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Abstract
We examined the potential of using native fish species in regulating mosquitoes in the floodplain of
the Gambia River, the major source of mosquitoes in rural parts of The Gambia. Fishes and mosquito
larvae were sampled along two 2.3-km-long transects, from the landward edge of the floodplain to
the river from May to November 2005 to 2007. A semifield trial was used to test the predatory
capacity of fish on mosquito larvae and the influence of fish chemical cues on oviposition. In the
field, there was less chance of finding culicine larvae where Tilapia guineensis, the most common
floodplain fish, were present; however, the presence of anophelines was not related to the presence
or absence of any fish species. In semifield trials, both T. guineensis and Epiplatys spilargyreius
were effective predators, removing all late-stage culicine and anopheline larvae within 1 d. Fewer
culicines oviposited in sites with fish, suggesting that ovipositing culicine females avoid water with
fish. In contrast, oviposition by anophelines was unaffected by fish. Our studies show that T.
guineensis is a potential candidate for controlling mosquitoes in The Gambia.
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The use of fish for controlling mosquitoes was an important tool in the pre-DDT era (Floore
2006, Walker and Lynch 2007). Typically fish were introduced into all potential mosquito
breeding habitats, including ricefields, marshes, dams, canals, and ponds (Hadjinicolaou and
Betzios 1973, Motabar 1978). However, the introduction of DDT in the mid-1940s led to a
significant decrease in the use of biological control (Gabaldon 1969). Nevertheless, after
concerns regarding the harmful effects of chemicals on nontarget species and the development
of insecticide resistance by mosquitoes (Milam et al. 2000), interest in the biological control
of malaria vectors has been rekindled (Killeen et al. 2002, Killeen 2003).

Fish have been used successfully for controlling both culicine and anopheline mosquitoes
(Tabibzadeh et al. 1970, Victor et al. 1994) but are used relatively infrequently in sub-Saharan
Africa (Walker and Lynch 2007). Mosquito control using fish has focused on a limited number
of species, primarily Gambusia affinnis Baird and Girard and Poecilia reticulata Peters, that
have traditionally been used for controlling mosquito larvae (Sitaraman et al. 1975, Gall et al.
1980, Cech and Linden 1987, Homsky et al. 1987, Blaustein 1992, Valero et al. 2006, Walton
2007). One of the most important concerns when introducing exotic fish for mosquito control
is their impact on native species (Benigno 2001, Hoddle 2004). In Greece, the introduction of
G. affinis led to a decline of the endemic fish species Valencia letourneuxi Sauvage
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(Economidis 1995), with similar findings reported elsewhere (United States, Spain, Australia)
(Motabar 1978, Arthington 1991, Garcia-Berthou 1999, Leyse et al. 2004). The problems with
introducing exotic species have spurred interest in the use of native species for controlling
mosquitoes (Romand 1985; Mancini and Romi 1988; Fletcher et al. 1992, 1993; Frenkel and
Goren 1999; Lee 2000; Kusumawathie et al. 2006; Marti et al. 2006; Yildirim and Karacuha
2007).

Using fish for mosquito control can be unpredictable, with several failures reported in the
literature (Bence 1988, Blaustein 1992). However, the number of failures may be larger caused
by publication bias, over-representing successful trials. The importance of mosquito larvae in
the natural diet of fish, exclusions of mosquitoes from aquatic habitats caused by predation, or
avoidance by ovipositing female mosquitoes has rarely been studied, with studies often
reporting contradictory results. In Colombia, larvae of Anopheles albimanus Wiedemann were
found to be negatively associated with fish and predatory invertebrates, such as dragonfly and
mayfly nymphs (Marten et al. 1996). This phenomenon is thought to be far more widespread
in nature, with predatory fish influencing the distribution of many species of aquatic
invertebrates (Wellborn et al. 1996, Maddrell 1998). In contrast, in Pakistan, larvae of
Anopheles subpictus Grassi were positively related with the presence of aquatic predators
including fish, although the authors were unable to provide an explanation for this (Herrel et
al. 2001).

Several aquatic invertebrate taxa have evolved avoidance behaviors to minimize predation risk
(Kerfoot and Sih 1987, Tjossem 1990, Resetarits 2001, Abjornsson et al. 2002). This behavior
has also been reported in mosquito species, mainly culicines, in response to both invertebrate
and vertebrate (mainly fish) predators (Spencer et al. 2002, Kiflawi et al. 2003, Angelon and
Petranka 2004, Blaustein et al. 2004, Bond et al. 2005, Munga et al. 2006). Identifying whether
mosquitoes detect and avoid ovipositing in habitats containing fish is important because it
affects the efficacy of fish to control mosquitoes because gravid female mosquitoes may select
alternative breeding sites. Considering the importance of African anopheline mosquitoes in the
transmission of malaria and the renewed interest in using fish for mosquito control, it is
surprising that no studies have been carried out to determine whether Anopheles gambiae s.l.
Giles, the principal vector of malaria in Africa, avoids fish. Although several studies have
examined the potential of native fish species to control African malaria vectors, the importance
of these species in the ecology of the mosquito has been overlooked (Kumar and Hwang
2006). We therefore set out to test the hypothesis that native fish species can be used for
mosquito larval control in West Africa. The following predictions were tested: (1) the absence
of aquatic stages of mosquitoes will be associated with the presence of certain floodplain fish
species under natural conditions, (2) the diet of these fish species will include mosquitoes, (3)
the presence of insectivorous fish will reduce oviposition by female mosquitoes under semifield
conditions, and (4) insectivorous fish will be efficient predators of mosquitoes under semifield
conditions. The study was carried out in the floodplain of the Gambia River, the major source
of anopheline mosquitoes in rural parts of The Gambia (Bøgh et al. 2007, Majambere et al.
2008). This study formed part of a larger project investigating the use of microbial larvicides
for controlling malaria vectors and, taking into account the lack of published information on
the indirect effects of microbial larvicides on fish communities in lentic systems, allowed us
to investigate at a pilot study scale whether this activity affected fish populations in the
floodplain.

Materials and Methods
Study Area

This study was conducted along two transects (Balanghar-Ker Derry village [transect 1], 13°
39′ N, 15°23′ W, Palaka village [transect 2] 13°40′ N, 15°13′ W), each ≈2.3 km long, on the

LOUCA et al. Page 2

J Med Entomol. Author manuscript; available in PMC 2010 May 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



floodplain east of Farafenni town (UTM coordinates: 1500200N, 435500E), The Gambia, 193
and 209 km upstream of the estuary mouth, respectively, and approximately at the upper limit
of brackish water during the dry season (Fig. 1). The transects were chosen to cross all
vegetation zones typical of the floodplains. Rains occur from June to October, with the highest
long-term rainfall recorded in August. Baseline data were collected in 2005 when no sites were
treated with larvicide. In 2006, transect 1 was treated weekly with Bacillus thuringiensis
Berliner variety israelensis, followed by transect 2 in 2007 (Majambere et al., unpublished
data).

Each transect was located at the center of a zone ≈100 km2 in area, where all aquatic sites were
treated at weekly intervals from May to November. In 2006 ≈2,200 kg of Bti WDG and 1,200
kg Bti CG were applied in spray zone 1, with 3,200 kg Bti WDG and 3,700 kg Bti CG in 2007
in zone 2. The floodplain in this area was characterized by a stretch of mangroves along the
main river channel and some of the larger connecting creeks. Behind the mangroves were
continuous areas of mudflats that were often entirely barren because of the prolonged
desiccation during the dry season and high content of soluble salts, mainly chlorides and
sulfates (Giglioli and King 1966). Rice fields occurred in two belts on the floodplain: one along
the landward edge of the floodplain and the other closer to the river. Mudflats that receive
periodic flooding in the dry season from the spring tides support the perennial Sesuvium
portulacastrum, as well as seasonal Heleocharis spp. and beds of Paspalum spp. (Giglioli and
Thornton 1965, Bøgh et al. 2007). The area was therefore characterized by the presence of
some salt marsh vegetation but also retains characteristic freshwater flora such as water lilies
(Nymphaea spp.) in some habitats, such as semipermanent pools.

Field Mosquito and Fish Sampling
Two transects were sampled monthly from May to November in 2005, 2006, and 2007,
beginning ~1 mo before the rains and ending 1 mo after the rains. Each transect started from
the beginning of the floodwater and ended at the main river channel in the case of transect 1
and in the thick forest fringing the river in the case of transect 2. Mosquito larvae were sampled
by taking 10 dips with a standard mosquito dipper (350 ml capacity dipper; Clarke Mosquito
Control Products, Roselle, IL) every 150 m along each transect between 0700 and 1300 hours.
Dips were made within 20 m either side of the transect point. The presence or absence of
anophelines and culicine larvae at each sampling site was recorded. Late anopheline larvae
were transferred to plastic containers with water from the sampling site and transported to the
laboratory and allowed to emerge for subsequent identification.

Fish sampling took place along the transects within 20 m of the mosquito-sampling locations
using a cast net (diameter: 230 cm, mesh size: 10 mm) and a hand net (25 by 17 cm in area,
mesh size: 2 mm). The cast net was used for sampling in open water and areas of sparse
vegetation, and the hand net was used to sample smaller fish species and juvenile fish in the
shallower vegetated areas (<30 cm). Five cumulative minutes of sweeping were undertaken
with the hand-net and three cast net throws were taken within the sampling area. Together,
these methods provided effort-standardized sampling throughout the study period along
floodplain transects. Fish were preserved in 4% formalin and taken to the laboratory for
subsequent identification. Fish were identified to species using Paugy et al. (2003). Each
sampling location on the transect was categorised as one of four aquatic habitat types according
to the classification scheme of Majambere et al. (2008): floodwater habitats, rice fields, creeks,
or pools. Pools were defined as semipermanent, rain fed, and not connected with the rest of
the inundated floodplain except during short periods during heavy rainfall.
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Diet Analysis
The modified Costello method (Costello 1990) of Amundsen et al. (1996) was used to describe
the feeding habits of the different fish species and to identify the insectivores, the feeding guild
most likely to prey on mosquito larvae. For each prey item in each fish species, the percentage
occurrence (%Fi) and the prey-specific abundance (Pi) were calculated as follows:

where Ni is the number of fish with prey i in their stomach, N is the total number of fish with
stomach contents, Si is the stomach contents wet weight comprised of prey i, and ΣSti is the
total stomach content weight in only those fish with prey i in their stomach.

Prey abundance values for every prey item were obtained by the product of the percentage
occurrence (%Fi) and prey-specific abundance (Pi), which is also represented by the area
enclosed by the coordinates of the two axes on a %Fi versus Pi graph. In assigning species to
trophic guilds, prey items (starting from the most common one) that totaled 50% of the total
prey abundance were used to define the trophic guild of the species. The following trophic
guilds were used: (1) omnivores, fish that included both animal and plant material in the items
that contributed the first 50% of the prey abundance values; (2) insectivores, this group included
both aquatic and terrestrial insect prey items; (3) detritivores, fish that fed primarily on organic
detritus that may include mineral material; (4) piscivores, prey items that included other fish;
(5) planktivores, this category included zooplankton, mainly cladocerans and crustacean
larvae; (6) molluscivores, diet comprising mainly gastropods and bivalves; and (7) herbivores,
fish that fed primarily on plant material. Only fish species with a minimum of 20 individuals
caught with usable stomach contents (not empty or fully digested) were used in the analysis.

Semifield: Predation Experiment
This experiment was based on a setup that had been used previously for testing the efficacy of
microbial larvicides in the field (Fillinger et al. 2003, Majambere et al. 2007). Twenty-five
plastic bowls with an upper diameter of 53 cm, a lower one of 40 cm, and a height of 40 cm
(70-liter volume) were sunk into an open sunlit area on the MRC field station in Farafenni with
the lip protruding 5 cm above the soil. Bowls were set out in a grid 2 m apart, with five rows
of five bowls. Overflow holes were created in each bowl, 35 cm from the bottom, to allow
excess water to run-off during heavy rains. These holes were 1 cm in diameter and were covered
with untreated nylon mosquito netting (mesh: 0.2 mm) to prevent larvae and fish from escaping.
A collar of netting (inner diameter: 25 cm, mesh: 1 mm) was placed around the rim of each
bowl, directed inward and upward at a 45° angle, to prevent any fish present from jumping out
of the bowls.

Each bowl was filled with soil to a depth of 5 and 30 cm of unchlorinated tap water. The soil
was thoroughly mixed beforehand to prevent variations in the soil conditions between bowls.
Bowls were allowed to be colonized by mosquitoes for 8 d and for late instar larvae to develop.
Subsequently, the 25 bowls were ranked in terms of their anopheline larval densities at the end
of the 8-d period. The 18 bowls with the highest densities were kept and the rest were emptied.
Subsequently, these bowls were separated into six groups of three each with similar anopheline
densities. The two treatments, addition of six Epiplatys spilargyreius Duméril (average
biomass: 0.45 g/70 liters) or six Tilapia guineensis Bleeker (average biomass: 26.3 g/70 liters)
per bowl, and controls, with no fish, were assigned randomly within each one of these six
groups.
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Epiplatys spilargyreius was selected for this experiment because this species was most
frequently found with mosquito larvae in its stomach and was also the most common
insectivore species and a surface feeder, whereas T. guineensis was selected because it was the
most abundant fish in the floodplain, was a bottom feeder, and is known to readily emigrate
and colonize newly available floodplain habitats (Louca et al. 2009a, b). More than 200
individuals of both species were collected from the floodplain. Each fish species was kept in
separate stock containers and fed on standard aquarium flake food (Tetramin [Tetra, Hanover,
Germany], fed ad libitum) before use in the experiments. Individual fish were used only once
during the experiment to avoid the influence of learned behavior on mosquito predation. Fish
of similar sizes were used to avoid variations within, but not between, species in the predatory
capacity because of size differences. The size range for E. spilargyreius was 3–5 cm total length
(TL: tip of snout to margin of caudal fin), which is the size range for adult fish (Paugy et al.
2003), and for T. guineensis, the range was 5–7 cm TL. This represents the most appropriate
sizes that can survive adequately in the experimental bowls used for this project but also
includes the size at which these fish are commonly found in floodplain habitat.

The experiment was run for a further 12 d. Mosquito sampling took take place daily between
1700 and 1900 hours. Five dips were taken from each bowl using a standard dipper: four from
the sides and one from the center. The presence or absence of anopheline and culicine larvae
was noted and recorded as early (first and second instar), late (third and fourth instar), or pupae.
All larvae were replaced, whereas pupae were removed for subsequent species identifications
as described below. Any dead fish were replaced with fish kept in the holding bowl.

Semifield: Oviposition Cues
Nine bowls were placed 4 m apart in a grid arrangement in the same location as described
above for the predation experiment. The greater distance between bowls than in the predation
experiment was used to reduce the possibility of mosquitoes confusing chemical cues between
bowls. Each bowl, including controls had a 20 by 20 by 20-cm netting cage (mesh size: 0.2
mm) suspended in the middle of the bowl, ≈1 cm below the water surface. Three randomly
chosen bowls contained six E. spilargyreius placed within the cage, three had six caged T.
guineensis, and three without fish served as controls. Dipping for mosquito larvae was carried
out as described above for 7 d after first colonization, while the bowls were left open and
oviposition continued. Three separate trials were carried out. New bowls were used between
trials and experiments to avoid cross-contamination of fish chemical cues.

Mosquito Identification
All pupae were collected from the semifield experiments and late anopheline larvae from the
field study were placed in separate individual mosquito cages and allowed to eclode. Adult
anophelines were identified morphologically using Gilles and DeMeillon (1968). Culicine
mosquitoes were identified as Culex quinquefasciatus Say, Toxorhynchites spp., Aedes
vittatus Bigot, and other culicines. Sibling species of the An. gambiae complex were
subsequently identified by amplification of ribosomal DNA using polymerase chain reaction
(PCR) (Scott et al. 1993).

Statistical Analysis
Data were entered using Epi-Info version, version 3.5.1 (Center for Diseases Control and
Prevention, Atlanta, GA). Because of the large number of sites sampled for which zero counts
of mosquito larvae were obtained, mosquito data were transformed to presence or absence of
larvae. Canonical correspondence analysis (CCA) (Ter Braak 1986) was used to analyze the
influence of environmental variables (habitat type, treated/untreated with larvicides, transect,
year, distance from the floodplain edge, percentage vegetation cover, sampling month, and
presence/absence of each of the four most common insectivore fish species, as well as the
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commonest fish species, T. guineensis), on the presence/absence of anophelines and culicine
larvae. A partial CCA was undertaken with sampling point controlled for as a covariable to
account for repeated measures. Only environmental variables explaining a significant
additional proportion of variance were used to avoid possible collinearity effects. Forward
selection was used to identify significant variables and each variable was tested using Monte
Carlo permutation test (999 runs). The CCA multivariate method is a descriptive approach that
does not quantify the impact of each of the variables on the mosquitoes individually. Therefore,
the impact of each of the variables identified using CCA on the presence/absence of anophelines
and culicines was tested using general estimating equations (GEEs) using SPSS version 15
(SPSS Inc., Chicago, IL). This analysis extends generalized linear models (GLMs) to account
for repeated measures and clustering of samples as well as allowing for linear and nonlinear
models (Horton and Lipsitz 1999). A binomial distribution with a logit link function was used
to test the effect of those variables identified by CCA as having a significant impact determining
the distribution of positive and negative anophelines and culicine sites on each of those
mosquito groups separate. All P values were adjusted to account for the number of comparisons
carried out.

For those fish species that significantly influenced the distribution of mosquitoes in the field,
separate analyses were carried out using only the hand-net samples, because these were
collected from the edges of aquatic habitats where mosquitoes were also sampled, reflecting a
better representation of possible interactions between fish and mosquito.

Semifield data were incorporated untransformed in a mathematical model and analyzed using
GEE analysis. Bowl identity was accounted for as a repeated-measures variable assuming an
exchangeable correlations matrix. For the predation semifield experiment, the presence of
anopheline and culicine mosquito was tested against the two fish treatments using a binomial
distribution with a logit link function to test the predatory capacity of the two fish species.

In the oviposition experiment, larval densities (number of larvae per dip) were tested against
the two fish treatments using a normal distribution and a log link function because a better
goodness-of-fit was achieved with this distribution model compared with using a binomial
model and testing presence/absence of mosquito. Comparisons between treatments were made
only when at least one bowl was colonized by mosquitoes. The percentage reduction in larval
mosquito densities was calculated using the formula of Mulla et al. (1971): % reduction = 100
− (C1/T1 × T2/C2) × 100, where C1 and C2 describe the average number of larvae in the control
tanks pre- and post-treatment, and T1 and T2 describe the average number of larvae in the
treated with fish tanks pre- and post-treatment.

A Poisson probability distribution with a log link function was used to test the impact of
spraying with microbial larvicides on the fish species richness (number of fish species caught).
The Poisson distribution model is appropriate for counts of animal/plant units and is therefore
appropriate for testing species richness (Ter Braak and Smilauer 2002). Catches of the most
common six fish species followed a negative binomial distribution; therefore, a negative
binomial distribution model, with a negative binomial link, was used to test the impact of
microbial larvicide spraying on the abundances of these species.

Ethics
Durham University Ethics Advisory, Gambia Government/Medical Research Council Joint
Ethics Committee, and Gambian Fisheries Department granted ethical approval. All fish were
handled according to the ethical animal treatment rules (Anon 2003).
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Results
Mosquitoes and Fish Feeding Habits

A total of 11,013 fish were caught along the transects between 2005 and 2007 (see species list
in Louca et al. 2009b). T. guineensis was the dominant species, comprising >86% of the
combined catch with an average density of 7.59 fish/m2 (range: 0 – 518 fish/m2) and an average
catch biomass of 296 g/m2 (range: 0 – 1959 g/m2). Because most species were rare, with only
a few individuals caught, reliable diet data could only be obtained for 12 species. For E.
spilargyreius, the second species tested under semifield conditions, the average density was
0.1 fish/m2 (range: 0 – 1 fish/m2) and average biomass of 0.02 g/m2 (range: 0 – 0.1 g/m2). Fish
belonging to several feeding guilds were identified (Table 1), but only three species were
collected with mosquitoes in their stomachs. Adult mosquitoes were observed in stomachs of
Rhambdalestes septentrionalis Boulenger and anopheline larvae in Ctenopoma kings-leyae
Günther, while culicine larvae occurred in E. spilargyreius and R. septentrionalis. The
insectivores mostly consumed aquatic Hemiptera, adult stages of terrestrial insects (Diptera,
Coleoptera), larval/pupal stages of non-mosquito Diptera, and Odonata nymphs (Table 1).

CCA identified five significant variables (percentage vegetation cover, sampling month,
distance from floodplain edge, the presence or absence of T. guineensis, and larvicide
application) that determined the distribution of sites with or without anophelines or culicines
(Fig. 2). The impact of these variables on the presence or absence of anopheline and culicine
larvae was further tested using GEE analysis. Larviciding significantly decreased anophelines
by 68% and culicines by 74% (Table 2). The presence of T. guineensis was associated with a
38% decrease in culicine mosquito (Table 2). Moreover, anophelines were associated with
habitats with higher vegetation cover (Fig. 2; Table 2). Mosquito control using microbial
larvicide did not have a significant impact on the fish species richness on the floodplain, and
no impact was determined in terms of the abundances of the most common fish species
encountered on the floodplain (Table 3).

A subsample (n = 173) of late-instar anopheline larvae collected along the transects were
brought back to the laboratory to dentify them after emergence of the adults. Of these, 41.6%
were An. coustani s.l. Laveran, 31.8% were An. gambiae s.l., 11.6% were An. funestus Giles,
9.8% were An. pharoensis Theobald, and 5.2% were An. squamosus Theobald. Those
mosquitoes identified as An. gambiae s.l. (n = 55) were further identified to species by PCR
analysis, and 76% were identified as An. gambiae s.s., 12% as An. arabiensis Patton, and 12%
as An. melas Theobald.

Predation Experiments
The semifield experiments showed that both species of fish had significant impacts on the
presence of all categories of anopheline and culicine larvae and pupae (Table 4). Average
anopheline densities in the bowls before treatment were 1.01 larvae per dip. For early-instar
anophelines, there was a 69% reduction for E. spilargyreius and 96% reduction for T.
guineensis at the end of the 12-d period, whereas all late stage culicines and anophelines were
consumed within 24 h.

Of the 715 pupae collected in the predation semifield experiment in 2006, 21.7% were An.
gambiae s.l. and the rest were culicines (47.5% Ae. vittatus Bigot, 27.5% Cx.
quinquefasciatus Say, 1.3%, Toxorhynchites spp., and 2% other culicines). Of the An.
gambiae s.l., 48% were identified as An. gambiae s.s. and 52% as An. arabiensis.
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Oviposition Experiment
This experiment has shown that ovipositing culicines detected the presence of both E.
spilargyreius (97% reduction in mosquito larvae sampled, average density 0.05 larvae per dip)
and T. guineensis (93% reduction, average density 0.1 larvae per dip) compared with the
controls (average density 1.24 larvae per dip) and avoided ovipositing in sites where they are
present. For anophelines, however, our results indicate that they were poorly deterred by the
presence of E. spilargyreius (average density 0.13 larvae per dip) and T. guineensis (average
density 0.16 larvae per dip) in relation to the controls (average density 0.28 larvae per dip; Fig.
3).

Discussion
A comprehensive fish survey and dietary assessment of the most common species encountered
on the floodplain of the Gambia River showed that T. guineensis, a detritivore, dominates the
fish communities, constituting >86% of the catches by number. The Gambia River floodplain
exhibits low fish diversity compared with other tropical floodplain systems (Welcomme
1979, Cotner et al. 2006, Winemiller et al. 2006). This is partly because of the fact that the
Gambia River has an impoverished fish fauna compared with other West African river systems
(Leveque et al. 1991) but may also result from the low concentrations of nutrients found in the
floodplains (V. Louca, unpublished data). Dominance of the Gambia floodplain fish
community by a detritivore is also found in other tropical floodplain systems where detritivore
and herbivore species commonly dominate the fish communities (Winemiller 1990). Five fish
species were identified as being primarily insectivorous. Of these, E. spilargyreius was the
most common, with potentially sufficient numbers to cultivate for mosquito control.

Our analysis showed that the presence of T. guineensis was associated with a reduced likelihood
of finding culicine larvae, but not anophelines, whereas the presence of E. spilargyreius showed
no significant association with the distribution of mosquito larvae. Because of ts high local
densities, it is possible that T. guineensis could have a direct interaction with culicines. Semi-
field setups have been shown to accurately predict results obtained in large-scale experiments
(deSzalay et al. 1996), and our semifield tests suggest that the field observations of a negative
association in local distribution between culicines and T. guineensis may partly be caused by
culicines detecting and avoiding ovipositing in habitats where T. guineensis is present. The
fact that culicines avoided ovipositing in containers with both species of fish suggests that the
semio-chemicals detected by culicine mosquito are more general fish cues and not specific to
insectivorous fish, because T. guineensis was identified as a detritivore species.

Results from the predation semifield experiment suggested that predation by fish could also
be a factor regulating mosquitoes in the field. Alternatively, it may be that, in the floodplain
of the Gambia River, anophelines occupy different spatial niches to theTilapia, with
mosquitoes being concentrated close to emergent vegetation on the water’s edge and the fish
occupying the open areas away from the shoreline (Wellborn et al. 1996, Maddrell 1998).
Moreover, it is possible that anophelines and culicines differ behaviorally and in their
microhabitat preferences. The active behavior of culicines might make them more vulnerable
to predation by visual predators, like fish, whereas anophelines often reside in vegetation,
where they are relatively motionless and parallel to the water surface. The general lack of
mosquitoes, especially anopheline mosquitoes in the natural diet of fish, suggests that
mosquitoes constitute a minor part in the diet of fish on the Gambia River floodplain and that
fish only actively feed on them opportunistically in small aquatic habitats, such as our semifield
ponds, where mosquitoes constituted a relatively large proportion of the invertebrate fauna
present. This is supported by a number of studies that have shown that, even for established
larvivorous fish such as G. affinis, mosquito larvae constitute a minor proportion of their diet
under natural conditions (Garcia-Berthou 1999, Specziar 2004, Kumar and Hwang 2006).
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Despite the presence of E. spilargyreius inhibiting oviposition of culicines and being an active
predator under semifield conditions, it did not exclude culicines from habitats in the field. This
finding probably results from E. spilargyreius only being encountered at lower densities. In
contrast, the oviposition behavior of anopheline mosquitoes was not influenced by fish, and
as a result, it seems they do not influence the distribution of anophelines on the floodplain.
Moreover, we showed that it only achieves a 69% reduction in early anophelines 2 d after
introduction, and this suggests that this species under field conditions is a less efficient predator
of anophelines than T. guineensis. Taking into account the high abundance of T. guineensis on
the floodplain (recorded mean catch densities of 7.59 fish/m2; range: 0 –518 fish/m2) and their
proven ability to influence oviposition in culicine mosquitoes, it is perhaps not surprising to
see that they play a regulating role in the distribution of culicines on the floodplain.

Because culicines avoid oviposition in sites with either fish species, when effective control of
both anophelines and culicines is needed, it is of vital importance that all possible aquatic
habitat sites should be treated to avoid culicine mosquito selecting alternative sites for
oviposition, thus minimizing the effectiveness of this mosquito control measure. Nonetheless
because adult anophelines do not seem to be able to detect chemical cues in the water from
fish, fish may prove to be an efficient control method for reducing anopheline populations in
situations where habitats are well defined and long living.

These nonsignificant results from the pilot study indicate that biological control using microbial
larvicides did not affect fish species richness and abundance. However, because of the limited
sample size, these no-effect results should be interpreted with caution. Moreover, further
semifield level testing of the effect of mosquito larvicides on fish growth would be useful.

Tilapia guineensis, a primary animal protein source for people living along the floodplain, is
a candidate for use as a mosquito control agent in West Africa because we have shown that (1)
it is by far the most common fish in the floodplain, (2) its presence does not influence
oviposition by anopheline mosquitoes, and (3) it is a highly efficient predator of both early and
late anophelines. Nontheless, these results should be treated with caution because anopheline
larvae did not constitute a major part of the diet of this species and therefore they might be
inefficient in controlling larvae under natural conditions. With irregular rain patterns from year
to year being common in West Africa (Pages and Citeau 1990), the potential for using fish for
mosquito control is limited because it can only be effectively implemented in areas with
permanent water bodies. Moreover, for T. guineensis, the fish biomass used should be high
enough (at least 26.3 g/70 liters of water as used in the semifield study) to ensure that all
invertebrates will be consumed and that fish will not preferentially prey on non-mosquito
invertebrates. This dependence on permanent water bodies limits the capacity in which fish
can be used to control mosquitoes unless these habitats remain flooded for substantial periods
for the fish to survive and have an impact in controlling mosquitoes. Nevertheless, fish are
likely to be cheaper and provide a more long-term solution to mosquito control compared with
larvicides. Thus, fish could be used as part of an integrated control program where fish are
used in more permanent sites and microbial larvicides applied to temporary ones. Potential
effectiveness of the use of both fish and mosquito larvicides in the same aquatic habitats
remains to be tested. Moreover, it must be emphasized that if fish are used for controlling
mosquito larvae, it must be well planned because failures with introducing fish for mosquito
control can be caused by the limited attention in which these introductions take place. For
example, fish might be introduced in habitats that dry up rapidly or people may harvest the fish
at the end of the season but not replace them when the habitats are flooded again. Therefore,
future projects planning the introduction of fish should take into account these potential
problems and plan for a regular monitoring of the fish populations, with reintroduction of fish
when needed. Our study suggests that the use of fish for mosquito control in sub-Saharan Africa
merits further consideration.
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Fig. 1.
Location of the study sites on the Gambia River floodplain.
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Fig. 2.
CCA biplot of the distribution of positive and negative sites for anophelines and cilucine larvae
(Δ) and significant environmental variables (vector arrows) at P≤0.05. The position of each
centroid indicates its association with environmental variables.
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Fig. 3.
Odds ratios of the oviposition experiment for T. guineensis and E. spilargyreius. Experimental
round was also included in the analytical model; no differences were observed between rounds
for both anophelines and culicines. *Bonferonni corrected significant values in bold;
Bonferonni significance level, P ≤ 0.025.
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Table 2
Factors associated with the presence and absence of anopheline and culicine larvae
during the 2005, 2006, and 2007 rainy seasons

Factors Odds ratio

95% Wald CI

PLow High

Anophelines

 Intervention

  Nonsprayed 1.00 – – –

  Sprayed 0.38 0.24 0.59 <0.001

 T. guineensis

  Absent 1.00 – – –

  Present 1.12 0.87 1.44 0.36

 Percent vegetation cover 1.01 1.01 1.02 <0.001

 Sampling month 0.96 0.92 1.00 0.05

 Distance from floodplain edge 1.00 1.00 1.00 0.85

Culicines

 Intervention

  Nonsprayed 1.00 – – –

  Sprayed 0.26 0.17 0.38 <0.001

 T. guineensis

  Absent 1.00 – – –

  Present 0.62 0.45 0.84 0.002

 % vegetation cover 1.01 1.00 1.02 0.03

 Sampling month 1.01 0.98 1.04 0.43

 Distance from floodplain edge 1.00 1.00 1.00 0.95

Only those variables identified as significant by the CCA were included in the model. Significant values following Bonferonni correction in bold
(Bonferonni significance level, P≤0.025).

CI, confidence interval.
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Table 3
Influence of application of microbial larvicides on fish species richness (no.
species) and abundance of the most common fish species

Factors Odds ratio

95% Wald CI

PLow High

Fish species richness

 Nonsprayed 1.00 – – –

 Sprayed 0.81 0.64 1.03 0.09

Year

 2005 1.00 – – –

 2006 0.96 0.75 1.21 0.72

 2007 0.57 0.42 0.78 <0.001

Transect

 1 1.00 – – –

 2 1.01 0.67 1.53 0.94

T. guineensis

 Nonsprayed 1.00 – – –

 Sprayed 1.50 0.58 3.90 0.39

R. septentrionalis

 Nonsprayed 1.00 – – –

 Sprayed 0.99 0.75 1.32 0.98

E. spilargyreius

 Nonsprayed 1.00 – – –

 Sprayed 0.94 0.44 2.03 0.88

H. bimaculatus

 Nonsprayed 1.00 – – –

 Sprayed 0.91 0.82 1.01 0.08

H. fasciatus

 Nonsprayed 1.00 – – –

 Sprayed 1.04 0.90 1.20 0.60

P. normanii

 Nonsprayed 1.00 – – –

 Sprayed 1.05 0.98 1.12 0.15

Bonferonni-corrected significant values in bold (Bonferonni significance level, P ≤ 0.007).

CI, confidence interval.
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Table 4
Odds ratios of presence/absence of larvae and pupae from the predation experiment

Treatment Odds ratio

95% Wald CI

PLow High

Early anophelines

 Control 1 – – –

 T. guineensis 0.239 0.132 0.431 <0.001

 E. spilargyreius 0.204 0.113 0.368 <0.001

Late anophelines

 Control 1 – – –

 T. guineensis 0.032 0.008 0.126 <0.001

 E. spilargyreius 0.014 0.003 0.054 <0.001

Early culicines

 Control 1 – – –

 T. guineensis 0.001 0.000 0.013 <0.001

 E. spilargyreius 0.011 0.003 0.045 <0.001

Late culicines

 Control 1 – – –

 T. guineensis 0.003 0.000 0.020 <0.001

 E. spilargyreius 0.007 0.001 0.039 <0.001

Pupae

 Control 1 – – –

 T. guineensis 0.011 0.003 0.051 <0.001

 E. spilargyreius <0.001 <0.001 <0.001 <0.001

Each instar was analyzed in a separate model. We adjusted for experimental trial (number of trials: 4) in the model. Bonferonni-corrected significant
values in bold (Bonferonni significance level, P ≤ 0.01).

CI, confidence interval.
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