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a b s t r a c t

The present paper reports the occurrence of competition between larvae of the malaria mosquito sibling
species Anopheles arabiensis and An. gambiae under ambient conditions in western Kenya. Larvae of both
species were reared at the same density and under the same food conditions outdoors in single-species
and mixed-species populations (species ratio 1:1) in transparent cups that floated in small and large
semi-natural pools, which experienced different diurnal variations in water temperature. In a second
experiment, both species were reared at similar densities and under the same food conditions in trays in
either single-species or mixed-species populations at different proportions (species ratio 1:1, 1:3 or 3:1).
Competition affected the development rate of both species in an opposite way: the development time of
larvae of An. arabiensis increased whereas the development time of larvae of An. gambiae decreased in
the presence of its sibling species. In small pools larvae developing in mixed-species populations expe-
rienced a higher mortality than larvae reared in single-species populations, whereas no such effect was
observed in the large pools. In both species the time to pupation was longer and emerging females were
larger in the small pools. Larval mortality of An. arabiensis was lower in the small pools compared to
the large pools, whereas An. gambiae showed the opposite trend. Overall An. arabiensis showed reduced

development rates, higher mortality rates and emerged with a larger body size compared to An. gambiae.
The implication of these competitive interactions between larvae of An. arabiensis and An. gambiae under
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. Introduction

The two sibling malaria mosquito species Anopheles arabien-
is Patton and An. gambiae Giles sensu stricto (hereafter referred
o as An. gambiae), both belonging to the An. gambiae sensu lato
omplex (hereafter referred to as An. gambiae s.l.), are widespread
hroughout sub-Saharan Africa. Although An. gambiae is usually the
redominant species in environments with high humidity and An.
rabiensis is more common in zones with less rainfall, both species

ccur sympatrically across a wide range of tropical Africa (Petrarca
t al., 1998; Coetzee et al., 2000).

Their immature stages require an aquatic environment to
evelop and are found in transient, sunlit and small pools (Gillies
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be considered in the design and implementation of programmes that aim
as competition may alter the species composition in the field.

© 2008 Elsevier B.V. All rights reserved.

nd DeMeillon, 1968; Gimnig et al., 2001). A clear difference in
reeding site preference of the two species has not been observed,
ut the requirements of both species for their larval habitats are
ubject of discussion. Several studies suggest these preferences are
imilar (Charlwood and Edoh, 1996; Gimnig et al., 2001), others
hink these are different but were unable to show that explic-
tly (Minakawa et al., 1999). As both species are often found to
hare larval habitats (Charlwood and Edoh, 1996; Minakawa et al.,
999; Gimnig et al., 2001; Edillo et al., 2002; Chen et al., 2006) and
n. gambiae s.l. larvae tend to aggregate (Service, 1971; Koenraadt
t al., 2004), there will be frequent contact between individuals.
owever, the effects of interspecific competition between larvae
f An. arabiensis and An. gambiae have rarely been studied. Lab-
ratory studies by Schneider et al. (2000) and Kirby and Lindsay
submitted) showed a competitive disadvantage of An. arabiensis

ver An. gambiae, which was expressed in a higher mortality rate
n mixed-species populations. In a separate study, Koenraadt and
akken (2003) demonstrated the occurrence of intra- and interspe-
ific competition within the An. gambiae s.l. complex, where older
arvae preyed on younger ones.

http://www.sciencedirect.com/science/journal/0001706X
http://www.elsevier.com/locate/actatropica
mailto:krijn@paaijmans.nl
dx.doi.org/10.1016/j.actatropica.2008.07.010
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The existence of interspecific competition between immatures
f certain culicine mosquito species (mainly Aedes species) has been
ell established and a wide range of effects has been observed.

nterspecific competition may affect larval development rate (Ho
t al., 1989; Barrera, 1996; Juliano et al., 2004), larval survivorship
Black et al., 1989; Barrera, 1996; Braks et al., 2004; Juliano et al.,
004), the resistance to larval starvation (Barrera, 1996), sex-ratios
Lowrie, 1973a,b) and adult mosquito size (Ho et al., 1989). More-
ver, it may alter mosquito–virus interactions as shown by Alto et
l. (2005) for Aedes albopictus Skuse and therefore affect pathogen
ransmission.

These studies further showed that the extent of interspecific
ompetition may depend on a variety of factors, including tem-
erature (Russell, 1986; Ho et al., 1989), larval densities (Lowrie,
973a,b; Russell, 1986) and food quality and quantity (Russell, 1986;
ovak et al., 1993; Barrera, 1996; Daugherty et al., 2000). Further-
ore, interspecific differences in larval foraging behaviour may

esult in a difference in resource acquisition (Yee et al., 2004) and
ne species might obtain more energy from the substrate than the
ther (Barrera, 1996). This may be explained by morphological dif-
erences of the mouth brushes (Widahl, 1992), different speed of

ovement of the mouth brushes and therefore different food quan-
ity consumed per unit time (Ho et al., 1989, 1992; Widahl, 1992),

difference in feeding activity (Grill and Juliano, 1996) or by a
ifferent efficiency of the digestive system (Ho et al., 1992).

Various mosquito control methods, such as the use of

nsecticide-treated bednets (ITNs) and the larvicide Bacillus
huringiensis israeliensis (Bti), are currently being applied and tech-
ologies like genetically modified mosquitoes and the sterile-male
echnique are under development. These methods may not only
esult in decreasing mosquito abundance but also in a shift in the
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ig. 1. (A) Schematic drawing of the side view of an experimental cup. F indicates a po
ndicates a polystyrene float. (C) Experimental cups floating in a large-sized semi-natural
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ocal species composition. This has recently been shown in an ITN
tudy by Lindblade et al. (2006), which overall reduced the num-
er of vectors in the area, but also changed the An. arabiensis to An.
ambiae ratio from 1:1 to proportionally more An. arabiensis.

As both species are frequently found to co-exist in the same lar-
al habitats, a better understanding of the competitive interactions
etween An. arabiensis and An. gambiae is needed. These interac-
ions may alter the distribution and abundance of adult mosquitoes
nd hence the risk of malaria. Therefore we studied whether com-
etitive interactions occur between larvae of An. arabiensis and
n. gambiae under ambient and semi-field conditions in western
enya. In a first experiment we examined the effects of competition

n habitats of different sizes, which experienced different diurnal
emperature variations. In a second experiment the effect of vari-
us species ratios within a population was assessed. We analyzed
he effect of competition and habitat temperature on the develop-

ent time and mortality of the immature stages and on the adult
ex-ratio and female wing length.

. Materials and methods

.1. Mosquitoes

Experiments were carried out at the Kenya Medical Research
nstitute (KEMRI) in Kisian, Western Kenya. We used larvae of An.
ambiae, maintained at the Centre for Vector Biology and Control

esearch (CVBCR) at KEMRI and larvae of An. arabiensis. As there
as no An. arabiensis available in culture, wild-caught gravid

emales were collected from houses near the Ahero rice fields,
pproximately 30 km from Kisumu, prior to each experimental
eries. These females were allowed to oviposit in the insectaries

lystyrene float. (B) Schematic drawing of the top view of an experimental cup. F
pool.
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Finland), wind speed at 2 m above ground (cup anemometers;
homemade) and rainfall (rain gauge; Eijkelkamp, The Netherlands).
Totaled (rainfall) or averaged (other meteorological variables) data
were stored every 15 min on a 21× Microdatalogger (Campbell Sci-

Table 1
Summed (rainfall only) or mean (±S.E.M.) meteorological variables during experi-
ments 1 (n = 45 days) and 2 (n = 19 days)

Experiment 1 Experiment 2

9 April–25 May 8–26 May

Air temperature
Daily average (◦C) 22.3 ± 0.1 22.2 ± 0.1
Daily average minimum (◦C) 18.1 ± 0.1 18.0 ± 0.2
Daily average maximum (◦C) 28.1 ± 0.1 27.8 ± 0.2

Precipitation
Total during experiment (mm) 167.8 72.6
Maximum recorded (mm day−1) 18.9 17.7

Incoming solar radiation
Average daily total (MJ m−2 day−1) 21.0 ± 0.4 20.0 ± 0.6

Relative humidity
Daily average (%) 77.4 ± 0.6 78.0 ± 1.0
Daily average minimum (%) 51.1 ± 1.0 51.6 ± 1.9
26 K.P. Paaijmans et al. / Act

nd a large subset of the offspring was identified to species, as
escribed below, which confirmed a homogeneous An. arabiensis
opulation. The An. gambiae colony at the CVBCR was frequently
eplenished with field-caught mosquitoes.

.2. Experiment 1: effects of interactions in different sized
emi-natural pools

The experiment was carried out in April and May 2006 in
wo experimental series with, per series, three replicates for each
reatment (single-species An. arabiensis or An. gambiae and mixed-
pecies populations) in each habitat size (small-sized or large-sized
ool). In a third series, two replicates for each treatment were used

n the small-sized pool only, as two cups with mixed-species pop-
lations were lost in the second series.

Fifteen newly hatched (∼1 h old) first instar larvae (hereafter
eferred to as L1 larvae) of An. arabiensis and 15 newly hatched
1 larvae of An. gambiae were combined in a transparent plastic
up (0.78 larvae/cm2). The control groups consisted of 30 newly
atched L1 larvae of either An. arabiensis or An. gambiae in identical
ups.

Each cup (Fig. 1A and B) was provided with three polystyrene
oats and three screened (0.20 mm mesh size) openings (Ø6 mm) in
he cup wall to drain excess rainwater. The cup was filled with 3 cm
ater and was covered with netting (1-mm mesh size) throughout

he experiment.
The cups floated in small (Ø16 cm, water depth 4 cm) or large

Ø96 cm, water depth 32 cm) semi-natural pools (Fig. 1C). The pools
ere created by digging holes in the ground and lined with trans-
arent plastic (0.13 mm). The plastic was pressed tightly against
he soil to optimize plastic–soil contact and filled with clear tap
ater up to 10 mm under the brim. The plastic of the large pools
as kept in place by metal rings (50 mm wider in diameter than the
ool). Water was added daily in the early morning to compensate
or evaporation and to maintain a uniform water level. The setup
as cleaned and refilled on a weekly basis.

By using cups that floated in pools of different size, larvae were
eared in the absence of predators and with a constant density-
ependent and food-resource factor. Therefore, we were able to
tudy the effects of different daily water temperature dynamics in
he different pools on the competitive interactions between larvae
f An. arabiensis and An. gambiae.

.3. Experiment 2: effects of interactions at disproportionate
pecies ratios

This second experiment was carried out in May 2006 in an
pen greenhouse with a semitransparent roof. Circular plastic
rays (Ø12 cm, 5 cm deep) were filled with 3 cm of tap water and
0 newly hatched (∼1 h old) L1 larvae were placed in each tray
0.53 larvae/cm2). The following An. arabiensis to An. gambiae ratios
ere tested: 1:0, 3:1, 1:1, 1:3 and 0:1, with three replicates for

ach ratio. All trays were covered with netting (1-mm mesh size)
hroughout the experiment. Water was added or removed daily in
he early morning to compensate for evaporation or precipitation,
espectively, and to maintain a uniform water level.

.4. Data collection

In both experiments, larvae were counted, categorized to larval

tage and fed 0.3 mg Tetramin®Baby fish-food (TetraWerke, Melle,
ermany) per larva every day. Every 2 days the cups or basins

hat were used for rearing were cleaned and water was replaced
o prevent scum formation and accumulation of metabolites that

ay be toxic to the larvae (Bayoh and Lindsay, 2003). Dead larvae

W

ica 109 (2009) 124–130

nd pupae were discarded daily. Living pupae were collected and
eared to adults in paper cups that contained 2 cm of tap water and
ere covered with netting. The tap water that was used for lar-

al and pupal rearing originated from a well at KEMRI. Before use,
ater was stored in closed basins (100 L) for several days to allow

ediments and other inorganic particles to settle.
Gender of the emerged mosquitoes was recorded and females

ere stored in vials with some silica gel, whereby females from the
ixed-species treatments were stored in separate vials to prevent

ontamination. Wing length of each female adult (one wing per
emale) was measured with a dissecting microscope as described
y Lyimo et al. (1992).

All females from the mixed-species populations as well as a large
ubset (approximately 80%) of the An. arabiensis progeny that was
eared in the single-species populations, were identified using the
olymerase chain reaction (PCR) for species differentiation within
he An. gambiae complex (Scott et al., 1993).

.5. Meteorological data

No water temperature data were recorded at the time of the
xperiments, due to the failure of the equipment. Over a period of
0 days during the same months in the previous year (Paaijmans et
l., 2008), continuous water temperature measurements showed
hat the mean water temperatures of the small-sized and large-
ized pools were similar (27.4 ± 0.2 and 28.1 ± 0.2 ◦C, respectively).
owever, considerably larger daily variations in temperatures
ccurred in the small-sized pool, where the mean difference
etween the average daily minimum (22.4 ± 0.1 ◦C) and maximum
36.8 ± 0.3 ◦C) water temperature was 14.4 ◦C. This difference was
.1 (25.1 ± 0.1 − 32.1 ± 0.2) ◦C in the large-sized pool.

To give an indication of the climatic conditions during our exper-
ments, Table 1 shows some meteorological variables during both
xperiments. An automated meteorological station at KEMRI mea-
ured the incoming short wave radiation at 1.5 m above ground
pyranometer; Kipp & Zonen, The Netherlands), temperature and
elative humidity at 2 m above ground (ventilated probe; Vaisala,
Daily average maximum (%) 95.6 ± 0.2 95.5 ± 0.4

ind speed
Daily average (m s−1) 0.9 ± 0.0 0.9 ± 0.0
Daily average minimum (m s−1) 0.3 ± 0.0 0.3 ± 0.0
Daily average maximum (m s−1) 2.5 ± 0.5 2.4 ± 1.2
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Fig. 2. Interaction plot for the effect of habitat sharing by larvae of An. arabiensis
(diamonds) and An. gambiae (squares) under ambient conditions on the mean time
to pupation in small pools (solid lines) and large pools (dotted lines). Error bars
represent the standard error of the mean. The number near each data point indicates
the number of replicates available for the analysis.

Fig. 3. Interaction plot for the effect of habitat sharing by larvae of An. arabiensis
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ntific Inc., UK). There was no significant difference between the
limatic conditions of experiments 1 and 2.

.6. Statistical analysis

Per experimental unit (cup or basin) and per treatment (rearing
f single-species or mixed-species populations), the development
ime (mean time to pupation), mortality (percentage of larvae that
id not reach adult stage), sex-ratio (number of male mosquitoes
ivided by number of females) and wing length (mean female wing

ength) were determined per species. To establish the develop-
ent time, only pupae that developed into adults were taken into

ccount.
Data were analyzed using SPSS software (Version 15.0.1, SPSS

nc., Chicago, IL). Experiment 1: a GLM was used to test for the
ffect of ‘competition’, ‘species’, ‘temperature’ and for an interac-
ion between them on the development time, mortality, sex-ratio
nd wing length. Experimental series was included in the GLM
s a random factor. Maximal models were fitted first and, begin-
ing with higher order interactions, non-significant terms were
equentially removed in a process of backward elimination to gen-
rate minimal models. To meet normality assumptions, mortality
ata were square root transformed and sex-ratio data were dou-
le square root transformed. Experiment 2: a GLM was used to
est for the effect of ‘proportion of competitive species’, ‘species’
nd for an interaction between them on the development time and
ortality. Experimental series was included in the GLM as a ran-

om factor. Again maximal models were fitted first and, beginning
ith higher order interactions, non-significant terms were sequen-

ially removed in a process of backward elimination to generate
inimal models. Mortality data were square root transformed to
eet normality assumptions. Comparison of sex-ratios and wing

engths between treatments was done by a non-parametric tests
Mann–Whitney U), using a Bonferroni correction for multiple tests.

. Results

.1. Experiment 1: effects of interactions in different sized
emi-natural pools

.1.1. Effect on development time
Larvae of An. arabiensis took significantly longer to develop

nto pupae than An. gambiae larvae, regardless of habitat size and
hus temperature. However, this effect was competition-dependent
Fig. 2 and Table 2): in small pools the development time of An. ara-
iensis increased from 9.3 (±0.1) days in the absence to 10.8 (±0.3)
ays in the presence of the sibling species, whereas the develop-

ent time of An. gambiae decreased from 9.0 (±0.2) to 8.3 (±0.2)

ays, respectively. The same phenomenon was observed in the large
ools, whereby the development time of An. arabiensis increased
rom 8.5 (±0.1) days in the absence to 9.0 (±0.3) days in the pres-
nce of the sibling species and the development time of An. gambiae

3

s
T

able 2
LM analyses of the effects of competition (presence/absence of sibling species), species
f Anopheles arabiensis and An. gambiae

ffect Time to pupation

d.f. F

ompetition 1,44 2.27
pecies 1,44 93.46
emperature 1,44 80.83
ompetition × species 1,44 35.98
ompetition × temperature 1,44 2.73
pecies × temperature 1,44 0.18
ompetition × species × temperature 1,44 4.50
diamonds) and An. gambiae (squares) under ambient conditions on the mortality
f the immature stages in small pools (solid lines) and large pools (dotted lines).
rror bars represent the standard error of the mean. The number near each data
oint indicates the number of replicates available for the analysis.

ecreased from 7.8 (±0.1) to 7.2 (±0.1) days, respectively. Devel-
pment time was significantly affected by temperature: in small
ools, the time to pupation was longer for both species in both
ingle-species and mixed-species populations, compared to large
ools (Fig. 2 and Table 2).
.1.2. Effect on mortality
Competition did alter the observed mortality rates for both

pecies, but the effect was temperature-dependent (Fig. 3 and
able 2): larvae that were in competition in small pools experienced

and habitat temperature dynamics on the time to pupation and mortality of larvae

Mortality

P d.f. F P

0.139 1,46 0,28 0,598
<0.001 1,46 19.15 <0.001
<0.001 1,46 0.67 0,416
<0.001 >0.05

0.105 1,46 7.98 0,007
0.671 1,46 7.76 0,008
0.040 >0.05
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ig. 4. Interaction plot for the effect of an increased proportion of the competing
pecies present on the development time for larvae of An. arabiensis (diamonds) and
n. gambiae (squares). The error bars represent the standard error of the mean. The
umber of replicates per data point is three.

higher mortality than larvae reared in single-species populations,
hereas no such observation was made in the large pools. Overall,

he mortality of the immatures of An. arabiensis was significantly
igher than that of An. gambiae. However, both species responded
ifferently to habitat size: the mortality of the immature stages of
n. arabiensis was lower in the small pools than in the large pools,
hereas An. gambiae showed the opposite trend (Fig. 3 and Table 2).

.1.3. Effect on sex-ratio
Competition and temperature had no effect on the sex-ratio

f both species. The average male/female ratio was significantly
ower (F1,48 = 12.97; P < 0.001) for An. arabiensis (0.8 ± 0.1) than for
n. gambiae (1.4 ± 0.2).

.1.4. Effect on female size
Temperature affected female size (F1,50 = 4.17; P = 0.047) and

he average wing length of females of An. arabiensis (small
ool: 2.99 ± 0.02 mm; large pool: 2.93 ± 0.04 mm) was significantly

arger (F1,50 = 15.36; P < 0.001) than that of females of An. gambiae
small pool: 2.88 ± 0.03 mm; large pool: 2.83 ± 0.02 mm). Com-
etition had no effect on the mean wing length of the female
osquitoes for both species.

.2. Experiment 2: effects of interactions at disproportionate
pecies ratios

.2.1. Effect on development time
Larvae of An. arabiensis took significantly (species: F1,16 = 300.2;

< 0.001) longer to develop into pupae than larvae of An. gambiae.
owever, this effect was competition-dependent: when a higher
roportion of the competing species was present in the population,
he development time of An. arabiensis increased (from 10.6 ± 0.0
ays when reared alone to 12.3 ± 0.2 days when 75% of the popula-
ion consisted of its sibling species) whereas the development time
f An. gambiae decreased (from 9.5 ± 0.2 days in single-species to
.9 ± 0.2 days when 75% of the population consisted of its sibling
pecies) (Fig. 4; ‘proportion competitive species’ × ‘species’ inter-
ction: F3,16 = 17.4; P < 0.001).

.2.2. Effect on mortality

A higher proportion of the sibling species present in the popula-

ion had no significant effect on the mortality of the immatures of
oth species. No difference was observed between the percentages
f larvae of An. arabiensis (mortality: 15.6 ± 2.1%) and An. gambiae
mortality: 16.4 ± 1.6%) that did not reach adult stage.

i
v
t
s
o

ica 109 (2009) 124–130

.2.3. Effect on sex-ratio
There was no effect of the proportion of the sibling species

resent in the populations on the sex-ratio for both species. The
verage male/female ratio was 1.0 (±0.2) for An. arabiensis and 1.2
±0.1) for An. gambiae.

.2.4. Effect on female size
Sharing a habitat with different percentages of the other species

resent in the populations had no effect on the wing length for both
pecies. Overall, females of An. arabiensis (3.34 ± 0.02 mm) had sig-
ificantly larger wings (Mann–Whitney U: P < 0.001) than females
f An. gambiae (3.22 ± 0.02 mm).

. Discussion

We demonstrated the existence of a competitive interaction
etween larvae of An. arabiensis and An. gambiae under ambient
onditions, which increased the time to pupation for An. arabien-
is by 1.6 days in small pools. By contrast, the time to pupation
or An. gambiae was decreased by 0.7 days. A similar trend (an
ncrease of 0.5 days for An. arabiensis and a decrease of 0.6 days
or An. gambiae) was observed in the large pools. Further investi-
ations established that the effect became more prominent with
n increasing proportion of the competing species present in the
opulation.

Considering the time it took the larvae to pupate, the detri-
ental effect of habitat sharing for An. arabiensis was greater than

he advantageous effect for An. gambiae. A possible reason might
e that the development rates of the single-reared populations
f An. gambiae were close to the highest rate possible under the
iven circumstances and therefore a further increase in develop-
ent rate was not possible, as the species had reached its biological
aximum. A shorter development time can be advantageous for

he survival of the immature mosquitoes, as they are exposed
or a shorter period to threats such as cannibalism, predation,
athogens and climatic variables such as rainfall resulting in flush-

ng of breeding sites (Paaijmans et al., 2007) or periods of drought
hat result in desiccation of the larval habitat (Koenraadt et al.,
003).

Competition did alter the mortality rates for both species, but
he effect was temperature-dependent. In the small pools, sharing
f a habitat caused reduction of the survivorship of both species.
oth Schneider et al. (2000) and Kirby and Lindsay (submitted)
bserved the same competitive disadvantage, but for An. arabiensis
nly. There was no effect of competition on the sex-ratio or female
ody size for both species.

The immediate cause of the different effects of habitat shar-
ng between An. arabiensis and An. gambiae remains unknown.
oth experiments were designed such that competitive interactions
ould be studied with a constant density-dependent and food-
esource factor. We propose some factors that may have caused
competitive interaction between the two species.

First, competition could be driven by chemical or physical cues.
hemical cues have been observed in Ae. aegypti (L.), where larvae
elease growth retardants to the water (Moore and Whitacre, 1972;
uno and Moore, 1975; Dye, 1984) and pollute the water, probably
ith nitrogenous waste (Bédhomme et al., 2005). Besides chemical

nterference, physical interaction has also been proposed as a fac-
or of importance (Dye, 1984). In theory, chemical cues could cause

ntraspecific as well as interspecific competition. If An. gambiae lar-
ae produce growth retardants, fewer individuals of An. gambiae at
he same larval density may result in the faster development of this
pecies, while this growth retardant may inhibit the development
f An. arabiensis.



a Trop

a
a
t
s
e
p
p
m
a
2
a
l
i
f
1
a
d

g
p
t
g
r
1
(
a
m
b
l
e
p
w
7
e
w
e
r
t
a
d
r
e
a

s
h
h
t
n
e
p
s
a
w
h
s

t
c
K
t
t
f
f

fi
P

t
t
e
s
o
m
u
i
m
c

r
t
g
l
p
e
s
a
t
c
i

w
s
t
s
r
T
i
i
i
0
a

i
b
F
h
t
o
o
v
o
2
r
m
m

a
t
e
o
a
l
s
c

K.P. Paaijmans et al. / Act

A second explanation for the occurrence of competitive inter-
ctions may be the difference in foraging success between An.
rabiensis and An. gambiae. Schneider et al. (2000) proposed that
he larger size of females of An. arabiensis could mean that this
pecies requires a larger quantity of food. The species that is more
fficient in food detection, ingestion and digestion may have a com-
etitive advantage over the other species. Part of the food particles
rovided to the larvae sank to the bottom of the cups. An. gambiae
ight benefit from these particles, as this species crawls more often

long the bottom substrate than An. arabiensis does (Tuno et al.,
007). Other explanations for differences in foraging success, that
re shown to be of importance in culicine mosquitoes, are morpho-
ogical differences of the mouth brushes (Widahl, 1992), difference
n stroke frequency of these mouth brushes and therefore different
ood quantity taken per unit time (Ho et al., 1989, 1992; Widahl,
992), a more active feeding behaviour with more time browsing
nd less time resting (Grill and Juliano, 1996) or by a more efficient
igestive enzyme system (Ho et al., 1992).

Considering the effect of habitat size, both An. arabiensis and An.
ambiae took longer to develop into pupae in the small pools. This
robably explains the larger body size of females that resulted from
he smaller pools. On the first hand, our data seem to contradict the
eneral assumption that insects experience an increased growth
ate and grow to smaller sizes at higher temperatures (Atkinson,
994), which has indeed been observed for An. gambiae as well
Lyimo et al., 1992; Bayoh and Lindsay, 2003). As food quantity
nd larval densities were kept constant in our experiments and the
ean water temperature in the different sized pools was compara-

le, 27.4–28.1 ◦C (see Section 2), we suggest that the difference in
arval development time between the different-sized pools may be
xplained by a different magnitude and duration of the alternating
hases. The difference between the daily minimum and maximum
ater temperature was 14.4 (±0.3 S.E.M.) ◦C in the small-sized and

.1 (±0.2) ◦C in the large-sized pools. Small-sized pools experi-
nce higher temperatures during daytime compared to larger ones,
hich will result in higher development rates of the larvae (Depinay

t al., 2004). These higher temperatures, however, last only for a
elatively short period during the day. Therefore, we suggest that
he longer exposure to lower temperatures during the evening and
t night (Paaijmans et al., 2008) contributed to the longer larval
evelopment time in the small pools. As the larger pools expe-
ience less variation in water temperature, larvae will have more
quivalent hourly growth rates throughout the day, which appears
dvantageous.

The effect of habitat size on larval mortality differed for both
pecies: compared to the larger pools, An. arabiensis expressed a
igher survivorship in the small pools, whereas An. gambiae had a
igher mortality. It is therefore concluded that An. arabiensis can
olerate pools that are warmer during day-time and cooler during
ight-time, such as small puddles, better than larger pools, which
xhibit less variation in temperature during the day. This may in
art explain some of the differential variations that are observed in
ibling species composition and temporal dynamics of sympatric
dult populations. Recent work by Kirby and Lindsay (submitted)
ho observed a greater production of An. arabiensis at extremely
igh water temperatures and of An. gambiae at lower temperatures,
upports this conclusion.

Overall An. arabiensis had lower development rates, higher mor-
ality rates (experiment 1 only) and grew into larger females
ompared to An. gambiae. Similar data have now been reported by

irby and Lindsay (submitted). Schneider et al. (2000) also found

hat the mortality of An. arabiensis was significantly higher than
hat of An. gambiae, but they observed a shorter development time
or An. arabiensis larvae compared to An. gambiae. Similar size dif-
erences between both species have previously been reported in the

a
d
c
a
1

ica 109 (2009) 124–130 129

eld and are considered to have a genetic base (Hogg et al., 1996;
etrarca et al., 1998).

Interestingly, females of both An. gambiae and An. arabiensis
hat were reared in the greenhouse of experiment 2 were larger
han the females of experiment 1, which were reared outdoors,
ven though the weather conditions during both experiments were
imilar. Also, both the survival and the mean time to pupation
f An. arabiensis larvae increased when larvae were reared in the
ore protective environment of the greenhouse. Apparently, nat-

ral conditions such as direct sunlight and natural daily variations
n water temperature affect the life-history traits of the immature

osquitoes, which are easily overlooked in laboratory studies and
annot be easily simulated.

Competitive suppression of An. arabiensis by An. gambiae may
esult in a behavioural change of An. arabiensis, causing females
o avoid oviposition in breeding sites that are occupied by An.
ambiae. However, this has not been observed in the field where
arvae of both species are often found together in puddles and
ools (Charlwood and Edoh, 1996; Minakawa et al., 1999; Gimnig
t al., 2001; Edillo et al., 2002; Chen et al., 2006). Further studies
hould focus on the factors that govern competitive interactions
nd explore the existence of these interactions in the field. Oviposi-
ion experiments can provide information about female behaviour
oncerning habitat choice with presence or absence of the compet-
ng species at varying densities.

Future research should also aim at the effects of competition
hen early instars are competing with late instars of opposite

pecies, as in a field situation all four larval instars can be found
ogether in one habitat (Koenraadt et al., 2004). It has been demon-
trated for An. arabiensis that the presence of older larvae may
educe the development rate of younger ones (Koenraadt and
akken, 2003). Furthermore, the effect of food quantity and qual-
ty and various lower larval densities on competition needs further
nvestigation. Densities of the immature mosquitoes encountered
n the field seem lower than those used in our experiment (e.g.
.13 larvae/cm2 (Gimnig et al., 2002), 0.016 larvae/cm2 (Koenraadt
nd Takken, 2003) and 0.009 larvae/cm2 (Koenraadt et al., 2004)).

Understanding the exact mechanisms underlying the compet-
tive interactions between An. arabiensis and An. gambiae will
e required when proper mosquito control methods are applied.
or example, in areas with a high ITN use and a proportionally
igher number of An. arabiensis in the area (Lindblade et al., 2006),
he An. gambiae larvae present may develop faster when they
ccur sympatrically with An. arabiensis, than they would on their
wn. Furthermore, understanding the competitive traits of malaria
ector species would be an important step in the development
f genetically modified mosquito populations (Takken and Scott,
003). The goal of such Plasmodium-resistant mosquito lines is to
eplace the current vector population and, therefore, the genetically
odified mosquito needs to be a better competitor than current
alaria vectors.
In conclusion, a competitive interaction between larvae of An.

rabiensis and An. gambiae was observed, with An. gambiae being
he better competitor. Larvae of An. arabiensis had a significant
xtension of their development time, whereas An. gambiae devel-
ped faster into pupae. These effects were more pronounced when
higher proportion of the sibling species was present in the popu-

ation. Furthermore, competition altered the mortality rates of both
pecies, but the effect was temperature-dependent. Under natural
onditions, when they are vulnerably exposed to other biotic and

biotic factors, such competitive interactions are likely to affect the
istribution and abundance of the resultant adult populations and
an therefore affect the transmission of malaria, as An. arabiensis
nd An. gambiae have a differential vectorial competence (White,
974).
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