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Abstract

A better understanding of the oviposition behaviour of malaria vectors might facilitate 

development of new vector control tools. However, factors that guide aquatic habitat selection of 

gravid females is poorly understood.

This study explored the relative attractiveness of similar artificial ponds (0.8 m2) aged at varying 

length prior to opening in such a way that wild Anopheles arabiensis could choose between ponds 

that were freshly set up, 4 or 17 days old to lay eggs. Physicochemical parameters, bacterial profile 

and volatile organic compounds emitted from ponds were investigated over 3 experimental rounds.

Fresh ponds contained on average twice as many An. arabiensis instar larvae (mean: 50, 95% 

confidence interval (CI): 29–85) as the ponds that had aged 4 days (mean: 24, 95% CI: 14–42) and 

17 days (mean: 20, 95% CI: 12–34). Fresh ponds were associated with significantly higher 

turbidity combined with higher water temperature, higher nitrite levels and lower pH and 

chlorophyll level than the older ponds. Round by round analyses suggested that bacteria 

communities differed between age groups and 4-heptanone, 2-ethylhexanal and an isomer of 

octenal, were exclusively detected from the fresh ponds.

These characteristics may be useful for developing attract and kill strategies for malaria vector 

control.
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Introduction

Knowledge of the cues utilized by gravid female mosquitoes to select suitable habitats for 

their offspring may facilitate development of more effective or novel mosquito control tools. 

Oviposition site seeking mosquitoes may respond to cues of visual, tactile and olfactory 

nature (McCrae, 1984; Bentley & Day, 1989; Millar et al., 1992; Eneh et al., 2016). An. 
gambiae s.l., one of the principal vectors of malaria in Africa, is often described to prefer 

temporary, shallow, sunlit pools or puddles for oviposition (Mereta et al., 2013), however, a 

great range of habitats has been described for different eco-epidemiological settings 

(Fillinger et al., 2004; Fillinger et al., 2009). The age of the standing water providing 

potential oviposition sites has been associated with differential attractiveness for malaria 

vectors in a previous study (Munga et al., 2013), where older substrates had a lower 

abundance of An. gambiae s.l. larvae. Moreover Anopheles larvae have been found to be less 

prominently present in permanent larval habitats compared to temporary habitats (Gimnig et 
al., 2001; Mereta et al., 2013).

The cues associated with habitats more frequently colonized are not fully understood. 

Physicochemical, microbial, and volatile chemical cues as well as presence of competitors 

and predators may be involved in oviposition site selection and all of these may vary over 

time. While some studies have found a significant association between physicochemical 

parameters of potential oviposition sites and the density of An. gambiae s.l. larvae, others 

have not and the result from these studies are often ambiguous (Robert et al., 1998; 

Minakawa et al., 1999; Gimnig et al., 2001; Gimnig et al., 2002; Ye-Ebiyo et al., 2003; 

Fillinger et al., 2004; Mutero et al., 2004; Minakawa et al., 2005; S. Munga et al., 2005; 

Edillo et al., 2006; Kaufman et al., 2006; Awolola et al., 2007; Muturi et al., 2007; 

Mwangangi, Mbogo, et al., 2007; Mwangangi, Muturi, et al., 2007; Muturi et al., 2008; 

Fillinger et al., 2009; Antonio-Nkondjio et al., 2011; Kenea et al., 2011; Ndenga et al., 2011; 

Kweka et al., 2012; Mereta et al., 2013; Munga et al., 2013; Dida et al., 2015). For instance, 

the pH of the water has been suggested to be associated with abundance of An. gambiae s.l. 
larvae in some studies (Gimnig et al., 2001; Awolola et al., 2007; Mereta et al., 2013) 

whereas it was not associated with larval density in others (Edillo et al., 2006; Muturi et al., 
2007; Mwangangi, Muturi, et al., 2007; Antonio-Nkondjio et al., 2011; Kenea et al., 2011; 

Ndenga et al., 2011; Chirebvu & Chimbari, 2015; Dida et al., 2015).

Previous studies have suggested that An. gambiae s.s. utilize volatile microbial metabolites 

to select between oviposition substrates in cage bioassays (Sumba et al., 2004; Lindh, 

Kannaste, et al., 2008). Furthermore, recent studies have shown that they can use water 

vapour and chemical cues to locate and select oviposition sites in semi-field settings and in 

the field (Okal et al., 2013; Lindh et al., 2015; Okal et al., 2015). The first identified 
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oviposition attractant for An. gambiae s.l., cedrol, has been suggested to be of microbial 

origin (Lindh et al., 2015; Eneh et al., 2016).

Earlier studies also indicated that the presence of Anopheles larvae may influence the 

oviposition behaviour of conspecifics (Munga et al., 2006; Sumba et al., 2008), possibly by 

influencing the volatile signals emitted from the sites through dead larvae or their waste 

products. In addition, larval density and presence of predators have been observed to affect 

An. gambiae s.s. oviposition choices in a cage experiment (Sumba et al., 2008; Warburg et 
al., 2011).

To date, no studies involving wild malaria mosquitoes have investigated bacterial, chemical 

and physicochemical profiles of pond water preceding larval colonization and thereby 

excluding larval based cues. Here we study the colonization of similar artificial aquatic 

habitats in close vicinity (less than 5 meters apart) by wild Anopheles. The habitats were set-

up with the same material and oviposition substrates but staggered in time and allowed to 

age for different duration under natural condition in the field covered by a fine net. The 

habitats were then opened for colonization at the same time. This study aimed to investigate 

if gravid Anopheles females make a choice between similar habitats in close range and what 

cues might mediate the de-novo oviposition site selection.

Materials and Methods

Experiment location

The experiment was conducted in two open fields located approximately one km apart at the 

International Centre of Insect Physiology and Ecology -Thomas Odhiambo Campus (icipe-

TOC), Mbita, western Kenya, on the shores of Lake Victoria (0°26′06.19″ South; 

34°12′53.13″ East). The climate of Mbita is tropical with annual temperature between 18–

28 °C and an average annual rainfall of 1769 mm (data from 2010–2013 obtained from 

icipe’s weather station). The experiment was set-up in the rainy season of 2013 between the 

months of April and May. The malaria vector species composition reported for the study 

area was dominated by Anopheles arabiensis; other species included Anopheles gambiae 
s.s., Anopheles funestus s.s., Anopheles rivulorum and Anopheles coustani (Kawada et al., 
2011; Herrera-Varela et al., 2014; Lindh et al., 2015).

Experimental set-up

Ponds were made from a plastic basin of 55 cm upper diameter that was placed in a hole in 

the ground, so the top of the basin was in level with the ground. The ponds received 2 kg of 

dried soil mixed with 30 L of non-chlorinated tap water pumped from Lake Victoria. The 

water surface area of each pond was 0.8 m2. The soil (silty clay loam (Herrera-Varela et al., 
2014)) was collected from a site that was a natural Anopheles oviposition site. The site was 

dry and did not contain any viable Anopheles eggs or larvae at the time. The ponds were 

fitted with overflow points at two sides, protected with a mesh of 0.6 mm by 0.6 mm to 

prevent loss of larva with rain. Daily rainfall data for the duration of experiments was 

collected from icipe’s meteorological station.
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Ponds were set up 4 m apart in 5 rows containing 3 ponds each. The location of the ponds at 

icipe-TOC was at least 70 m away from the next natural aquatic habitat to avoid direct 

competition between the artificial set up and natural sites. Five ponds of each treatment (age 

1 (opened for colonization when 0 day old), age 2 (opened for colonization when 4 day old) 

and age 3 (opened for colonization when 17 day old)) were set-up at random positions in 

such a way that all treatments were present in each row (Figure 1). During ageing, 

colonization by mosquitoes and other organisms was prevented by covering the ponds with 

pieces of nets with a mesh size of 0.6 × 0.6 mm. The water level at the start of the 

experiment was marked on each pond and if water evaporated below this level, it was topped 

up.

A sweep net (length= 40 cm, width = 5 cm, height = 10 cm) was used to count the number 

of Anopheles early instar larvae on the fourth day after opening the ponds. Based on 

experience with this set up and published work (Yaro et al., 2006) it was assumed that at this 

time 90% of all eggs laid in the first 24 hours of opening had hatched. The sweep net was 

passed over the surface of the water ten times to exhaustively collect all mosquito larvae 

present. The content of the net was emptied into white plastic bowls providing a contrast for 

larva counting. Anopheles larvae were differentiated from culicine larvae based on 

morphology and the number of Anopheles larvae in each pond was recorded. Anopheles 
larvae were brought to the laboratory and allowed to grow to late instars before PCR-based 

species analysis was implemented. All Anopheles collected from the artificial ponds were 

Anopheles arabiensis, the pre-dominant species in the study area (Herrera-Varela et al., 
2014). Water samples were taken for bacterial and chemical profiling on the day when ponds 

were opened for colonization (pre-colonization). Physicochemical profiling of pond water 

was performed on site and water samples taken for viable count of bacteria on the day the 

ponds were opened and on the day larval surveys were performed (4 days later, Figure 1). 

Larval count, physicochemical measurements and water collections for bacterial and 

chemical analyses were carried out between 9.00 and 11.00 a.m. on the day of sampling.

The experiment was replicated three times.

Physicochemical parameters

A hand-held multimeter (Multi 340i, WTW, Germany) was used to measure pH, dissolved 

oxygen (parts per million; ppm) and conductivity (µS/cm). Turbidity (Nephelometric 

Turbidity Unit; NTU) was measured with a turbidity meter (TURB 355IR, WTW Germany). 

Aquamerck® test kits (Aquamerck® No.111151, Germany) were used to measure nitrite 

(mg/l), nitrate (mg/l), phosphate (mg/l), carbonate hardness (mmol/l) and total hardness 

(mg/l). Water chlorophyll (µg Chl/l) content was measured with an AquaPen AP100 (Photon 

Systems Instruments, Czech Republic). Biochemical oxygen demand (BOD) was based on 

measuring dissolved oxygen (Multi 340i, WTW, Germany) in 50 ml water samples before 

and after storing in brown bottles at 25 °C for 5 days. BOD (ppm) was calculated as the 

difference between oxygen level at the start and after 5 days. All variables were measured 

according to the instructions by the manufacturer.
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Bacterial viable count

Bacterial viable counts were performed for three randomly selected ponds of each age group 

Bacterial culture plates were prepared by dissolving 18.2 g Reasoner’s 2 agar (R2A, Sigma-

Aldrich Sweden AB, Stockholm Sweden) medium in 1 L of deionized water. The resulting 

mixture was sterilized in an autoclave and poured into sterile Petri dishes (diameter 9 cm) 

with approximately 15 ml per dish. Water samples from the ponds were diluted a hundred 

fold with sterile saline solution (0.7% sodium chloride) and 100 µl of the dilution was plated 

by spreading the content equally over a plate. Three replicate plates were used for each 

pond. The plates were incubated at 30 °C for 24 hours. Thereafter, the number of colonies 

was counted and the colony forming units per ml (CFU/ml) were calculated.

Extraction of bacterial DNA from water samples

Water samples (50 ml) were taken from each of the ponds in Falcon tubes and centrifuged at 

4000 rpm for 30 minutes. The supernatant was carefully decanted. The pellet was re-

suspended in the remaining water and transferred to 1.5 ml Eppendorf tubes and then 

centrifuged at 14000 rpm for 1 minute. Subsequent steps were performed according to the 

handbook for QIAGEN blood and tissue kit (QIAGEN Ltd., North Manchester M15 6SH, 

UK). Extracted DNA was stored at minus 80 °C.

PCR amplification of 16S rDNA and purification of PCR products

The extracted DNA samples were used as template to amplify the V3 region of the 16s 

rDNA gene with bacteria universal primers (Eurofin AB, Stockholm, Sweden): forward 

primer 968F (5’-CGC CCG CCG CGC GCG GCG GGC GGG GCG GGG GCA CGG GGG 

GAA CGC GAA GAA CCT TAC-3’) with GC clamp and reverse primer 1601R (5’-CGG 

TGT GTA CAA GAC CC-3’). PCR were carried out using PuReTaq Ready-To-Go™ PCR 

Beads (GE Healthcare illustra™, Fisher Scientific, Stockholm, Sweden). To each PCR tube, 

22 µL of nuclease free water (Life Technologies Europe BV, Stockholm, Sweden), 10 pmol 

forward and reverse primer and 1 µL of DNA template were added. The initial denaturation 

of the double stranded DNA was at 94 °C for 5 minutes followed by a touch down 

temperature programme of denaturation at 94 °C for 30 seconds and annealing at 58–48 °C 

for 30 seconds (1 °C decrease in temperature per cycle) and extension at 72 °C for 30 

seconds. This was followed by 20 cycles at 94 °C, 50 °C and 72 °C for 30 seconds each. 

Final extension was 72 °C for 5 minutes. Each template was amplified in two replicate 25 µl 

PCR reactions. These were pooled, purified and concentrated to 10 µl using the Qiagen 

MinElute PCR purification kit following the protocol from the manufacturer (QIAGEN AB, 

Sollentuna, Sweden). Mixing of replicate PCR reactions have been reported to be effective 

in reducing possible bias in 16S rDNA gene amplification of environmental samples that 

have a complex mixture of templates (Polz & Cavanaugh, 1998). The DNA concentrations 

of the eluted samples were determined using nanodrop 1000 (Thermo Scientific, Mytogen 

Limited, Sweden). Agarose gel (1.5%) electrophoresis was carried out to confirm amplicon 

size by comparing band to the GelPilot 100 bp Ladder (QIAGEN AB, Sollentuna, Sweden) 

after staining with gelRed (VWR International AB, Spånga, Sweden).
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Denaturing gradient gel electrophoresis (DGGE) analysis

Denaturing gradient gel electrophoresis (DGGE) was used to examine the bacterial profile of 

the water samples. The purified and concentrated PCR products derived from water sample 

from ponds were analysed using Dcode™ Universal Mutation Detection System (Bio-Rad 

Laboratories AB, Solna, Sweden). HyperLadder™ 25 bp DNA marker (Nordic Biosite AB, 

Stockholm, Sweden) was utilized as standard and 10 µl was loaded in the well in the middle 

of the gel. The two outermost wells were left empty. Separation of DNA fragments were 

carried out on polyacrylamide gel (6% acrylamide/bis-acrylamide, 37.5:1.0 wt/wt). The 

denaturing gradient ranged from 30% to 60% where 100% denaturant was 7 M urea and 

40% (wt/v) deionized formamide. Each well was loaded with 400 ng of PCR product. 

Electrophoresis was performed in a buffer of 1 × TAE (Tris/acetate, pH 8; 0.5 M -

ethylenediaminetetraacetic acid (EDTA)) at an initial voltage of 200 V for 10 minutes and 

subsequently 70 V for 16.5 h using an isothermal temperature of 60 °C. After the run, the 

gels were stained with 3x gelRed in 0.1 M NaCl in deionized water for 1.5 h with gentle 

shaking at 200 rpm. Stained gels were visualized and photographed using ChemiDoc XRS 

(Bio-Rad Laboratories AB, Stockholm, Sweden) with a UV filter fitted.

Sampling of volatiles

Tenax TA traps were made by packing 25 mg of Tenax TA of mesh size 60/80 (Supelco, 

Sigma-Aldrich Sweden AB, Stockholm, Sweden) into a GERSTEL-Twister Desorption 

glass liners (GERSTEL, Muelheim an der Ruhr, Germany) stopped with glass wool on both 

sides (Supelco, Sigma-Aldrich Sweden AB, Stockholm, Sweden). The traps were washed 10 

times with 2 ml of methyl-tert butyl ether (MTBE, Supelco, Sigma-Aldrich Sweden AB, 

Stockholm Sweden) and openings covered with polytetrafluorethylene (PTFE) before being 

placed in a 50 ºC oven for at least 6 h before use. All glassware utilized for volatile 

collections were washed with an odourless detergent (Teepol, general purpose detergent, 

Teepol Industries, Nairobi, Kenya) and then rinsed in water and acetone before being placed 

in an oven at 200 °C for at least two hours before use. Volatile compounds were collected for 

20 h from the headspace above 300 ml water samples in 500 ml Erlenmeyer flasks (E-

flasks). The E-flasks were fitted with gas wash bottle heads (QuickFit joined ware, 

Staffordshire, United Kingdom). Water from the same source used to set-up the ponds and 

empty E-flasks were included as controls to screen for background volatiles. Due to a 

limited number of headspace trapping instruments 12 of 15 pond water samples in each 

round were randomly selected for sampling. Charcoal filtered air was pumped into the E-

flasks at 0.1 l/min and drawn out at the same speed through the outlet which had a Tenax 

trap fitted. Polytetrafluoroethylene (PTFE) tubing and PTFE tape were used to make the 

connections airtight. After collections, the traps were sealed with Teflon tape and stored at 

−70 °C prior to analysis with GC-MS.

Gas chromatography – mass spectrometry (GC-MS) analysis

The Tenax traps were analysed for volatile compounds with an Agilent 7890A gas 

chromatograph connected to an Agilent 5975C inert MSD with Triple Axis detector mass 

spectrometer (Agilent, Santa Clara CA, United States). The GC system was fitted with 

GERSTEL Multi-Purpose Sampler (MPS: Gerstel GmbH & Co. KG, Mülheim an der Ruhr, 
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Germany). The GC capillary column (30 m, 250 µm internal diameter and 0.25 µm film 

thickness) was Agilent’s HP-5MS (5% phenyl and 95% dimethyl polysiloxane). Prior to 

analysis one microliter heptyl actetate (3.16 ng / µl) was added to the Tenax trap in a 

GERSTEL thermal desorption unit (TDU) followed by thermal desorption of the trap in 

splitless mode at initial temperature 40 °C and then increased by 120 °C / min to 270 °C, 

this end temperature was held for 5 min. The desorbed volatiles were focused on a tenax 

liner in a GERSTEL CIS inlet at 10 °C. The CIS inlet, which operated in splitless mode, was 

then heated at a rate of 12 °C/s to 280 °C during which the volatiles were transferred to the 

column. The GC oven temperature was initially held at 40 °C for 1 min and then increased 

by 4 °C / min to 280 °C which was held for 3 min. The carrier gas was helium at a pressure 

of 34 psi. The MS was at full scan and identified mass ranges from 30–400 m/z with 

electron ionization at 70 eV and ion source temperature at 230 °C.

Data analysis

The association between the number of early instar Anopheles larvae collected four days 

after opening the ponds and the three age treatments was analysed using a generalized linear 

model fitted with a negative binomial distribution with a log link. The different age groups 

were included in the model as main effect. Round and the interaction between the rounds 

and treatments were included in the initial model but since they had no significant 

association they were excluded from the final model. The mean number of early instar larvae 

and their 95% confidence intervals were estimated from this model. Analyses were done 

with IBM SPSS Statistics for Windows, Version 20.0. Armonk, NY: IBM Corp.

Partial least square – discriminant analysis (PLS-DA) was used to explore the 

physicochemical data using SIMCA statistical software version 13.0.3. Statistical 

comparison of physicochemical parameters was performed with non-parametric Kruskal-

Wallis test.

GC-MS data were analysed with Agilent’s enhanced Chemstation software version E.

02.01.1177. Chromatograms and mass spectra of samples were compared to that of the 

empty bottle and tap water controls. Sample peaks that had a different retention time and/or 

mass spectrum compared to the controls were assumed to be volatiles that were emitted from 

the ponds and therefore integrated. This was performed manually. When volatiles were 

present in control and sample but with a peak-area at least thrice as large in the sample 

compare to the controls they were also included. Volatiles with the same retention time and 

mass spectrum were given a unique volatile identification (volatile ID) number. Volatile ID 

numbers were assigned in increasing order of retention time. Mass spectra were matched to 

the spectra present in National Institute of Standards and Technology library 2008.

The DGGE gel images were analysed using the Image Lab gel analysis software (Bio-Rad 

Laboratories AB, Stockholm, Sweden). The bands and lanes were first automatically 

detected and then manually adjusted. Band detection was set to custom sensitivity followed 

by a manual addition of bands which were visually detected. The relative front (Rf) 

represents the band position of each band in relation to the highest and lowest band in each 

lane with a value of 0–1. The migration distance of each band was estimated by a regression 

method relative to the migration of the bands in the standard (HyperLadder™ 25 bp DNA 
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marker). DGGE bands with same migration distance were assigned the same band 

identification number (Spp ID).

The volatile and bacteria profiles were explored using principal component analysis (PCA) 

to visualize the chemical or bacterial relationship between ponds of the different age groups 

using Canoco multivariate statistical software version 5.02. The presence/absence of the 

volatiles or bacteria were included in the analysis and the data were centred and standardized 

by volatiles/bacteria prior to analysis.

Results

Pond colonisation

In all rounds, the majority of the ponds of all age groups were colonized (40 of 45) by early 

instar Anopheles arabiensis larvae four days after they had been opened. However, the 

possibility of finding an early instar larva in ponds that were freshly set up and open for 

colonization on day 0 was 2 times higher (50, 95% CI 29–85; p=0.017) than in ponds that 

were 4 and 17 days older. The mean number of early instar Anopheles larvae in the 0.8 m2 

fresh ponds was 50 (95% CI 29–85) compared to 24 (95% CI 14–42) in “4 days ponds” and 

20 (95% CI 12–34) in “17 day ponds”). There was no position effect on larval distribution 

(Figure 2).

Physicochemical profiles at pre-colonization

Ponds were aged under natural climate conditions including rainfall. Especially during the 

first round of experiments, rainfall was abundant with 9 rain days of a total of 407 mm rain 

affecting the oldest age group (Figure 3). Round 2 and 3 of the experiments experienced less 

rain, however, the oldest age groups were affected by heavy rains beginning of May. Little 

rain was experienced when ponds were opened. At the day when the ponds were opened, the 

ponds differently exposed to environmental conditions differed in water turbidity, water 

temperature, chlorophyll content, nitrite content and water pH (Table 1). Using partial least 

square – discriminant analysis, fresh ponds (0 day old: age 1) grouped differently from the 

other age groups (Figure 4a) and were associated with a higher turbidity, water temperature 

and nitrite and a lower pH and chlorophyll content (Figure 4b) at the time when 

measurements were taken.

Chemical profiles at pre-colonization

In total 384 volatile compounds were detected from 36 water samples; 149 of these were 

detected in more than five samples and were included in the multivariate PCA analysis 

(Figure 5). Three of these volatile compounds (Table 2) were only detected in the fresh 

ponds. They were observed in more than 50% of the water samples taken from fresh ponds.

Bacterial profile of ponds at pre-colonization

The average number of colony forming units (CFU) derived from fresh pond water samples 

(0 day old) were 50% lower than from 4 day old ponds and similar to 17 day old ponds. 

However, the number of CFU almost doubled from pre-colonization to post-colonization for 

fresh ponds (5.3 *104 ± 95% CI 2.2 *104 and 8.8 *104 ± 95% CI 5.1 *104 pre- and post-
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colonization, respectively) while a reduction by half were observed for the other two age 

groups (Age 2: 1.06 *105 ± 95% CI 5.9 *104 and 5.0 *104 ± 95% CI 3.1 *104; Age 3: 

4.3*104 ± 95% CI 3.8 *104 and 3.5 *104 ± 95% CI 1.2 *104 pre- and post-colonization, 

respectively).

In the culture independent analysis of the microbial profile of pre-colonization water, 46 

different bands (Spps) were detected (Figure 6a) using denaturing gradient gel 

electrophoresis (DGGE). No band was unique to any of the three age groups, furthermore, 

the profile of bands detected for each age group varied between rounds. Due to this round 

variation in band profile, principal component analysis (PCA) of DGGE data did not show 

any consistent age dependent grouping of the ponds (Figure 6b). However, round by round 

DGGE profile analysis showed that the fresh ponds grouped separately from the other age 

groups in round 1 and 3 (Figure 6c).

Discussion

This study explored the relative attractiveness of similar aquatic habitats of different 

persistence to wild gravid Anopheles arabiensis females. Freshly prepared artificial ponds 

contained twice as many early instar Anopheles arabiensis larvae than ponds that were 

exposed to natural climate conditions for 4 and 17 days before opening them for 

colonisation. Hence, it is concluded that gravid females made a choice between these 

habitats that coexisted in close vicinity. This choice might have been based on attraction or 

stimulation by cues of the fresh ponds or on avoidance of cues associated with the older 

ponds. In contrast to previous field studies, which investigated water qualities of already 

colonized water, it was possible here to observe cues emanating from pond water directly 

preceding oviposition and excluding any confounding from conspecific larvae. Previous 

studies have shown that the presence of mosquito larvae may influence the oviposition 

behaviour of gravid Anopheles mosquitoes (McCrae, 1984; Munga et al., 2006; Sumba et 

al., 2008).

The artificial pond system has been used effectively at icipe-TOC for a large range of 

experiments over the past two decades (Fillinger et al., 2003; Herrera-Varela et al., 2014) 

and larval densities encountered per square meter during the experiments were well within 

the range published for previous experimental studies as well as within the range of natural 

aquatic Anopheles habitats (Fillinger et al., 2009; Ndenga et al., 2011).

It was shown that the fresh ponds differed from the older ponds in the physicochemical 

characteristics, bacteria and volatile chemical profile of the water before colonization 

potentially explaining the habitat selection by gravid females. The results presented here 

complement those of Munga and colleagues (Munga et al., 2013) who found significantly 

more larvae of Anopheles gambiae s.l. (based on daily larval sampling) in habitats in the 

western Kenya highlands where water was replenished every 10 days as compared to 

habitats that persisted for 30 days. Whilst this confirms that gravid females make a choice, it 

cannot be concluded from their study that habitat age alone was responsible for this, or 

whether it might have been associated with other cues manipulated during the study, like the 

removal of shading vegetation.
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Similarly, the here presented results do not suggest that water age is the actual driving factor 

for oviposition selection but changes in habitat quality that have taken place over time, as 

demonstrated in the presented study in which all ponds were set up in exactly the same way 

yet at different time points. The older ponds were exposed to environmental conditions for 

extended time. Ponds were open to rainfall and specifically the ponds allowed to age for 17 

days before opening, received substantial rain during the study periods which is assumed to 

have contributed to the changes in habitat characteristics.

The fresh ponds were associated with a higher temperature, higher turbidity, and lower pH 

than the older ponds with lower early instar Anopheles densities. These three factors are 

correlated. Higher turbidity increases near-surface water temperature (Paaijmans et al., 
2008) due to the heat absorbing property of suspended water particles from solar radiation. 

(Herrera-Varela, 2015). Additionally, older ponds had a significantly higher chlorophyll 

content which again in turn might explain the higher pH. Notably, water temperature and pH 

change over a daily cycle based on climatic and biotic conditions hence a single 

measurement taken in the morning, as done here, does not allow strong inferences between 

these factors and oviposition which takes place at dusk. However, increased Anopheles 
larval abundance has previously been associated with these factors (Fillinger et al., 2009; 

Mwangangi et al., 2010; Mala & Irungu, 2011; Mereta et al., 2013;Herrera-Varela, 2015; 

Gimnig et al., 2001; Awolola et al., 2007; Chirebvu & Chimbari, 2015). Specifically, 

findings from field surveys in the same study area in western Kenya showed that highly 

turbid water of around 200 NTU and above was consistently colonized by early instars 

(Manuela Herrera-Varela et al., 2014). Turbidity could affect egg-laying of Anopheles 
mosquitoes in multiple ways. It is likely that turbid surfaces reflect polarized light especially 

during dusk when malaria vectors seek oviposition sites and make these habitats more 

visible in the landscape (Bernáth et al., 2004; Polarized Light and Polarization Vision in 
Animal Sciences, 2014). The fact that turbidity increases surface-water temperatures might 

support a faster larval development (Bayoh & Lindsay, 2003; Kirby & Lindsay, 2009) which 

might be beneficial in transient habitats. High turbidity might also lower the risk of being 

observed by predators.

The fresh ponds also had a slightly higher nitrite level which is in agreement with two 

previous studies (Kweka et al., 2012; Ndenga et al., 2012). Nitrites occur in water as an 

intermediate product in the biological breakdown of organic nitrogen, being produced either 

through the oxidation of ammonia or the reduction of nitrate by microorganisms. The 

decomposition of organic matter introduced with the soil when the ponds were set up is 

likely responsible for this.

Microbial activity over time might have affected the habitat quality and the volatile 

chemicals released from the ponds. Mosquito larvae feed on detritus and microorganism 

including bacteria (Briegel, 2003) and bacterial associated cues have been shown to 

influence oviposition site selection of Aedes mosquitoes (Ponnusamy et al., 2008; Albeny-

Simoes et al., 2014). However the evidence for bacteria derived cues in Anopheles 
oviposition site selection is contradictive; while two studies have shown a positive 

oviposition response to bacteria containing oviposition media (Sumba et al., 2004; Lindh, 

Kannaste, et al., 2008) another study show the opposite effect (Huang et al., 2006). In the 
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present study, there was no round independent association between bacterial profile and age 

of the oviposition substrates due to a high variability in bacteria profile. The differences in 

profile between rounds were bigger than between age groups. Interestingly however, round 

by round analysis revealed that the bacteria community in the fresh ponds differed strongly 

from older ponds in two out of the three rounds an observation that warrants further 

investigations into the role of bacteria in oviposition site selection by malaria vector 

mosquitoes. It has been previously shown that specific volatile compounds can be produced 

by more than one bacterium species (Lindh, Kaennaste, et al., 2008) hence different bacteria 

communities might still release similar volatile profiles. As with all techniques the methods 

utilized here to screen for bacteria have limitations and it is possible that a more general 

association between Anopheles larval abundance and bacteria could have been observed if 

other techniques like large scale sequencing had been utilized.

Three volatile compounds: 4-heptanone, 2-ethylhexanal and one isomer of octenal were 

selectively detected in the higher colonised fresh ponds and not in the older ponds. These 

volatile compounds should be further evaluated in bioassays as putative oviposition 

attractants for An. gambiae. The ketone (4-heptanone) which was detected in 80% of the 

fresh ponds in this study, has previously been included in a patented chemical blend for 

attracting host-seeking mosquitoes (Bernier et al., 2000) and for capturing and killing bed 

bugs (Frutos et al., 2015).

By analysing the water characteristics in ponds prior to colonization, differences were 

observed that may explain what brought the first generation of malaria vectors to a new, 

oviposition naïve site and this knowledge might be used to inform the development of new 

vector control tools. However, a number of study limitations need to be mentioned to 

highlight that the here presented results need to be interpreted in the local context in which 

data was collected and further studies are needed to confirm for example whether the 

observed changes in water characteristic are common when habitats age or were specific to 

the here used set up. The major aim of this study was to directly correlate the 

physicochemical parameters, bacteria community and chemical volatiles released. Due to the 

technically involving chemical analyses only a relatively small number of samples and 

replicates were feasible to analyse in this study. High heterogeneity in the outcome (larval 

density) as well as in the explanatory variables required a more descriptive approach to data 

analysis and makes results more indicative than conclusive. More replication will be 

required for this work going forward. Two rounds of the experiments strongly suggested an 

association with bacteria, not only the population composition but also abundance, which 

was previously found (Herrera-Varela et al., 2014) and should be more systematically 

investigated. More standardisation reducing variability in the system might help to further 

discover attractive or repellent volatiles for oviposition. Three volatiles were associated with 

fresh ponds exclusively and should be tested as oviposition attractants.
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Figure 1: 
Experimental set up: distribution of open field ponds shown for a round.
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Figure 2: 
Investigating position effect on larval distribution. A, B and C show round 1, 2, and 3 

respectively of larval distribution in all 15 replicates per treatment. The red bar represent 

fresh ponds left open for colonisation after set up, whilst green bars represent ponds that had 

aged for 4 days and blue bars represent ponds that aged for 17 before opening for 

colonization.
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Figure 3: 
Daily rainfall during the 3 rounds of experiments. The green bars indicate the duration of 

aging (for 17 and 4 days) prior to opening the ponds on day 0. Larvae were sampled 4 days 

later.
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Figure 4: 
Partial least square – discriminant analysis (PLS-DA) score plot (A) of fresh pond 0 day old; 

age 1 (red dots), 4 day old; age 2 (green dots) and 17 day old; age 3 ponds (blue dots) and 

loading plot (B) based on physicochemical and bacterial viable count data at pre-

colonization. Physicochemical data (green dots) included were: Conductivity (μS/cm); 

Carbonate hardness (mmol/l); Total hardness (mg/l); Phosphate (mg/l); Turbidity (NTU); 

Nitrite (mg/l); Nitrate (mg/l); Temperature (°C) ; pH; Oxygen dissolved (ppm); Biochemical 

oxygen demand (ppm) and Chlorophyll (μg Chl/l).
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Figure 5: 
Principal component analysis (PCA) of volatile compounds detected in pond water of 

different age group. Axis 1 and 2 explains 33% of the total variation in data. Compounds 

C15 = 4-heptanone, C44 = 2-ethylhexanal and C90= an octenal isomer associated with age 1 

ponds (in red circle) were detected in up to 80% of the water samples from age group 1. 

Ages 1, 2 and 3 represented 0, 4 and 17 day old ponds respectively.
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Figure 6: 
A: Denaturing gradient gel electrophoresis (DGGE) of samples from pre-colonization pond 

water. The numbers 1, 2 and 3 represented different rounds while Ages 1, 2 and 3 

represented 0, 4 and 17 day old pond water samples respectively. (B): Principal component 

analysis (PCA) of presence/absence of DGGE bacteria bands (Spp) in the three age groups 

at pre-colonization in all rounds combined. Axis 1 and 2 together represent 23% of the total 
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variation in the data. (C): PCA of presence/absence of DGGE bacteria bands in the three age 

groups at pre-colonization round by round.
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Table 1:

Comparison of physicochemical water parameters for 0, 4 and 17 day old ponds at pre-colonization.

Day 0 Day 4 Day 17

Colonization stage Physicochemical Parameters
mean
(± 95% CI)

mean
(± 95% CI)

mean
(± 95% CI) P-value

Pre-colonization pH 7.7 (±0.2) 8.5 (±0.2) 8.7 (±0.2) <0.001

Temperature (°C) 28.1 (±0.4) 24.9 (±0.7) 25.1 (±0.7) <0.001

Dissolved oxygen (ppm) 5.7 (±0.8) 5.7 (±0.5) 5.6 (±0.7) 0.764

Conductivity (µS/cm) 115 (±16) 152 (±40) 112 (±6) 0.275

Chlorophyll 183 (±20) 697 (±175) 831 (±416) <0.001

Turbidity (NTU) 191 (±86) 77 (±21) 98 (±21) 0.028

Phosphate (mg/l) 0.9 (±0.4) 0.7 (±0.3) 0.8 (±0.2) 0.821

BOD (ppm) 2.6 (±0.8) 3.1 (±0.6) 3.1 (±0.7) 0.547

Nitrate (mg/l) 7.3 (±2.5) 8.0 (±2.3) 7.3 (±2.5) 0.889

Nitrite (mg/l) 0.02 (±0.01) 0.01 (±0.01) 0 <0.001

Carbonate hardness (mmol/l) 1.1 (±0.2) 1.6 (±0.4) 1.2 (±0.1) 0.061

 Total hardness (mg/l) 32 (±7) 27 (±7) 22 (±4) 0.090
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Table 2:

Volatile compounds detected only in the fresh ponds at pre-colonization.

Volatile ID Number of replicates with compound (n=10) Mass spectra ions (ion abundance) Compound name
a

C15 8 43 (100), 71 (96), 41(29), 114 (21), 39 (14) 4-Heptanone

C44 7 57 (100), 72 (94), 43(82), 41 (57), 55 (38) 2-Ethylhexanal

C90 6 70 (100), 41 (96), 39(81), 82 (79), 55 (75) Octenal isomer

a
Tentatively identified based on mass spectra and comparison to the NIST08 library.
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