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Abstract

The rice agroecosystem provides suitable breeding habitat for many malaria vector species, and
rice-adjacent communities are consequently exposed to a greater malaria transmission risk than
non-rice-associated communities. As part of efforts to expand rice production in Africa, sustainable
and climate-adapted practices such as the System of Rice Intensification (SRI) are being promoted.
SRI encourages the use of organic fertilisers (OFs) such as cow and chicken dung, as opposed to
inorganic industrially produced fertilisers, due to their lower resource cost, apparent benefit to the
rice agroecosystem and as a means to reduce the greenhouse gas emissions associated with the
production of industrial fertilisers. However, the impact of OFs on mosquito fauna is not well
documented and may have knock-on consequences on malaria transmission risk. Here, we

demonstrate, using dual choice egg count assays, that both cow and chicken dung modulate the
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oviposition behaviour of Anopheles arabiensis, a major malaria vector in Sub-Saharan Africa. A
significantly reduced proportion of eggs were laid in water treated with either cow or chicken dung
compared to untreated water, with higher dung concentrations resulting in further reduced
proportions. When presented in competition, significantly fewer eggs were laid in water treated
with chicken dung than with cow dung. Moreover, there was no evidence of egg retention in any
experiment, including in no-choice experiments where only dung-containing dishes were available.
These results suggest both cow and chicken dung may act as oviposition deterrents to malaria vector
species and that the application of manure-based OFs in rice agriculture may modulate the
oviposition behaviour of An. gambiae s.I. within agroecosystems. Quantification of the ammonia
present in dung-infused water showed higher concentrations were present in the chicken dung
infusion, which may be one contributing factor to the difference in observed deterrence between
the two dung types. Deterrence of mosquito oviposition in OF-treated farms may potentially affect
the overall production of malaria vectors within rice fields and their contribution to local malaria

transmission.

Keywords: Organic fertilisers, oviposition, Anopheles arabiensis, rice cultivation, malaria vectors.

1. Introduction

The relationship between rice cultivation and the proliferation of malaria vector mosquitoes is well
recognised (Service, 1989; Muturi et al., 2008). The rice agroecosystem provides a conducive
breeding habitat for many mosquito species through an abundance of standing water, whilst rice
plants themselves emit volatiles that attract some gravid mosquito species (Jarju et al., 2009;
Wondwosen et al., 2016). The development of rice agroecosystems has been implicated in increases
in mosquito vector populations (Sissoko et al., 2004; Muturi et al., 2006) and malaria transmission
(Chan et al., 2022), however, the epidemiology of malaria is complex and is also modulated by

socioeconomic factors (ljumba and Lindsay, 2001).
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Rice cultivation typically requires additional inputs to increase yields, such as controlled irrigation,
fertilisers, herbicides, and pesticides. The System of Rice Intensification (SRI), a rice cultivation
practice developed to aid resource-poor farmers in improving rice yield and quality (Thakur and
Uphoff, 2017), promotes the application of organic fertilisers (OFs) in place of or supplementary to
industrially produced inorganic fertilisers. Importantly, OF application is also a climate-adapted
practice that reduces greenhouse gas emissions associated with inorganic fertiliser use (Wang et al.,
2018), and is therefore desirable to become more commonplace. However, the composition of OFs
in SRI is variable and often comprises readily available waste material (Katambara et al., 2013), such
as animal manures, composted vegetative matter, or a mix of these two (Stoop, Uphoff and Kassam,
2002). The presence of OFs in irrigated fields, and the volatiles they may emit, may play an
important role in modulating how gravid malaria vectors respond to these as potential oviposition

sites.

Anopheles arabiensis is one of the dominant malaria vector species of Africa (Sinka et al., 2012) and
is commonly found breeding in irrigated rice agroecosystems as the principal vector species (Muturi
et al., 2013; ljumba, Mosha and Lindsay, 2002). Over the past decade, An. arabiensis has become a
more prominent vector species as long-lasting insecticidal nets (LLINs), deployed widely across
Africa, more effectively control the two other dominant malaria vectors, An. gambiae s.s. and An.
funestus (Kitau et al., 2012; Perugini et al., 2020). Further, An. arabiensis exhibits a higher degree of
plasticity in its behavioural modalities, such as a higher degree of zoophagy or generalist host
preferences, an increased degree of exophagy and exophilly, and behavioural resistance to common
control measures such as LLINs (Clements, 1999; Tirados et al., 2006; Muriu et al., 2008; Takken and
Verhulst, 2013; Killeen et al., 2016). This behavioural adaptability makes An. arabiensis difficult to
control with conventionally effective strategies and is an increasing challenge with the spread of
insecticide resistance in many populations (Kafy et al., 2017; Messenger et al., 2017; Kabula et al.,
2014; Kawada et al., 2011), which can be enhanced by agricultural inputs such as fertilisers and

herbicides (Samuel, Brooke and Oliver, 2020; Jeanrenaud, Brooke and Oliver, 2019; Oliver and
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Brooke, 2018). Given the association between irrigated rice agriculture and An. arabiensis breeding
and the increasing challenge the species pose to malaria elimination and residual transmission, it is
important that we seek to understand how alternative agricultural practices, such as SRI, impact

their bionomics.

The oviposition behaviour of malaria vectors determines the spatiotemporal distribution of larvae
and can influence both juvenile and adult fitness traits, so it is therefore critical in the context of
understanding the epidemiology and control of malaria. Oviposition site choice by gravid female
mosquitoes is modulated by a wide range of environmental information detected from various
sources and several different sensory pathways, including tactile, gustatory, olfactory, and visual
(Day, 2016). Biotic and abiotic factors, such as moisture (Okal et al., 2013), salinity, surrounding
vegetation (Wondwosen et al., 2016, 2017; Asmare et al., 2017; Eneh, Okal, et al., 2016), bacterial or
fungal growth (Eneh et al., 2019; Eneh, Saijo, et al., 2016; Sumba et al., 2004), the persistence of the
aquatic habitat (Eneh et al., 2019), the presence of predators (Blaustein, Blaustein and Chase, 2005;
Albeny-Simdes et al., 2014), and the presence and density of conspecifics (Mwingira et al., 2019) all
modulate how attractive a potential oviposition site is. The larval habitat, and the resources and
challenges they face, are determined by the behaviour of the mother in response to these factors,
reflecting trade-offs that ultimately affect the survival and fitness of the next generation. Therefore,

oviposition site choice is considered non-random and highly discriminatory (Yoshioka et al., 2012).

Despite the widespread use of OFs, such as cow and chicken dung, in rice cultivation more broadly,
and in SRI across Africa specifically (Latif et al., 2005; Rahman, 2013; Meertens, 2001), relatively little
attention has been paid to how they may affect the oviposition behaviour of Anopheles mosquitoes.
Most published studies have focused on Culicine mosquitoes, which are typically more tolerant of
highly nutrient-polluted water (Opoku and Ansa-Asare, 2009). In a semi-field trial in Botswana, cattle

dung containing larval mesocosms were found to promote colonisation by Culex pipiens pipiens and



100

101

102

103

104

105

106

107

108

109

110

111

112

113

114

115

116

117

118

119

120

121

122

123

124

Page 5 of 34

an unidentified Anopheles species (Buxton et al., 2020). In contrast, a laboratory study found

An. gambiae s.s. did not lay a significantly different number of eggs in cow dung polluted water
compared to distilled water but laid significantly fewer eggs compared to sites containing water
from lake Victoria (Otienoburu et al., 2007). However, there is limited data on anopheline mosquito

oviposition responses concerning the presence of cow dung in potential egg-laying sites.

No published literature on the effects of chicken dung on anopheline mosquito oviposition has been
identified, although there has been some work on Culicine mosquitoes. In dual choice assays, a 1%
chicken dung infusion in distilled water was found to attract gravid Culex quinquefasciatus whilst
repelling Cx. tarsalis, an observation the authors suggested was due to the former species typically
inhabiting more organically polluted habitats than the latter (Kramer and Mulla, 1979). Earlier work
reported similar observations for Cx. peus, later synonymised with Cx. thriambus (Eldridge and
Harbach, 1992), which assumed a similar response to Cx. quinquefasciatus towards chicken dung-
infused water (lkeshoji and Mulla, 1970). Moreover, attempts to identify whether chicken dung-
induced oviposition responses are microbially mediated were partly elucidated by exposing

Cx. quinquefasciatus and Cx. tarsalis to infusions of chicken dung that had been aged undisturbed,
and infusions that had been autoclaved post-fermentation. Cx. quinquefasciatus responded
positively to the aged treatment whilst showing no significant response to the autoclaved treatment

(Kramer and Mulla, 1979).

Given the mix of responses of Culicine mosquitoes to OFs, it seems clear that the presence of cow or
chicken dung in a potential larval habitat may influence An. gambiae s.I. oviposition behaviour.
However, their stimulatory or inhibitory nature remains uncertain and may be significantly affected
by the intrinsic ecological preferences of a given species. Further, such cues may interact with other
important cues used to determine oviposition site quality. Recent research has demonstrated that
dung-based OFs influence An. gambiae s.l. life history traits. Larval exposure to cow dung results in

increased development rates, adult size, adult longevity, and insecticide tolerance (Jeanrenaud,
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Brooke and Oliver, 2019; Hardy et al., 2022); whilst chicken dung exposure has also been found to
increase adult size it also induces significant larval mortality, reduces the production of adults, and
slows larval development (Hardy et al., 2022). Considering the relative fitness advantages and
disadvantages presented to Anopheles larvae when exposed to cow or chicken dung respectively,
further research is warranted to elucidate whether these substances impact the oviposition
behaviour of An. arabiensis, a significant malaria vector of Africa (Sinka et al., 2010) which is
frequently reported to breed in rice paddies (Mwangangi et al., 2006; Mwangangi et al., 2006;
Muturi, Shililu, et al., 2008; Wondwosen et al., 2017). Such an investigation may reveal how the use
of dung-based OFs in SRI, and rice cultivation more widely, may alter vector ecology and in turn the

local burden of malaria.

In this study the effect of cow and chicken dung presence in potential egg-laying sites, and the
concentration of dung, on An. arabiensis oviposition behaviour was investigated. The possibility of
egg retention due to cow or chicken dung presence was examined, as was the proportion of eggs
laid in potential oviposition sites containing either cow or chicken dung when no other alternatives
are available. The concentration of ammonia present in cow and chicken dung-infused water was

determined, to investigate one possible factor in the oviposition behaviour observed.

2. Methods

2.1 Mosquitoes

Mosquitoes were maintained in a climate-controlled insectary at 27.5 £ 2°C and 50 + 10% relative
humidity, with a 12:12 light-dark photoperiod. An. arabiensis, Dongola strain, was obtained from the
International Atomic Energy Association (Austria). Larvae were reared in a solution of 0.1% aquarium
salts and deionised water and fed Tetramin®© fish flakes ad libitum. Stock colony adults were allowed
to feed ad libitum on a 10% sucrose solution and females were offered a blood meal for egg

production at seven to ten days old.
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2.2 Sourcing of dung and preparation of dung infusions

Chicken dung was sourced from domestic chickens (Gallus gallus var. domesticus) kept by a private
hobbyist in Kent, UK. No medications had been administered to the chickens, except for a single
dose of coccidiostat two years prior. The chickens were fed on pesticide-free feed, comprised of
chicken pellets, corn, and vegetable scraps. Cow dung was sourced from an organic farm in Kent, UK,
from Irish Holstein-Friesian cows (Bos taurus) that had not been treated with ivermectin for at least
six months. The cow diet consisted of non-pesticide treated feed, comprising grass, bean sprouts,
and barley in summer, and silage and protein powder in winter. Before experimentation, both dung
types were dried for 24 hrs at 60°C, then ground coarsely with a spice grinder (Wahl®). They were
then refrigerated at 4°C separately in airtight jars, with a small amount of silica gel, kept separate

from the dung.

Infusions of both cow and chicken dung were prepared at concentrations of 0.125, 0.25, 0.5, and
1 g/100 ml. For each concentration, the dung was mixed into deionised water and incubated for 24
hours at 27.5 + 2°C and 50 + 10% relative humidity. Before their use, the dung infusions were filtered

through Fisherbrand™ QL100 filter paper.

2.3 Preparation of gravid mosquitoes

Mosquitoes to be used for experimentation were held in 30x30x30 cm BugDorm™ cages at a density
of 400 individuals, at an approximately 50:50 sex ratio. Adult females, aged five to nine days old,
were offered two blood meals of defibrinated horse blood, one hour after scotophase, separated by
48 hours. After 48 hours following the second blood meal, fully gravid females, as determined by
abdomen appearance (Detinova, 1962), were isolated from the colony by gently capturing them

individually in Thermo Scientific™ universal containers.
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2.4 Assay arena

Assay arenas consisted of a 30x30x30 cm BugDorm™ insect cage in which two oviposition dishes, a
test and control dish, were placed in opposite corners. The oviposition dishes comprised of a glass
petri dish (10 cm @) with a cotton pad (approx. 8 cm @) placed inside and a filter paper

(9 cm @) placed on top, to which 10 ml of either deionised water (control) or dung infusion was
added. All Petri dishes were cleaned and autoclaved before use. The position of oviposition dishes
were systematically altered (Fig. 1) between cages to minimise any spatial bias that may occur, as
previously described (Okal et al., 2015; Eneh, Okal, et al., 2016). The first test dish was placed in a
random corner and subsequent dishes were placed in the next clockwise corner, with the control
dish placed in the opposite corner to the test dishes in each instance. A sugar feeder, consisting of a
cotton ball soaked in 10% sucrose solution, was placed in the centre of each cage to allow ad libitum
feeding throughout the experiment. Cages were placed inside new polyethene bags to prevent
contamination of volatiles emanating from outside the bioassay arena and adjacent cages and to
maintain humidity and consistency between trials. Between trials, the cages were cleaned by
soaking in a 0.4% sodium hypochlorite solution for 45 minutes, then thoroughly rinsed before being

air dried.

----- ofe e
0D 0

Cagel Cage 2 Cage3 Cage 4

O,
(O

Fig 1: Oviposition dish arrangement in dual-choice assays. Blue circles represent the
test dishes, which are rotated in a clockwise fashion. The green circles represent the
control dishes, which are positioned in the diagonally opposite corner to the test
dish. Dish positions are (FL) — front left, (FR) — front right, (BL) — back left, (BR) — back
right. Image redrawn and adapted from Okal et al, 2015.
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2.5 Behavioural bioassays

To investigate the oviposition behaviour of An. arabiensis in response to water infused with cow or
chicken dung, a series of dual choice oviposition assays were conducted. These assays sought to
examine how mosquitoes distributed their eggs across two potential oviposition sites when offered
a treatment dish containing dung-infused water and a control of deionised water, and if eggs were
retained in response to cow or chicken dung infusions. For each replicate of each behavioural
bioassay, a single female An. arabiensis mosquito was placed into a cage one hour before
scotophase and allowed 24 hours to oviposit, after which the mosquito was removed and the
number of eggs in the test and control dishes was counted using an Olympus™ VT-II
stereomicroscope. Once removed, mosquitoes were immediately placed in a -20°C freezer for 24

hours to kill them, stored individually in 5 ml Eppendorf Tubes™, and preserved with 70% ethanol.

2.5.1 Experimentl — the effect of dung treatment and concentration on oviposition

To investigate the effect of dung infusion treatment and concentration on the proportion of eggs
laid in test dishes when an alternative choice of deionised water is available, two types of assays
were conducted: one in which two control dishes were offered (water vs water), which were
considered the baseline reference group, and another where a treatment dish and a control dish
(dung vs water) were offered (Okal et al., 2015; Eneh, Okal, et al., 2016). In brief, in the assay where
two dishes of deionised water were offered (n = 19), both received 10 ml of deionised water, acting
as the baseline reference group to which the assay where a control and treatment dish offered was
compared. Here, one dish was arbitrarily assigned as the test dish, and the other as the control,
though both contained untreated deionised water. Where a dung-infused treatment and a control
dish were offered, the test dish received 10 ml of a dung infusion and the control dish received 10 ml
of deionised water. This latter assay type was conducted for both dung types at concentrations of
0.125 (cow: n = 18; chicken: n = 16), 0.25 (cow: n = 15; chicken: n = 16), 0.5 (cow: n = 15; chicken: n =
18), and 1.0 g/100 ml (cow: n = 16; chicken: n = 15). The proportion of eggs laid in the test dish in the

dual choice assay (dung vs water) was compared to the proportion of eggs laid in the test dish of the
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no-choice assay (water vs water) to account for stochastic variation in egg distribution integrating an
empirically derived control data set, rather than assuming a theoretical 50:50 distribution (Okal et
al., 2015; Eneh, Okal, et al., 2016). Additionally, the total number of eggs laid per female in the dual-
choice assays (dung vs water) was compared to the number laid in the no-choice assays (water vs

water) to investigate whether eggs were retained in the dual-choice assay.

2.5.2 Experiment 2 — the effect of dung treatment on egg retention

Egg retention in mosquitoes is the process by which a gravid female withholds laying a proportion of
a mature egg batch (Meola and Lea, 1972) and in anophelines has been observed in response to a
range of environmental cues (Dhar et al., 1996; Harris et al., 2013; Schoelitsz et al., 2020; Mwingira
et al., 2020). To determine whether eggs were retained when only dung-infused oviposition water
was presented of a single dung type, no choice assays were conducted where cow (n = 26) and
chicken (n = 26) dung were assessed separately. In this case, both oviposition dishes received 10 ml
of the same dung infusion at a concentration of 0.125 g/100 ml, as this was shown to elicit the
greatest oviposition response. The total number of eggs laid across both dishes was compared to the

total number of eggs laid in the baseline reference group.

2.5.3 Experiment 3 — relative response to cow or chicken dung containing oviposition sites

To determine if a greater proportion of eggs were laid in oviposition sites containing either cow or
chicken dung, a dual choice assay was conducted where a choice of either cow or chicken dung
infusion containing sites was presented (n = 26). One dish received 10 ml of cow dung infusion and
the other the same volume of chicken dung infusion, both at a concentration of 0.125 g/100 ml as
this was shown to elicit the greatest oviposition response. The proportion of eggs laid in the cow
dung infusion containing dishes was compared to the proportion laid in those containing chicken

dung infusion.
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2.6 Indophenol blue method for the quantification of ammonia in cow and chicken manure
Ammonia comprises a major constituent compound produced from organic nitrogen in chicken dung
(Witter, 1991; Kelleher et al., 2002), and has been suggested to modulate oviposition behaviour in
An. arabiensis (Mutero et al., 2004). Therefore, here we aimed to examine the dissolved ammonia
content of both cow and chicken dung. Three dung infusion solutions were prepared for cow and
chicken dung at 0.125 g/100 ml, as described in section 2.2. Dissolved ammonia concentration was
quantified as described previously (Tzollas et al., 2010) with minor modifications and all reagents
were obtained from Sigma Aldrich©. 25 mL of sample extract was transferred to a 100 ml volumetric
flask, then 1 ml of phenol solution (10%), 1 ml sodium nitroprusside solution (0.5% w/v) and 2.5 ml
of an oxidising solution (160 g/I trisodium citrate, 8 g/l sodium hydroxide and 2% sodium
hypochlorite). The samples were sealed with quick-fit stoppers and kept in the dark at room
temperature (25 £2°C) for 2 h. Five 25 ml ammonia standards were prepared from ammonium
chloride (1, 0.5, 0.25, 0.125 and 0.0625 mg/I), processed using the same method as the experimental
samples, and used to prepare the calibration curve. All absorbance readings were measured at 640
nm on a Jenway 6305 spectrophotometer, and readings of each sample including the standards

were repeated three times at 10 min intervals.

2.7 Statistical analysis

All statistical analyses were performed in R (Version: 3.6.2, RStudio version: 1.2.5033) (R Core Team,
2019). All behavioural data were analysed using generalised linear models (GLM) fitted with
binomial errors for proportion data, Poisson errors for count data, and quasi-models in the case of
overdispersion, as previously described (Okal et al., 2015). All fitted models were subject to analysis
of deviance to reveal if independent variables and their interactions had a significant effect on the
dependent variable. In the case of quasi-models, F-tests were used, and a x’>~test was used for non-
quasi models (Pekar and Brabec, 2016; Crawley, 2013). A linear regression model was used to derive
the slope and intercept of the calibration curve for the quantification of ammonia. These were used

to calculate the dissolved ammonia concentration of the cow and chicken dung infusions. A t-test
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was used to determine if there was a significant difference between the mean dissolved ammonia

concentration between the two dung types.

3. Results

3.1 Experiment 1 — the effect of dung treatment and concentration on oviposition

When An. arabiensis were presented with an equal choice of two oviposition sites containing
deionised water, the distribution of eggs was very similar across the two dishes, where a mean
proportion of 0.492 (SE + 0.114) eggs were laid in the arbitrarily assigned test dish, validating the
experimental design. In the choice tests of dung infusion vs water, treatment type had a significant
effect on the proportion of eggs laid in the test dish (x> = 11.137, df = 2, P = 0.004), where the
presence of dung infusion was associated with a lower proportion of eggs laid for both cow and
chicken dung (Fig. 2). Likewise, dung concentration also significantly affected the proportion of eggs
laid (x> =6.274, df = 1, P =0.012), where increasing concentrations were associated with decreasing
proportions of eggs laid in the test dish. However, the interaction between treatment and
concentration was not significant (x> = 1.902, df = 1, P = 0.439), indicating the effect of dung
concentration on the proportion of eggs laid did not vary by dung type. These findings suggest that
gravid An. arabiensis lay fewer eggs in cow or chicken dung-infused water when an alternative of
deionised water is available. Higher dung concentrations lead to lower proportions of eggs laid,
though, cow and chicken dung seem to both reduce the proportion of eggs laid to a similar degree

over the tested concentrations.

Moreover, neither treatment type (F (2,145) = 0.765, P = 0.467) nor concentration (F (1,149) = 0.116,

P =0.734) had a significant effect on the mean number of eggs laid by an individual female across
treatment and control oviposition dishes (Fig. 3). Thus, there is no evidence that eggs are retained by
An. arabiensis when presented with a dung infused oviposition site when an alternative of deionised

water is available, for both cow and chicken dung at all concentrations tested.
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control dish Test dish

Water 1

Cow dung 0.125 g/M100 ml+

Cow dung 0.25 g/100 ml 4

Cow dung 0.5 g/M100 mlq

Cow dung 1.0 g/M100 mlq

Test substrate

Chicken dung 0.125 g/100 ml

Chicken dung 0.25 gM100 mlq

Chicken dung 0.5 g/100 mlq

Chicken dung 1.0 g/100 mlq

S T USSR S .

‘1.IUU U.I?S 0.50 U.I25 U.IUU U.I25 0.
Mean proportion of eggs (+/- SE)
Fig. 2: Mean proportion of eggs laid in test and control dishes by gravid An. arabiensis during dual
choice assays. Bars show mean proportion of eggs laid in test and control (deionised water)
dishes; error bars display standard error of the mean. The water vs water group forms the
baseline reference group against which dung infusions were tested in statistical analysis.
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Fig. 3: Total number of eggs laid by gravid An. arabiensis when exposed to different
treatments in dual choice oviposition assays (dung vs water) and the control (water vs
water). Coloured points show actual counts and black dots show means with standard
error bars.
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3.2 Experiment 2 — the effect of dung treatment on egg retention

To examine whether gravid An. arabiensis may retain eggs when only dung infusion containing
oviposition dishes are available, no choice oviposition assays were conducted with both cow and
chicken dung. The total number of eggs laid in dung vs dung assays was compared with the total
number of eggs laid in the water vs water assays. Treatment type was found to have no significant
effect on the total number of eggs laid (F (263 = 1.122, P = 0.332) (Fig. 4). When presented with only
water, the mean number of eggs laid was 128 (SE + 9.79), with cow dung infused water it was 102
(SE £ 13.9), and with chicken dung infused water it was 114 (SE + 9.78). This suggests that gravid An.
arabiensis do not retain eggs any more or less when presented with dung-infused water only than

when only deionised water is available.
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Fig. 4: Total number of eggs laid by gravid An. arabiensis when exposed to different
treatments in no choice oviposition assays. Coloured points show actual counts and black
dots show means with standard error bars.
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3.3. Experiment 3 —relative response to cow or chicken dung containing oviposition sites

Dual choice assays measuring the proportion of eggs laid across a choice of either cow or chicken
dung-infused water were conducted to examine whether gravid An. arabiensis exhibit a relative
preference for either treatment. Treatment type had a significant effect on the mean proportion of
eggs laid (F (1,50 = 6.502, P = 0.014), where a greater proportion was observed in the oviposition
dishes treated with cow dung infusion (Fig. 5). The mean proportion of eggs laid in the cow dung
infusion treated dishes was 0.664 (SE + 0.0867), whereas for chicken dung the mean number of eggs
laid was 0.336 (SE + 0.0867). This suggests that when only cow or chicken dung-infused oviposition

sites are available, An. arabiensis lay a greater proportion of eggs in the former.
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=
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Cow dung Chicken dung
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Fig. 5: Eggs laid by gravid An. arabiensis when presented two different treatments in dual
choice assays. Bars show mean proportion of eggs laid in each treatment and error bars
display standard error.
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3.4 Indophenol blue method for the quantification of ammonia in cow and chicken manure
Chicken dung infusions at a concentration of 0.125 g/100 ml were found to have a significantly
(t=18.44, df = 8.045, P = <0.01) higher mean dissolved ammonia concentration than cow dung
infusions at the same concentration. Chicken dung infusion had a mean dissolved ammonia
concentration of 1.368 mg/I (+ 0.065), which was over eight times greater than observed in cow

dung (0.162 mg/I + 0.003).

14

1.0+

0.57

Mean ammonia concentration mg/L (+/~ SE)

0.0+ -

Cow dung Chicken dung
Treatment group

Fig. 6: Dissolved ammonia concentration of preparations of 0.125 g/100 ml of cow and
chicken dung infusions in mg/I. Bars show mean dissolved ammonia concentration and
error bars display standard error of the mean.
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318 4. Discussion

319 The findings presented in this study demonstrate that cow and chicken dung in a potential egg-laying
320 site affects the ultimate oviposition behaviour of Anopheles arabiensis. Overall, both these OFs

321 reduced the proportion of eggs laid relative to a deionised water control, with higher concentrations
322 further reducing the proportions of eggs laid in the dung infusions. Neither dung type produced any
323  evidence of inducing egg retention across any of the treatment concentrations tested, regardless of
324  whether or not deionised water was available. When the cow and chicken dung were presented

325  together, a greater proportion of eggs were laid in cow dung infusions. These results, therefore,

326  indicate that both cow and chicken dung may broadly act as oviposition deterrents (Dethier, Browne

327 and Smith, 1960; Day, 2016) when alternative oviposition sites are available.

328  Considering both cow and chicken dung reduced oviposition, this may indicate they are associated
329  with poor habitat suitability or even larval toxicity (Day, 2016), however, eggs were still laid in dishes
330 containing infusions of either dung. Nevertheless, several other studies have demonstrated

331  Anopheles gambiae s.l. avoid ovipositing in cow dung-containing water bodies, as observed here. In
332  alaboratory trial, Anopheles gambiae s.s. laid significantly fewer eggs in water that contained cow
333  dung infusion compared to water from Lake Victoria (Otienoburu et al., 2007). Other authors have
334  evaluated cow dung as a potential agent in Anopheline larval source reduction. A study in Kenya
335 found outdoor mesocosms treated with cow dung had significantly lower colonisation rates by An.
336  gambiae s.l. than untreated control ponds, whilst the opposite was found for Culicine species

337  (Mbuya, Kateyo and Lunyolo, 2014). This demonstrates that An. gambiae s.I. may lay fewer eggs in
338 oviposition sites containing cow dung when more acceptable sites are available, broadly

339 corroborating with this study. However, previous research in Botswana noted greater mosquito
340 colonisation rates in cow dung-treated mesocosms, suggesting a possible oviposition attractant role
341  of cow dung. Though, the Anophelines present were of an unidentified species which shared a high

342  similarity with a taxonomically undescribed species (Buxton et al., 2020), possibly a cryptic member
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of the An. funestsus group (Ogola et al., 2019), and may therefore not be representative of such
responses in An. gambiae s.I. Given this discontinuity, further work is required to elucidate the
underlying factors for the observations of this study, that eggs were still laid in less acceptable
oviposition sites, albeit a significantly lower proportion, when a more acceptable alternative was

available.

The amount of dung used per unit volume of water, and hence its concentration, was demonstrated
here as an important variable. Studies investigating the effect of cow dung on mosquito colonisation
have utilised a range of dung concentrations: Buxton et al. (2020) ranged from 0.1 g/100 ml to 0.8
g/100 ml, whereas Otienoburu et al. (2007) used 10 g/100 ml, and Mbuya et al. (2014) used

20 g/100 ml. Also, the age of cow dung associated with each experiment differed substantially,
ranging from 6 hrs after cow dung had been infused into water (Otienoburu et al., 2007) to up to 21
days after dung inoculation (Buxton et al., 2020), while this variable was unspecified by Mbuya et al.
(2014). The attractivity to An. arabiensis of oviposition sites containing cattle urine was reported to
be affected by urine age, where fresh urine stimulated oviposition whilst aged urine inhibited it
(Kweka et al., 2011). This suggests that the length of time in which cow excreta has since polluted a
water body may be an important factor in its relative attractivity to a gravid mosquito. Lastly,
variation in cattle diet has been associated with differences in the microbial community composition
of cow dung (Van Vliet et al., 2007) and is therefore worth considering due to the importance of
microbial fauna in oviposition site selection (Sumba et al., 2004). However, none of the
aforementioned studies report the dietary composition of the host cows. In future studies, the
effects of dung inoculation period, cattle diet, and microbial diversity of both dung and the aquatic

habitat following inoculation should be considered.

Larval exposure to cow dung in An. gambiae s.I. hastens development rate and leads to larger adult
size, which is strongly related to enhanced fitness, whilst having no effect on mortality (Hardy et al.,

2022; Jeanrenaud, Brooke and Oliver, 2019). These positive effects on life history were also found to
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be greater at higher concentrations when examined between 0.25 and 1.0 g/100 ml. Therefore,
considering oviposition site choice has, in part, evolved to maximise reproductive fitness by selecting
for attraction to the most suitable habitats in terms of larval performance (Ignell and Hill, 2020;
Yoshioka et al., 2012; Day, 2016; V. Mwingira et al., 2020), it would be expected that greater
numbers of eggs are laid in sites containing cow dung. However, the present study demonstrated
that for An. arabiensis, this may not be the case as cow dung infusion significantly reduced the
number of eggs laid in an oviposition site in favour of an alternative site containing deionised water.
This evidence suggests cow dung may present cues that do not strongly elicit oviposition in gravid

mosquitoes and perhaps even inhibit it.

This study demonstrated that gravid An. arabiensis lay fewer eggs in oviposition sites containing
chicken dung when an alternative of deionised water is available and increased dung concentrations
result in reduced oviposition activity. However, unlike cow dung, chicken dung negatively affects

An. arabiensis and An. gambiae s.s. larval fitness through reduced larval survival, development rate,
and production of adults (Hardy et al., 2022). The avoidance of chicken dung containing oviposition
sites thus fits with the oviposition preference-offspring-performance hypothesis (Ellis, 2008;
Yoshioka et al., 2012) and aligns with the typical larval habitats of An. arabiensis, characterised by
clean fresh water (Mwangangi et al., 2008). Ammonia is a major constituent and principal compound
produced from organic nitrogen in chicken dung (Witter, 1991; Kelleher et al., 2002) and has been
shown to act as an attractant in host-seeking An. gambiae s.s. (Braks, Meijerink and Takken, 2001;
Meijerink and Braks, 2001). The application of ammonium sulphate-based fertilisers is known to
liberate volatile ammonia (Powlson and Dawson, 2022) and enhance An. arabiensis colonisation
(Mutero et al., 2004), suggesting ammonia may also act as an oviposition attractant. However,
ammonia is toxic to An. gambiae s.I. larvae above certain concentrations, negatively impacting larval
development at concentrations from 1.3 mg/l and above (Akpodiete and Tripet, 2021) so may elicit a
hormetic (Mattson, 2008) oviposition response. In our experiments, even the lowest chicken dung

infusion concentrations were above the threshold for eliciting deleterious effects.
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Here we demonstrated that chicken dung infusions had significantly higher concentrations of
dissolved ammonia, with the mean concentration being more than eight times higher than observed
in cow dung. This may underly, at least in part, the finding of significantly fewer eggs laid in chicken
dung treated oviposition sites, compared to those treated with cow dung when both were offered
together. Furthermore, the ammonia concentration could be a contributing factor to the greater
reduction in eggs laid in chicken dung-infused water, when compared to cow dung-infused water,
when either was offered as an alternative to deionised water. Higher ammonia concentrations
reduce An. gambiae s.1. larval fitness (Akpodiete and Tripet, 2021), therefore gravid An. arabiensis
may avoid oviposition in sites with higher ammonia concentrations when sites with lower
concentrations are available, in line with models which state oviposition site choice is mediated by
optimal larval performance (Ellis, 2008; Yoshioka et al., 2012). However, chicken and cow dung-
based organic fertilisers have been found to increase water ammonia content to a lesser degree
than urea-based inorganic fertilisers (Das, Ayyappan and Jena, 2005), which are also known to
enhance Anopheline larval densities (Victor and Reuben, 2000). Considering this, it is likely that
multiple other unknown ovipositional cues are also involved with the reduction in egg laying
observed. Furthermore, in An. gambiae s.s., ammonia is known to activate attractivity to other host-
seeking kairomones that are deterrents in isolation (Smallegange, 2005), so it may also modulate the
effects of other oviposition cues and potentially enhance their oviposition inhibitory effects in

An. arabiensis. Despite its role in host location, it is unclear what direct role ammonia plays in
Anopheles oviposition behaviour and how it may affect the response to other volatiles associated

with cow and chicken dung.

Due to the constraints of the methods used in the dual choice egg count bioassays conducted, it is
not possible to deduce whether cow and chicken dung are repellent, acting as mid to long-range

cues which orient gravid females away from the source, in gravid An. arabiensis (Kennedy, 1976;
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Day, 2016). However, several volatiles known to display ovipositional inhibitory effects in An.
gambiae s.l. have been identified from both cow and chicken dung (Summarised in Table 1). If
present in the treatments, these may explain the lower proportion of eggs laid in both cow and
chicken dung-treated water (Fig. 2). Future research in this area should pair behavioural bioassays
with modern rigorous analytical approaches to chemical ecology, such as combined gas

chromatography and single sensillum recording (Ignell, Ghaninia and Hill, 2022).

Detected in
Name Oviposition inhibitory action Cow dung Chicken dung
3- (Eneh, Okal, et al., 2016) (Huang et al., 2007; (Huang et al.,
methylindole Dehnhard, Bernal- 2007; Nakai et al.,
Barragan and Claus, 1999; Yasuhara,
(Skatole) 1991) 1987)
4-methyl- (Eneh, Okal, et al., 2016) (Huang et al., 2007) (Huang et al.,
phenol 2007)
(Para-cresol)
Dimethyl (Schoelitsz et al., 2020; Suh et al.,  (Woodbury et al., 2016) (Ranadheera et
disulphide 2016) al., 2017)
Dimethyl (Schoelitsz et al., 2020; Suh et al.,  (Woodbury et al., 2016) (Ranadheera et
trisulphide 2016) al., 2017)
Indole (Eneh, Okal, et al., 2016) (Spiehs and Varel, 2009) (Huang et al.,
2007; Yasuhara,
1987)
Nonanal (Eneh, Okal, et al., 2016) (Huang et al., 2007) (Huang et al.,
2007;
Cooperband et
al., 2008)
Phenol (Eneh, Okal, et al., 2016) (Shabtay et al., 2009) (Yasuhara, 1987)

Table 1: Known oviposition inhibitory compounds of An. gambiae s.I. and evidence of their
presence in cow and chicken dung.

Dung-mediated oviposition attraction has been exhibited in other mosquito species, such as
Cx. pipiens, Cx. restuans (Jackson et al., 2005), Cx. quinquefasciatus and Cx. nigripalpus (Allan,

Bernier and Kline, 2005). Additionally, Dibal, Nok and Umar (2012) demonstrated mesocosms
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enriched with cow dung had greater larval abundance, compared to those enriched with a clay
suspension, for Culex nebulus, Aedes aegypti, Cx. quinquefasciatus, and Culex trigripase. Similar
observations have been reported for Aedes albopictus in controlled laboratory trials, showing the
species had a strong oviposition preference for habitats polluted with cow dung and that the relative
attraction of these sites increased with the number of days the cow dung was fermented
(Rajapaksha and Jayatunga, 2021). However, the bacterial community present in the dung infusions
in this study was not identified. Future studies directed towards identifying bacterial communities in
cow and chicken dung and the semiochemicals they emit may provide useful insight into their

modulation of Anopheles oviposition behaviour.

The results of this study demonstrate that both dung types may act as oviposition deterrents, as per
the definition of Dethier et al. (1960), though it is uncertain how the application of cow or chicken
dung in the field may affect An. gambiae s.I. They may influence the spatial distribution of An.
gambiae s.l. in the rice agroecosystem by deterring gravid females and leading them to instead
oviposit in dung-free habitats. However, this would assume that alternative habitats are both
available and of superior quality to that of the dung-polluted rice field. As the present study revealed
that egg retention was not displayed when only dung-containing oviposition sites were available,
oviposition may still occur if the application of OF is distributed over a sufficiently large area or more
acceptable sites are not available. Moreover, as higher dung concentrations were found to further
reduce oviposition activity in both dung types, should a concentration gradient exist across a given
environment where these OFs have been applied, then reduced oviposition may occur in areas of
higher dung concentration relative to those with lower. Nevertheless, the oviposition behaviour of
mosquitoes is highly complex and mediated by many interacting environmental factors and internal
states (Bentley and Day, 1989; Day, 2016) and factors such as nutrient availability, predator
presence, and proximity to hosts are important in the colonisation patterns of mosquitoes
(Wondwosen et al., 2017; Pintar et al., 2018; Minakawa, Seda and Yan, 2002). However, oviposition

repellents have been demonstrated to effectively reduce colonisation rates in other mosquitoes
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(Benelli et al., 2014) and arthropod pests (Hough-Goldstein and Hahn, 1992; Wallingford et al., 2016)

and so similar effects may be observed with the putative deterrents, cow and chicken dung.

The observations reported here present several potentially fruitful avenues for future research,
primarily in elucidating the nuances of mosquito behaviour in response to cow and chicken dung,
and the causative agents of such responses. Assays based on lab-reared mosquito strains may not be
reflective of wild populations, posing a limitation to this study and its generalisability, as laboratory
strains can be significantly genetically divergent from wild populations and their biological and
behavioural responses may not be representative of the populations they were derived from (Gloria-
Soria et al., 2019). Therefore, the transposability of these observations to a field-based setting must
be examined in semi-field or field-based settings with wild mosquito populations. Given the assays
presented here, it is not possible to elucidate whether the observed responses were due to volatile
or gustatory cues, and future work should aim to answer this. Additionally, assays to determine if
such cues qualify as repellents or deterrents along with those which explore the details of mosquito
flight behaviour in response to dung will provide further insight. It may also be productive to
examine the constituent compounds which make up potential volatile profiles of cow and chicken
dung, and to which of these mosquitoes respond in isolation or blends. Lastly, ovary dissections
were not performed here as there was no evidence of egg retention across any treatment groups,
however, such post-experimental validation would be valuable in future studies, especially if there is

indication of egg retention.

Overall, these findings provide evidence of chicken dung inhibiting An. gambiae s.I. oviposition,
whilst previous studies have also demonstrated chicken dung’s larvicidal qualities (Hardy et al.,
2022). Furthermore, the application of chicken dung to aquatic environments has been
demonstrated to enhance the density of several predatory invertebrate families, which effectively
control An. gambiae s.I. even in the presence of alternative prey (Rapatsa and Moyo, 2015; Muiruri

et al., 2013; Saha, Aditya and Saha, 2014). The promotion of terrestrial predators due to chicken
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dung application also reduces rice crop damage by several phytophagous pest species (Chen, 2007).
Therefore, its use could satisfy the fertiliser demands of the growing crop, whilst also limiting the
production of malaria vectors and controlling rice pests alike. The putative use of chicken dung as a
combined fertiliser and partial oviposition inhibitor may inform the emphasis of promoting this
practice in SRI, and to non-SRI practitioners equally, though field trials should consider the potential
direct negative health impacts it may have on individuals working in rice paddies and its effects on

non-target species.

5. Conclusion
This research demonstrates the effects of cow and chicken dung on the egg-laying behaviour of An.

arabiensis, representing the first report in Anophelines on chicken dung. Both OFs were found to
partially inhibit oviposition and with increased concentrations both elicited further reduced egg
laying. When gravid mosquitoes were presented with a cow and a chicken dung treated oviposition
site simultaneously, a higher proportion of eggs were laid in those containing cow dung. However,
across all assays, there was no evidence of egg retention. These data suggest that these OFs may
deter gravid An. arabiensis seeking an oviposition site, that higher concentrations of both likely
enhance this effect, and that chicken dung may be relatively more unattractive than cow dung. The
findings of this study indicate that the application of manure-based OFs, such as cow or chicken
dung, may alter the spatial distribution of An. arabiensis mosquitoes by reducing the number of eggs
oviposited by gravid females in dung polluted water. The promotion of OFs in SRI, and their use in
rice agriculture more broadly, might therefore alter the malaria transmission dynamics of a given
area and incidence in communities associated with rice cultivation. In this manner, chicken dung
application may deter gravid mosquitoes from the applied area, reduce the larval fitness of
mosquitoes breeding in the treated habitat, promote the biodiversity of predatory invertebrates
which control mosquitoes and rice pests alike, and meet the fertiliser demands of a growing rice

crop.

6. Declarations
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