
Development: Pakistan. Joint WHO/FAO/UNEP Panel of Experts
on Environmental Management for Vector Control. Document
CWS/90.5. PEEM Secretariat, World Health Organization, Geneva.
Birley, M.H. (1991) Guidelines for Forecasting the Vector-Borne
Disease Implications of Water Resources Development. PEEM
Guidelines series, no. 2, 2nd edn. Joint WHO/FAO/UNEP Panel of
Experts on Environmental Management for Vector Control,
Document WHO/CWS/91.3. PEEM Secretariat, World Health
Organization, Geneva.
Boudin, C., Robert, V., Carnevale, P. & Ambroise-Thomas, P. (1992)
Epidemiology of Plasmodium falciparum in a rice ®eld and a
savanna area in Burkina Faso. Comparative study on the acquired
immunoprotection in native populations. Acta Tropica, 51, 103±
111.
Bouma, M.J., Dye, C. & van der Kaay, H.J. (1996b) Falciparum
malaria and climate change in the Northwest Frontier Province of
Pakistan. American Journal of Tropical Medicine and Hygiene, 55,
131±137.
Bouma, M.J. & van der Kaay, H.J. (1996a) The El NinÄo southern
oscillation and historic malaria epidemics on the Indian subcontinent and Sri Lanka: an early warning system for future epidemics?
Tropical Medicine and International Health, 1, 86±89.
Christophers, S.R. (1911) Malaria in the Punjab. Scienti®c Memoirs
by Of®cers of the Medical and Sanitary Department of the
Government of India, New Series, No. 46. Government Press,
Calcutta.
Christophers, S.R. (1933) The Fauna of British India Including Ceylon
and Burma. Diptera. IV. Family Culicidae, Tribe Anophelini. Taylor
& Francis, London.
Coosemans, M.H. (1985) Comparaison de l'endeÂmie malarienne dans
une zone de riziculture et dans une zone de culture du coton dans la
plaine de la Ruzizi, Burundi. Annales de la SocieÂteÂ Belge de
MeÂdecine Tropicale, 65 (Suppl. 2), 187±200.
Covell, G. (1941) Malaria Control by Anti-Mosquito Measures, 2nd
edn. Thacker, Calcutta & London.
Donnelly, M.J., Birley, M.H. & Konradsen, F. (1997) An investigation
of the relationship between depth to groundwater and malaria
prevalence, Punjab, Pakistan. IIMI Working Paper no. 40. Publisher,
Town?
DuBose, W. & Curtin, T.J. (1965) Identi®cation keys to the adult and
larval mosquitoes of the Mediterranean area. Journal of Medical
Entomology, 1, 349±355.
Gill, C.A. (1917) Report on Malaria in Amritsar. Government Press,
Lahore.
Gill, C.A. (1927) The relationship of canal irrigation and malaria.
Records of the Malaria Survey of India, I, 417±421.
Gill, C.A. (1928) The Genesis of Epidemics and the Natural History of
Disease. BaillieÁre, Tindall & Cox, London.
Glick, J.I. (1992) Illustrated key to the female Anopheles of
Southwestern Asia and Egypt (Diptera: Culicidae). Mosquito
Systematics, 24, 125±153.
Goonasekere, K.G.A. & Amerasinghe, F.P. (1988) Planning, design

247

and operation of rice irrigation schemes ± their impact on mosquitoborne diseases. Vector-Borne Disease Control in Humans Through
Rice Agroecosystem Management. Proceedings of the Workshop on
Research and Training Needs in the Field of Integrated VectorBorne Diseases Control in Riceland Agroecosystems of Developing
Countries, 9±14. March, 1987, pp. 41±50. International Rice
Research Institute, The Philippines.
Harrison, B.A. & Scanlon, J.E. (1975) Medical Entomology Studies ±
II: The subgenus Anopheles in Thailand. Contributions of the
American Entomological Institute, 12, 1±307.
Herrel, N., Amerasinghe, F.P., Ensink, J., Mukhtar, M., van der Hoek,
W. & Konradsen, F. (2001) Adult Anopheles population dynamics
in irrigated villages of South Punjab. Pakistan, in press.
Ijumba, J.N. & Lindsay, S.W. (2001) Impact of irrigation on malaria in
Africa: paddies paradox. Medical and Veterinary Entomology, 15,
1±11.
Kar, I., Subbarao, S.K., Eapen, A., Ravindran, J., Satyanarayana, T.S.,
Raghavendra, K., Nanda, N. & Sharma, V.P. (1999) Evidence for a
new malaria vector species, species E within the Anopheles
culicifacies complex (Diptera: Culicidae). Journal of Medical
Entomology, 36, 595±600.
Mahmood, F. & Macdonald, M.B. (1985) Ecology of malaria
transmission and vectorial capacity of Anopheles culicifacies
species A in rural Punjab, Pakistan. Pakistan Journal of Medical
Research, 24, 95±106.
Mahmood, F., Sakai, R.K. & Akhtar, K. (1984) Vector incrimination
studies and observations on species A and B of the taxon Anopheles
culicifacies in Pakistan. Transactions of the Royal Society of
Tropical Medicine and Hygiene, 78, 607±616.
Mattingly, P.F. & Knight, K.L. (1956) The mosquitoes of Arabia. I.
Bulletin of the British Museum (Natural History) Entomology
Series, 4, 91±141.
Muneer, A. (1999) Malaria Situation in Pakistan: Country Report.
Pakistan Medical Research Council, Islamabad.
Nalin, D.R., Mahmood, F., Rathor, H., Muttalib, A., Sakai, R.,
Chowdhry, M.A., Safdar, G., ul-Haq, I., Munir, M., Suleiman, M.,
Bashir, M. & Mujtaba, S.M. (1985) A point survey of periurban and
urban malaria in Karachi. Journal of Tropical Medicine and
Hygiene, 88, 7±15.
Oomen, J.M.V., de Wolf, J. & Jobin, W.R. (1994) Health and
Irrigation. Incorporation of Disease-Control Measures in
Irrigation, a Multi-Faceted Task in Design, Construction,
Operation. Publication 45. International Institute for Land
Reclamation and Improvement, Wageningen, The Netherlands.
Pal, R. (1945) On the bionomics of Anopheles culicifacies Giles, Part
II: The ecology of the immature stages. Journal of the Malaria
Institute of India, 6, 53±74.
PDWC (1987) Fordwah Eastern Sadiquia Remaining Phase ± I
(SCARP ± VIII). Publication no. 59A. Planning Directorate Water
Central, Town.
Puri, I.M. (1931) Larvae of anopheline mosquitoes with full
descriptions of those of the Indian species. Indian Medical
Research Memoir, 21, 1±113.
Rao, T.R. (1984) The Anophelines of India (Revised Edition). Malaria
Research Centre, Indian Council of Medical Research, Town.
Reid, J.A. (1968) Anopheline Mosquitoes of Malaya and Borneo.
Studies of the Institute of Medical Research, Malaysia 31. Institute
of Medical Research, Town.
Reisen, W.K. (1978) A quantitative mosquito survey of seven villages
in Punjab Province, Pakistan, with notes on bionomics, sampling
methodology and the effects of insecticides. Southeast Asian
Journal of Tropical Medicine and Public Health, 9, 587±601.
Reisen, W.K., Mahmood, F. & Parveen, T. (1982) Seasonal trends in

ã 2001 Blackwell Science Ltd, Medical and Veterinary Entomology, 15, 236±248

248 N. Herrel et al.
population size and survivorship of Anopheles culicifacies, An.
stephensi and An. subpictus (Diptera: Culicidae) in rural Punjab
Province, Pakistan. Journal of Medical Entomology, 19, 86±97.
Reisen, W.K. & Milby, M. (1986) Population dynamics of some
Pakistan mosquitoes: changes in adult relative abundance over time
and space. Annals of Tropical Medicine and Parasitology, 80, 53±
68.
Reisen, W.K., Siddiqui, T.F., Aslamkhan, M. & Malik, G.M. (1981)
Larval interspeci®c associations and physico-chemical relationships
between the groundwater breeding mosquitoes of Lahore. Pakistan
Journal of Scienti®c Research, 3, 1±23.
Robert, V., Ouari, B., Ouedraogo, V. & Carnevale, P. (1988) Etude
eÂcologique des Culicidae adultes et larvaires dans une rizieÁre en
ValleÂe du Kou, Burkina Faso. Acta Tropica, 45, 351±359.
Robert, V., van den Broek, A., Stevens, P., Slootweg, R., Petrarca, V.,
Coluzzi, M., Le Goff, G., Di Deco, M.A. & Carnevale, P. (1992)
Mosquitoes and malaria transmission in irrigated rice-®elds in the
Benoue Valley of northern Cameroon. Acta Tropica, 52, 201±204.
Rowland, M., Mahmood, P., Iqbal, J., Carneiro, I. & Chavasse, D.
(2000) Indoor residual praying with alphacypermethrin controls
malaria in Pakistan: a community radomized trial. Tropical
Medicine and International Health, 5, 472±481.
Russell, P.F. & Rao, T. (1942) On the ecology of larvae of Anopheles
culicifacies Giles, in borrow pits. Bulletin of Entomological
Research, 32, 341.
Service, M.W. (1993) Sampling the larval population. Mosquito
Ecology: Field Sampling Methods, 2nd edn, pp. 75±209. Chapman
& Hall, London.
Subbarao, S.K. & Sharma, V.P. (1997) Anopheline species complexes
and malaria control. Indian Journal of Medical Research, 106, 164±
173.
Subbarao, S.K., Vasantha, K., Adak, T., Sharma, V.P. & Curtis, C.F.
(1987) Egg-¯oat ridge number in Anopheles stephensi: ecological
variation and genetic analysis. Medical and Veterinary Entomology,
1, 265±271.
Subbarao, S.K., Vasantha, K., Raghuvendra, K., Sharma, V.P. &
Sharma, G.K. (1988) Anopheles culicifacies sibling species
composition and its relationship to malaria incidence. Journal of
the American Mosquito Control Association, 4, 29±33.
Suguna, S.G. (1982) Cytological and morphological evidence for
sibling species in Anopheles subpictus Grassi. Journal of
Communicable Diseases, 14, 1±8.
Suguna, S.G., Gopala Rathinam, K., Rajavel, A.R. & Dhanda, V.
(1994) Morphological and chromosomal descriptions of new species
in the Anopheles subpictus complex. Medical and Veterinary
Entomology, 8, 88±94.

Suleman, M., Khan, K. & Khan, S. (1993) Ecology of mosquitoes in
Peshawar Valley and adjoining areas: Species composition and
relative abundance. Pakistan Journal of Zoology, 25, 321±328.
Sunish, I.P. & Reuben, R. (2001) Factors in¯uencing abundance of
immature stages of mosquito vectors of Japanese Encephalitis in
rice ®elds of southern India. I. Abiotic. II. Biotic. Medical and
Veterinary Entomology, 15, in press.
Sweet, W.C. & Rao, B.A. (1937) Races of A. stephensi Liston, 1901.
Indian Medical Gazette, 72, 665±674.
Thomson, M. & Connor, S.J. (2000) Environmental information
systems for the control of arthropod vectors of disease. Medical and
Veterinary Entomology, 14, 227±244.
Tyagi, B.K. (1998) Malaria and its vectors in the Thar Desert,
Northwestern Rajasthan (India). Advances in Medical Entomology
and Human Welfare (ed. by S. C. Goel), pp. 1±10. UPZS,
Muzaffarnagar, India.
Tyagi, B.K. & Chaudhary, R.C. (1997) Outbreak of falciparum malaria
in the Thar Desert (India), with particular emphasis on physiographic changes brought about by extensive canalisation and their
impact on vector density and dissemination. Journal of Arid
Environments, 36, 541±555.
Tyagi, B.K., Chaudhary, R.C. & Yadav, S.P. (1995) Epidemic malaria
in Thar Desert, India. Lancet, 346, 634±635.
Tyagi, B.K., Singh, K.V.S. & Bansal, S.K. (1992) To study the role of
Anopheles stephensi in transmitting malaria in the desert villages of
Rajasthan. Annual Report 1991±92, pp. 26±29. Desert Medicine
Research Centre, Jodhpur.
Tyagi, B.K. & Verma, K.V.S. (1991) Anopheline mosquitoes of Shri
Ganganar district (Rajasthan), transmitting malaria parasite. Journal
of Applied Zoological Researches, 2, 85±91.
Victor, T.J. & Reuben, R. (1999) Population dynamics of mosquito
immatures and the succession in abundance of aquatic insects in rice
®elds in Madurai, South India. Indian Journal of Malariology, 36,
19±32.
Victor, T.J. & Reuben, R. (2000) Effects of organic and inorganic
fertilizers on mosquito populations in rice ®elds of southern India.
Medical and Veterinary Entomology, 14, 361±368.
World Bank (1994) Pakistan Irrigation and Drainage: Issues and
Options. World Bank Report no. 11884-PAK, March 25 1994.
World Bank, Town.
de Zulueta, J., Mujtaba, S.M. & Shah, I.H. (1980) Malaria control and
the long-term periodicity of the disease in Pakistan. Transactions of
the Royal Society of Tropical Medicine and Hygiene, 74, 624±632.
Accepted 20 April 2001

ã 2001 Blackwell Science Ltd, Medical and Veterinary Entomology, 15, 236±248

