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Thesis summary 

 

Oviposition decisions are a prominent example of behaviour directly affecting the fitness, 

abundance, distribution, and population dynamics of holometabolous insects. Due to eggs 

being immobile and adult insects often not practicing biparental and/or maternal care, gravid 

females, when ovipositing, should select substrate(s) that maximise fitness of their offspring. 

Studies have revealed that this selection is influenced by biotic (intra and interspecific 

competition, parasitism, larval experience, etc…) and abiotic (olfactory cues, visuals cues, 

substrate physiochemical properties, etc…) factors. However, in the stable fly, Stomoxys 

calcitrans L. (Diptera: Muscidae), a cosmopolitan blood-feeder that transmits several 

pathogens to animals, the influence of these factors in gravid female oviposition decisions is 

still unknown. Therefore, in this thesis, I examined oviposition decisions by S. calcitrans, 

associated fitness consequences for offspring, the olfactory cue(s) involved, and the 

influence of biotic factors in egg-laying decisions. 

 

I demonstrated (Chapter 2) that S. calcitrans prefer to lay on donkey and sheep dung over 

camel, cow, elephant, giraffe, and zebra dung or grass. I showed that this preference was 

related to the good nutritional value of these substrates that consequently led to the best 

performance of S. calcitrans offspring. Furthermore, I identified β-citronellene and (R)-(-)-

carvone, from donkey and sheep dung, respectively, as the olfactory cues responsible for 

observed preference-performance behaviour. In the laboratory, β-citronellene and carvone 

elicited the strongest oviposition behaviour in S. calcitrans. I confirmed this in the field by 

showing that traps baited with these compounds also caught more gravid S. calcitrans. 

 

To develop a better understanding of oviposition site selection in S. calcitrans, I went on to 

show (Chapter 3) that S. calcitrans avoided substrates with conspecific larvae, heterospecific 

(Musca domestica) larvae, or the mite, Macrocheles muscaedomesticae. This avoidance 

behaviour was associated with fitness costs to offspring incurred in the presence of 

competition and parasitism. Competition with conspecific larvae led to significant changes 

in wing morphology (Chapter 4), with flies reared in a group of 5 having larger wing centroid 

size, wing length, wing width, wing area and wing loading compared with those reared in a 

group of 25. Also, these parameters were higher in flies developed in donkey and sheep dung 

in comparison with those grown in camel and cow dung. Preferred dung may lead to adults 

with better dispersal capabilities. Larval experience does not affect oviposition decisions by 

female S. calcitrans because they did not prefer to oviposit on their developmental substrate. 
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This ruled out the Hopkins’ host selection principle in S. calcitrans and verifies the 

importance of innate rather than learned oviposition preferences in this species. 

 

Overall, the results reported in this thesis have enabled me to generate a fundamental 

knowledge of S. calcitrans oviposition decisions. Also, I have identified novel candidate 

attractants that could enhance trap catch of S. calcitrans to improve surveillance and limit 

transmission of pathogens. Furthermore, this thesis opens new research avenues in 

identifying repellents from conspecific and heterospecific larvae, which if packaged with the 

identified attractants could be used in a push-pull control system against S. calcitrans.  
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1.1 Morphology 

Native to Africa, and commonly known as the stable fly, Stomoxys calcitrans Linnaeus, 1758 

(Diptera: Muscidae), is a synanthropic (Dsouli-Aymes et al. 2011a), cosmopolitan blood-

feeding insect. The genus Stomoxys Geoffroy, comprises 18 currently identified species 

(Zumpt 1973; Skidmore 1985; Carvalho 2005). The species S. calcitrans (Fig. 1.1A) is 

morphologically similar to the house fly, Musca domestica Linnaeus, 1758 (Diptera: 

Muscidae) (Fig. 1B). However, three characters differentiate it from the latter: (1) the 

mouthparts are modified into a long, thin and black proboscis that serves to pierce the skin 

and suck the blood of hosts, (2) four longitudinal black lines are present on the dorsal part 

of the thorax, and (3) seven black spots are present on the dorsal part of the abdomen 

(Roungthip Masmeatathip et al. 2006; Salem 2012). Females and males are very similar; 

they measure 4 to 7 mm in length. However, the eyes of females are smaller and more widely 

separated than in the males (Fig. 1.1C). 

 

 

 

 

 

 

 

 

Figure 1.1. Morphology of adult S. calcitrans. (A) Adult of S. calcitrans (Photo: Bruce 

Marlin), (B) Adult of M. domestica (Photo: Muhammad M. Karim), (C) Female dioptic eyes 

(right) and male holoptic eyes (left) (Original photos). 

 

1.2 Life cycle 

Stomoxys calcitrans has a holometabolous life cycle, which passes through the egg, larval, 

pupal, and adult stages (Fig. 1.2). Newly emerged females require a blood meal (11-15 μL) 

for the maturation of their eggs (Schowalter et al. 1979). Blood-fed females begin to oviposit 

4-8 days after copulation; they lay batches of 25-50 eggs during a period of around 20 days 

in decaying matter such as silage, crop residue, hay, grain, manure and soiled animal bedding 

A 

B 

C 
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(Cançado et al. 2013; Salem 2012). Romero et al. (2006) found that the development of 

stable fly larvae depends on the bacterial composition of the oviposition medium. Females 

can select oviposition sites based on the microbial composition of decaying matter (Romero 

et al. 2006). Most eggs hatch after 24 hours. The emerged larvae are white and cylindrical; 

they go through three instars during 3 to 10 days before pupating. Puparia measure around 6 

mm and progressively change their colour from white to dark. The adult emerges from the 

puparium after 6 to 8 days. The entire life cycle is influenced by temperature, relative 

humidity and photoperiod. Salem et al. (2012) established that the average cycle from egg 

to adult is 19.2±1.7 days and mean longevity of adults is 9.3±5.8 days when the colony is 

maintained at 25±2°C, 50 ± 10 % RH with a 12:12 photoperiod. Gilles et al. (2005) 

demonstrated that the survival of S. calcitrans immature stages is optimum between 20-25°C. 

Stomoxys calcitrans is known as a diurnal species with a peak in activity between 08:00 to 

10:00 a.m. (Masmeatathip et al. 2006). Populations are multivoltine and their generation 

time over the year is principally dependent on temperature (Dsouli-Aymes et al. 2011). The 

abundance of S. calcitrans adults is highest during the rainy season (Dawit et al. 2012; 

Keawrayup et al. 2012). 
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Figure 1.2. Life cycle of S. calcitrans (Original conception) 

 

1.3 Economic importance 

For the success of their mating, survival and egg production, female and male stable flies 

depend on repeated blood meals coming from several hosts, including cattle, horses and 

sheep (Bishopp, 1913; Broce et al., 2005), camels (Njiru et al. 2001; Tekle and Abebe 2001), 

and humans (Yeruham and Braverman, 1995). However, Higgins (1986) revealed that S. 

calcitrans prefer to feed on camel blood more than horse blood. Stomoxys calcitrans can 

consume on average of 11-15 μL of blood per meal (Schowalter et al. 1979). During their 

blood meals, which generally occur on the belly and the limbs of their hosts (Fig. 1.3), these 

flies can cause different injuries on their hosts. Baldacchino et al. (2013) classified the effects 

of S. calcitrans on their host into two groups: (1) direct effects, including annoyance, skin 

lesion, blood loss, stress, immunosuppression and reduction of food intake; and (2) indirect 

nuisance, including transmission of viruses [West Nile fever virus (Johnson et al. 2010), Rift 
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Valley fever virus (Turell et al., 2010)], bacteria [Bacillus anthracis (Hugh-Jones and 

Blackburn 2009), Pasteurella multocida (Krinsky 1976)], protozoa [Trypanosoma evansi 

(Sumba et al. 1998), Besnoitia besnoit (Sharif et al. 2019)], and helminths [Habronema 

microstoma (Traversa et al. 2008), Dirofilaria repens (Krinsky 1976)]. During outbreaks, S. 

calcitrans can reduce weight gain in cattle by up to 19%, and lead to a 40-60% reduction in 

milk yields (Carn 1996; Walker 1990). Surra disease, caused by the protozoan T. evansi, can 

cause morbidity of up to 30% and mortality of around 3.0% in camels (Njiru et al. 2001; 

Tekle and Abebe 2001). In the USA, Taylor et al. (2012) revealed that economic losses 

attributed to S. calcitrans infestation are estimated to be around $2.2 billion per year. 

 

 

 

 

 

 

 

 

 

 

Figure 1.3. Infestation by S. calcitrans (Photo: David Cook) 

 

1.4  Control methods 

Stomoxys calcitrans control is currently focused on sanitation, chemical and biological 

control.  

 

1.4.1 Sanitation 

The procedure consists of reducing fly infestation by removing or dispersing any substrate 

that can serve as a developmental site (rotting straw and manure) so that it dries out before 
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maggots complete their development. This action provides a marginal control because all 

the S. calcitrans breeding sites are unlikely to be screened. 

 

1.4.2 Chemical control 

Several chemicals with different application methods have been evaluated for controlling S. 

calcitrans adults. Mount et al. (1966) found an 80% reduction in S. calcitrans populations 

when using Baygon (Bayer39007, methyl carbamate), naled, and fenthion at 1, 2, and 4% 

concentration, respectively. Hogsette and Ruff (1986) observed that flucythrinate and 

permethrin were effective against S. calcitrans for 10 weeks. Guglielmone et al. (2004) after 

having treated cattle with organophosphate found no significant decrease in S. calcitrans 

numbers. Insecticide resistance in stable flies has been detected among organochlorine and 

organophosphate insecticides (Somme 1985; Cilek and Greene 1994). Pitzer et al. (2010) 

identified several field populations of S. calcitrans in Florida that were resistant to 

permethrin, the most commonly used insecticide for stable fly management. As well the 

issue of resistance, pesticides have the disadvantages of being costly, toxic and non-

ecologically selective. 

 

1.4.3 Biological control 

Biological control of S. calcitrans is mainly based on the utilisation of parasitoids (Fig. 1.4A) 

and entomopathogenic fungi (Fig. 1.4B). Works conducted by Jones and Weinzierl (1997) 

in the state of Illinois, USA, revealed that Spalangia spp can parasitize 93 % of S. calcitrans. 

Greene et al. (1989) found that during the winter on diaries in the northwerstern Florida, 

Spalangia cameroni parasitation is 76% in S. calcitrans. The study conducted by Skovgård 

and Jespersen (1999) in pig and cattle farms in Danmark showed that Muscidifurax spp. 

paratitize S. calcitrans at a rate of 11%. Using strain from Cornell University, Watson (1995) 

obtained 70% S. calcitrans mortality due to the entomopathogenic fungus Beauveria 

bassiana. In Spain, Moraes et al. (2008) found that larvae and pupae of S. calcitrans are not 

susceptible to Metarhizium anisopliae, but conidial suspensions concentrated at 10-7 and 10-

8 cause egg mortality of 96.25% and 100%, respectively. Weeks et al. (2016), when testing 

a commercial formulation of different strains of B. bassiana and M. anisoplae, found a 

significant increase in the mortality of S. calcitrans from Florida university cultured colony.  

 

The mite Macrocheles muscaedomestica (Fig. 1.4C) is also a potential biological control 

agent. This mite feeds on fly eggs and early larval stages (Axtell 1963). In adult flies, M. 
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muscaedomesticae individuals extract haemolymph from their hosts, which reduces fly 

survival.  

 

 

 

 

 

 

 

 

 

 

 

Figure 1.4. Biological control agents of S. calcitrans. (A) Emerged Spalangia spp (Photo: 

David Cook). (B) Stomoxys calcitrans individual killed by an entompathogenic fungus 

(Photo: David Cook). (C) Macrocheles muscaedomesticae infestation on larval and adult S. 

calcitrans (Original photo) 

 

The implementation of the above control methods is widely influenced by many factors. 

Pitzer (2010) states that they rely on the season, temperature, type of substrate and moisture 

therein, host species composition, and the depth in substrates at which hosts (larvae and 

pupae) are found. 

 

1.4.4 Sensory cue-based controls 

Besides the classical control methods described above, behavioural control is another 

approach for managing insect pests that manipulates their responses to visual and olfactory 

stimuli to achieve population suppression. Insects exploit semiochemical compounds 

through their sense of smell to locate a suitable sexual partner and breeding host, to detect 

the presence of their predator, and to search for food (Norin 2007; Logan and Birkett 2007; 

Ali et al. 2015). The identification of the chemical cues involved in these interactions and 
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their use as lures constitute a promising tool in insect pest management (Khan et al. 2016; 

Logan and Birkett 2007; Norin, 2007). Mihok et al. (1995) demonstrated baiting Vavoua 

traps with 1-octen-3-ol increased S. calcitrans catches up to 3.7 times. Tangtrakulwanich et 

al. (2015) demonstrated that traps with a binary blend lure of phenol and m-cresol or p-cresol 

caught more S. calcitrans in field trials. In the context of controlling disease vectors, 

oviposition-site semiochemicals acting as an attractant for gravid female insect are expected 

to be most efficient because they lure physiologically older females that have already taken 

a blood meal at least once and therefore are more likely to be infested by pathogens (Marayati 

et al. 2015). Therefore, by targeting gravid females, control efforts can simultaneously 

reduce pathogen transmission and control population growth. Also, such an attractant has 

the advantage of being specific, non-toxic, and effective at very low concentration 

(Reisenman et al. 2016). However, the semiochemicals that gravid female S. calcitrans use 

to locate suitable oviposition substrates are not yet defined. 

 

1.5 Host finding 

Stomoxys calcitrans feeds on a wide range of animals, including rats, guinea pigs, rabbits, 

monkeys, horses, humans, camels, goats, pelicans, and cattle (Lehane 2005; Pitzer et al. 

2011). Adults are diurnal, typically biting during the late morning or earlier afternoon, which 

indicates that visual cues may contribute to their host-seeking behaviours. To find a suitable 

host for a blood meal, S. calcitrans use olfactory cues (Cilek 1999; Birkett et al. 2004). 

Jeanbourquin (2005) and Tangtrakulwanich et al. (2011) have shown that various host-

associated volatile compounds elicit electrophysiological and behavioural responses from 

adult male and female S. calcitrans. As well as olfactory cues, the host choice for feeding in 

S. calcitrans is also influenced by several factors including behavioural, physiological, 

morphological, ecological, geographical, temporal and genetic considerations. For example, 

S. calcitrans mostly feed on the lower parts of a cow’s front legs, where shorter hairs present 

less of an obstacle (Foil et al. 1994). When it comes to making a choice, S. calcitrans prefer 

to feed on camel blood (Higgins 1986); with two peaks of activity: 08:00 am to 10:00 am 

and 4:00 pm to  6:00 pm (Masmeatathip et al. 2006; Zhu et al. 2016). These flies have a great 

capacity to cover long distances when searching for blood meals. Taylor et al. (2010) found 

newly emerged S. calcitrans individuals 5 km away from their developmental site. Foil and 

Hogsette (1994) found flies 100 km from where they were marked, and even up to 225 km 

after a storm. 
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1.6 Oviposition site selection 

The choice of oviposition site is important for both survival and the population dynamics of 

insects (Khaliq et al. 2015). In holometabolous insects, oviposition behaviour is critical for 

larval survival since they have relatively little mobility and depend on the nutritive resources 

of the substrate selected by adult females. As the preference-performance hypothesis 

predicts, to ensure the survival of their offspring, gravid females of insects should select 

substrates that will enhance their fitness (Jaenike 1978). The acceptance or rejection of a 

particular substrate for oviposition is governed by several factors including visual cues, 

olfactory cues, and physicochemical properties of the substrate (Bentley and Day 1989; 

Resetarits Jr 1996).  

Flight towards a putative breeding site is mostly controlled by the visual and olfactory cues 

(considered to be long-range), which allow gravid females to identify different habitats and 

oviposition site characteristics (Bidlingmayer 1994). The role of visual cues in oviposition 

site selection is documented in different insect groups. In Aedes aegypti and Aedes albopictus 

(Diptera: Culicidae) for instance, Panigrahi et al. (2014) found that either in the light or dark 

conditions, gravid females of both species laid more eggs on black ovistrip compared to 

those coloured red, yellow, green, blue and white. Similarly, gravid females of the parasitic 

beetle Dastarcus helophoroides (Coleoptera: Bothrideridae) prefer substrates coloured black 

over those coloured red, yellow, green and orange (Lyu et al. 2018). Gravid females of the 

blow fly, under lights, Chrysomya rufifacies (Diptera: Calliphoridae) lay significantly more 

eggs on pork liver with their conspecific larvae in comparison with liver without larvae. But 

in the dark, these female flies lay the same amount of eggs on both substrates. This suggests 

that C. rufifacies use visual cues to detect the presence of their conspecific larvae on the 

substrate (Yang and Shiao 2012). 

 

Chemical cues (odour plumes) assist gravid females in orientation towards and landing on 

oviposition substrates. These cues originate from various sources including substrate, 

conspecific and allospecific immature stages, and the microbial community of the substrate 

(Himeidan et al. 2013; Afify and Galizia 2015). For instance, in Culex quinquefasciatus 

(Diptera: Culicidae), oviposition in fermented Bermuda grass (Cynodon dactylon (Poales: 

Poaceae)) is guided by 10 compounds (3-methylindole (skatole), p-cresol, nonanal, 2-

undecanone, 2-tridecanone, naphthalene, dimethyltrisulfide, 4-ethylphenol, indole, and 

phenol) arising from this substrate (Du and Millar 1999). In the same species, the pheromone 

(5R,6S)-6-acetoxy-5-hexadecanolide from the apical droplets of conspecific egg-rafts is 
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known to attract gravid females (Laurence and Pickett 1985). The dodecanoic, hexadecanoic 

and tetradecanoic acid isolated from Ae. aegypti eggs possess remarkable oviposition 

attractancy to Cx. quinquefasciatus (Sivakumar et al., 2011). Silberbush et al. (2010) 

demonstrated that the common mosquito predator, Notonecta maculata (Hemiptera: 

Notonectidae), releases two hydrocarbons n-heneicosane and n-tricosane which repel gravid 

females of Culiseta longiareolata (Diptera: Culicidae). Lindh et al. (2008) identified a 

bacterial-derived volatile, 3-methyl-1-butanol as a putative oviposition attractant of Ae. 

aegypti gravid females.  

 

After landing on a substrate and before egg expulsion, Yang et al. (2008) explained that 

females stereotypically bend their abdomen and extrude the ovipositor into the substrate. 

The possible role of the ovipositor is to monitor the quality on the substrate (e.g., 

temperature, moisture, nutritional value, etc.) before eggs are expelled (Stoffolano and Yin 

1987). Several studies have illustrated the effect of substrate physiochemical parameters on 

oviposition decisions of various insect groups. Notter-Hausmann and Dorn (2010) showed 

that gravid females of the oriental fruit moth, Grapholita molesta (Lepidoptera: Tortricidae), 

preferred substrates of 30°C over substrates of 22 and 25°C. Drosophila melanogaster and 

Drosophila biarmipes (Diptera: Drosophilidae) strongly prefer softer substrates for 

oviposition (Karageorgi et al. 2017). In D. melanogaster, Schwartz et al. (2012) 

demonstrated that egg-laying decisions are related to the size and the sugar content of the 

substrate. The authors found that with larger experimental substrates, females preferred to 

lay directly on substrates with sugar over other substrate types (plain, bitter or salty). 

Conversely, with smaller substrates, females avoided sweet substrates and laid on non-sweet 

substrates. Additionally, in the dual test, when the authors offered the choice to flies of laying 

on a sweet (sucrose) or bitter substrate (caffeine), they preferred the substrate with sucrose. 

Similarly, when given a choice between a sweet substrate and salty substrate (NaCl), they 

preferred the sweet substrate. In Ae. aegypti and Ae. albopictus the number of eggs laid is 

positively correlated with the ovitrap diameter and negatively correlated with NaCl 

concentration (Panigrahi et al. 2014).  

 

Besides the importance of visual and chemical cues in oviposition site selection, several 

authors have also pointed out the possible implication of the pre-imaginal stages experience 

in oviposition site selection. Two hypotheses support this implication: the “Hopkins’ host 

selection principle” (Hopkins 1916) and the “chemical legacy hypothesis”(Corbet 1985). The 
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Hopkins’ host selection principle (HHSP) proposes that gravid female insects prefer to lay 

on the substrate on which they developed. The chemical legacy hypothesis suggests that the 

traces of chemical cues (from the rearing substrate) persisting on the adult body after 

emergence influence oviposition decisions. To illustrate this, McCall and Eaton (2001) 

reared Cx. quinquefasciatus larvae on water with different concentrations of p-cresol and 

skatole. They found that gravid females that had been reared as larvae in water with highly 

concentrated p-cresol and skatole laid significantly more eggs in a pool of water containing 

similarly high concentrations of the two chemicals. 

 

1.7 Chemical ecology 

 

1.7.1 Olfactory system: antenna, sensilla types and odorant 

receptors  

To locate and evaluate food, developmental substrates, shelter, and mates, insects rely on a 

wide range of sensory systems situated on antennae, mouthparts, wings, legs and ovipositors 

(Hansson and Stensmyr 2011; Ali et al. 2015). Among these organs, antennae are the primary 

sensory structure for detecting volatile chemical cues in insects (Olsson and Hansson 2013). 

In Diptera, three types of antennae are mainly found: (1) antennae with three segments and 

aristae (Fig. 1.5A1-A3; characteristic of Cyclorrhapha group where Stomoxys calcitrans are 

found (Fig. 1.5A2)), (2) antennae with five or fewer segments (Fig. 1.5A4-A6; found in 

Orthorrapha groups such as tabanids) and (3) antennae with more than six segments (Fig. 

1.5A7-A9, mostly found in Nematocera groups such as mosquitoes). As in all insects, the 

antennae of Diptera comprise three sections: the basal “scapus”, fixed to the head capsule, 

the “pedicellus”, housing the Johnston’s organ, and the “flagellum” cover with the hair-like 

structures called sensilla (Huotari 2004; Hansson and Stensmyr 2011; Guidobaldi et al. 

2014) (Fig. 1.5B). The “flagellum” is considered a purely olfactory organ; sensilla located 

on the surface of antenna house one or more olfactory sensory neurons (OSNs) that expresses 

odorant receptors to detect volatile odours (Onagbola and Fadamiro 2008). The numbers of 

sensilla and OSNs per antenna sometimes vary among species and between sexes. For 

example, the antenna of Manduca sexta contains more than 100,000 sensilla housing more 

than 250,000 OSNs (Sanes and Hildebrand 1976), whereas the D. melanogaster antenna has 

around 400 sensilla housing approximately 1200 OSNs (Shanbhag et al. 1999). In Ae. 

aegypti, female antennae possess three to four times more sensilla than male antennae 

(McIver 1982). It is also possible to find sensilla in other parts of insect body including 
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mouthparts (labial and maxillary palps, and proboscis), the ovipositor, legs, and wings 

(Silbering and Benton 2010). For example, the maxillary palps of An. gambiae (Lu et al. 

2007), the labial palps (Guerenstein et al. 2004) and the ovipositor (Klinner et al., 2016) of 

M. sexta house sensilla. Depending on their external morphology (length and pore density), 

the sensilla can be classified into different types: trichodea, placodea, basiconica, chaetica, 

coeloconica, styloconica, and campaniformia (Pellegrino 2011; Seada 2015). 

Tangtrakulwanich et al. (2011) have shown that the S. calcitrans antenna has four sensillar 

types: basiconica (Fig. 1.5C1), clavate (Fig. 1.5C2), coeloconica (Fig. 1.5C3) and trichoid 

sensilla (Fig. C4). Sensilla can also be categorised based on their putative function, on which 

some are chemoreceptors (e.g. basiconica and trichoidea), mechanoreceptors (e.g. chaetica), 

thermoreceptors (e.g. coeloconica) and hygroreceptors (e.g. digitiformia) (Ali et al. 2015, 

Grabe and Sachse 2018). In addition to OSNs, sensilla also house auxiliary cells called 

thecogen, trichogen and tormogen cell (Keil 1999); with the two later providing ions and 

proteins to the sensillum lymph (Guidobaldi et al. 2014). 

 

 

 

 

 

 

 

 

 

 

Figure 1.5. Organisation of Diptera antenna. (A) External shape of Cyclorrhapha (1), 

Orthorrhapha (2) and Nematocera (3) antenna (source: phorid.net). (B) Morphological parts 

of Diptera antennae (Source: Eberl et al. (2000)). (C) Scanning electron microscopy (SEM) 

of S. calcitrans sensillum types: basiconic (1), clavate (2), coeloconic (3), and trichoid (4) 

(Source: Tangtrakulwanich et al. (2011)). 
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1.7.2 Chemoreceptor function 

➢ Physiology 

Insect sensilla (Fig. 1.6A) are the structural and functional unit of the antenna through which 

the nervous system interacts with the external world. The perception of an ecologically 

relevant odour starts when the odour molecule is intercepted by an olfactory sensillum (Fig. 

1.6B). It then passes through a sensillum pore and reaches the receptor lymph where it is 

transported by an odorant binding protein (OBP) to the dendritic membrane of an olfactory 

sensory neuron (OSN) where stimulus transduction may occur (Tsuchihara et al. 2005). 

Signal transduction is initiated by the odour binding to its receptor, which then triggers a 

cascade of events inside the dendrite leading to nerve cell activity that results in an electrical 

signal referred to as an action potential (Leal 2004; Pelosi et al. 2006) (Fig. 1.6 C). There is 

still a controversial discussion of how odour signals are transduced into the electrical signal. 

Some authors support the direct odour-gated fast ionotropic hypothesis suggesting that once 

an odour molecule binds to the complex odorant receptor (OR)-odorant coreceptor (Orco), 

the odour molecule initiates a conformational change in the OR that opens a channel in its 

structure. This leads to an influx of cations (Ca2+, K+ and Na+) into the neuron that generates 

a fast ionotropic current due to a rapid depolarisation of the neuron membrane (Nakagawa 

et al. 2005; Sato et al. 2008). Others support the metabotropic hypothesis postulating that the 

liaison between the odour and the OR-Orco triggers a cascade of reaction that involve the 

activation of the G-protein and adenylyl cyclase enzyme that leads to the production of the 

second messenger cyclic adenosine monophosphate (cAMP) which indirectly leads to 

depolarisation the neuron membrane by activating ion channels separate from the OR 

(Wicher et al. 2008; Stengl and Funk 2013; Getahun et al. 2016). The action potential from 

the transduction (Fig. 1.6D) goes through the OSN axon and reaches the primary olfactory 

centre, the antennal lobe (AL) formed by spherical structures called glomeruli (Meyer et al. 

2013). This structure is usually innervated by axons from OSNs that express the same type 

of ORs (Vosshall et al. 2000; Couto et al. 2005). Overall, most Diptera species have 50 - 70 

glomeruli; a number that is species- and sex-specific. Lin et al. (2018) described 64 - 65 

identifiable glomeruli in both sexes in Bactrocera dorsalis. In Ceratitis capitata, Solari et 

al. (2016) numbered 53 glomeruli. Sexual dimorphism in the AL is also observed in other 

Diptera. The AL of female Ae. aegypti contains 51 glomeruli whereas that of male comprises 

49 glomeruli (Ignell et al. 2005). In A. gambiae, the AL of males and females have 61 and 

60 glomeruli respectively (Ghaninia et al. 2007). When it reaches the glomeruli, the actional 
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potential is transferred from the OSN axons (via neurotransmitters) to the dendrites of 

projection neurons (PNs) that transmit the processed signal to the higher brain, namely the 

mushroom body and the lateral horn (Vosshall and Stocker 2007), leading to translation into 

a behavioural output such as acceptance or avoidance of oviposition site, food, or sexual 

partner (Kreher et al. 2008). Interestingly, feeding and oviposition activate distinct groups 

of glomeruli in the antennal lobe showing the two are different circuits (Bisch-Knaden et al. 

2018).  

 

 

 

 

 

 

 

 

 

 

Figure 1.6. Schematic representation of insect olfaction physiology. (A) Stomoxys calcitrans 

sensilla density (head and sensilla are original photographs), (B) Anatomy of trichoid 

sensilla (modified from diagram of Stengl 2010), (B) Ultrastructure of olfactory sensory 

neuron membrane (from Fleischer et al. 2018); (D) Spike amplitude depicting action 

potential in S. calcitrans (Original photo). 

➢ Techniques used to identify behaviourally active compounds 

Electrophysiology is an important method to rapidly quantify the response of an insect to 

odour stimuli. Olsson and Hansson (2013) described three methods: electroantennography 

(EAG), gas chromatography coupled with electroantennographic detection (GC-EAD), and 

single sensillum recording (SSR). 

EAGs are performed by recording the electrical changes that occur between the distal and 

the proximal part of the antennal flagellum due to semiochemical stimulation. These 
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electrical changes correspond to the action potentials of several olfactory neurons activated 

by a chemical stimulus (Roelofs 1984). The development of GC-EAD was important in the 

field of analytical chemistry because it uses an insect antenna as a sensing element to identify 

specific volatile organic compounds (VOCs) from complex odour mixtures as they elute 

from a GC capillary column (Arn et al. 1975). Several studies using EAG and GC-EAD have 

already been conducted in Stomoxys calcitrans. Schofield et al. (1995) through the EAG 

method, found that 1-octen-3-ol elicited the strongest electrical activity in S. calcitrans 

antenna compared to the other synthetic chemicals known to be electrophysiologically-active 

for other biting flies (pentan-1-ol, hexan-1-ol, heptan-1-ol, etc…). Using EAG, 

Tangtrakulwanich et al. (2011) studied the olfactory response of S. calcitrans to the host-

associated odorant compounds. Also, Hieu et al. (2014) through EAG assessed the effect of 

a mixture between attractants and repellents in S. calcitrans antennae response. Based on the 

GC-EAD technique, Jeanbourquin and Guerin (2007) have elucidated the antennal response 

of S. calcitrans to the odour emanating from cow, horse dung and to the rumen extract odour.  

The EAG signal is a combined response of many types of receptors including receptors for 

mechanosensitive sensilla responding to air turbulence (Pers and Minks 1993). Also, this 

signal relies on insect vitality, and the position and the strength of electrode connection 

(Nagai 1983; Crnjar et al. 1989). In contrast, “single unit” or SSR measures the electrical 

activity by a single sensillum records action potentials elicited by olfactory neurons within 

a single sensillum after its stimulation by an odour (Schneider and Boeckh, 1962). SSR can 

be used to identify the number of olfactory neurons (by comparing the spike amplitude) 

housed in a specific sensillum (Ghaninia et al. 2008). Moreover, with SSR an excitatory 

stimulation (increased spike frequency) can be differentiated from an inhibitory stimulation 

(spike cessation) (de Bruyne et al. 1999; Diehl et al. 2003).  

The electrophysiological techniques presented above are expensive, tedious and time-

consuming. They involve multiple rounds of separation and testing until the identification of 

chemical cue(s) that mediate targeted behaviour. To alleviate this workload, Dam & Poppy 

(2008) suggested the used of machine learning algorithms in the field of chemical ecology. 

The authors explained that among the multitude of volatiles that are present in the 

environment, insects can identify specific odours that are released from a target source (e.g. 

oviposition sites, sexual partners, hosts, etc…); a property which is very similar to the 

dimension reduction and feature selections implemented in the field of machine learning. 

For Dam & Poppy (2008), chemical ecologists need to adopt methods from bioinformatics 
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that employ accurate methods of classifying volatile organic compounds (VOCs). These 

include machine learning methods such as principal component analysis (PCA), discriminant 

analysis (DA), support vector machines (SVM), and random forest analysis. Several 

examples are found in the literature where researchers used these techniques to identify 

behaviourally-active candidate VOCs. Scheidler et al. (2015) used PCA analysis to identify 

odourants that are most influential in Drosophila yeast discrimination. Using the same 

technique, Giunti et al. (2018) isolated six promising attractants and six repellents for 

Tribolium confusum (Coleoptera: Tenebrionidae), a secondary pest of stored cereals. Also, 

Darshanee et al. (2017) found chemical volatiles that may attract or repel the whitefly 

Trialeurodes vaporariorum (Hemiptera: Aleyrodidae) based on PCA analysis. Tauxe et al. 

(2013) identified new candidate attractants and repellents for mosquitoes by screening > 

400.000 chemical compounds using the SVM analysis. 

The random forest analysis which has been performed in this thesis (Chapter 1) is widely 

implemented by chemical ecologists. Marneweck et al. (2017) used this analysis to elucidate 

the chemical signals that white rhinos, Ceratotherium simum (Perissodactyla: 

Rhinocerotidae) use to discriminate the sex, age, territorial and oestrous state of their 

conspecifics. Also, based on the volatiles emanating from the dung of C. simum, the same 

authors used the random forest analysis to distinguish the dung age of this vertebrate between 

the dry and rainy season (Marneweck et al. 2017b). In the gypsy moth, Lymantria dispar 

(Lepidoptera: Erebidae), McCormick et al. (2016) used this analysis to determine the volatile 

that the caterpillar of this moth used to distinguish damaged leaves from undamaged leaves 

of the black poplar tree Populus nigra (Malpighiales: Salicaceae). Mansourian et al. (2016) 

identified chemical volatiles that Drosophila used to differentiate carnivore from herbivore 

dung based on the random forest technique. Based on the random forest approach, De 

Moraes et al. (2014) elucidated the chemical volatiles used by Aedes stephensis to distinguish 

Plasmodium chabaudi-infected mice from healthy mice. Ranganathan and Borges (2010) 

specified that, as compared to other classification algorithms, random forest analysis is best 

suited for volatile analyses: (i) it allows for more volatiles than samples; (ii) it has a good 

classification efficiency, even with a lot of background noise; (iii) it is capable of arriving at 

a minimal set of volatiles, which can be used as predictors of that particular samples; (iv) it 

is robust to interactions and correlations among volatiles; (v) it gives measures of relative 

volatile importance. 

 

https://en.wikipedia.org/wiki/Rhinoceros
https://en.wikipedia.org/wiki/Malpighiales
https://en.wikipedia.org/wiki/Salicaceae
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1.8 Thesis rationale 

In Stomoxys calcitrans, all kinds of plant decaying matter such as rotting hay, silage, grass 

clippings, and garden compost may form an appropriate substrate for breeding (Zumpt 1973, 

Cook et al. 2018). S. calcitrans also oviposit on wild and domestic vertebrate herbivore dung 

(Mavoungou et al. 2017). Most studies on S. calcitrans oviposition preference focus on 

screening domestic herbivore dung, neglecting dung from wild herbivore animals (zebra, 

giraffe, elephant, etc…), which are also present in the environment of S. calcitrans. For 

instance, Hafez and Gamal-Eddin (1959) reported that S. calcitrans prefer to oviposit on 

equine dung (donkey and horse) than on cattle dung. Jeanbourquin and Guerin (2007) have 

shown that when exposed to horse and cow dung, S. calcitrans preferred to lay on horse 

dung. Machtinger et al. (2014) further demonstrated that this preference for equine dung was 

positively related to the greatest development of S. calcitrans larvae. However, these studies 

did not examine the olfactory cue(s) governing the observed preference behaviour. Even 

though Jeanbourquin and Guerin (2007) identified the chemo-stimulants that elicit electrical 

responses by S. calcitrans antenna, the authors did not further demonstrate their ability to 

trigger a behavioural response (oviposition) in S. calcitrans gravid females. Even 

semiochemicals (phenol, m-cresol and p-cresol) isolated from cattle manure slurry by 

Tangtrakulwanich et al. (2015) did not show specificity in attracting gravid females of S. 

calcitrans. In addition to this scarcity of information about the specific olfactory cue(s) 

triggering oviposition decision in gravid females of S. calcitrans, the previous authors did 

not test the possible influence of biotic interactions (intra and interspecific competition, 

parasitism) and larval experience on oviposition decision of S. calcitrans gravid females.  

 

1.9 Thesis aim and objectives 

The aim of this thesis was to examine the oviposition decisions of gravid female stable flies, 

Stomoxys. calcitrans L. (Diptera: Muscidae), and the associated fitness consequences for 

offspring. To achieve this aim I established and tested the following four hypotheses, each 

of which is addressed in separate chapters: 

➢ Oviposition site selection in gravid females of S. calcitrans is related to the 

performance of their pre-imaginal stages and is driven by olfactory cues. 

➢ Stomoxys calcitrans avoid ovipositing on substrates occupied by conspecific 

larvae, heterospecific larvae or parasites to avoid intra- and interspecific 

competition or parasitism by their progeny. 

➢ Larval density and substrate quality affect wing size and shape of S. calcitrans. 
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➢ Larval experience can affect oviposition decisions in gravid female S. calcitrans. 
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2.1 ABSTRACT 

Selection of oviposition-substrate is critical in holometabolous insects. Female stable flies, 

Stomoxys calcitrans, locate and select vertebrate herbivore dung in which they lay their eggs. 

However, the preference for vertebrate herbivore dung by S. calcitrans females, its fitness 

consequences for offspring, and the semiochemicals used to locate and select oviposition 

substrates remain unclear. Using oviposition choice tests and life table bioassays I found that 

gravid female S. calcitrans prefer to oviposit on donkey and sheep dung, which also 

improves the performance of their offspring. GC-MS analysis followed by random forest 

classification identified β-citronellene and carvone as the most important predictive volatile 

organic compounds of donkey and sheep dung, respectively. In multiple choice oviposition 

bioassays, S. calcitrans laid more eggs in wet sand containing β-citronellene and carvone 

than in other treatments. The attractiveness of these compounds was confirmed in a field 

trial, with traps baited with β-citronellene and carvone catching more S. calcitrans. I 

conclude that gravid female S. calcitrans use semiochemical cues to choose oviposition 

substrates that maximise offspring fitness. 
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2.2  INTRODUCTION 

In holometabolous insects, oviposition site selection by gravid females plays an important 

role in their distribution, abundance, and population dynamics owing to the immobility of 

egg stages combined with the lack of parental care (Deas and Hunter 2012) . Location and 

selection of the most appropriate substrate for oviposition involves visual, olfactory and 

mechanical cues (Bentley and Day 1989). According to Städler (1994) , the nutritional and 

chemical composition of the environment determine the success of development in almost 

all insects, thus olfactory cues play a paramount role during oviposition site selection. When 

selecting a suitable site for oviposition, insects might use a single chemical cue (Dweck et 

al. 2013; Guidobaldi and Guerenstein 2015) or a mixture of important chemical cues (Späthe 

et al. 2013; Riffell et al. 2014; Lindh et al. 2015; Wondwosen et al. 2016). 

 

Jaenike (1978) postulated that gravid female insects prefer to oviposit on substrate that 

maximise the fitness of their offspring. This was termed the ‘preference-performance’ or 

‘mother knows best’ hypothesis. Oviposition substrates used by female insects include 

animal dung, fruits, and leaves which are abundant and rich in nutrients. The preference-

performance relationship has been widely explored in phytophagous insects, with some 

studies confirming a positive relationship between preference and performance, while others 

show poor correspondence (Craig et al. 1989; Valladares and Lawton 1991; Ladner and 

Altizer 2005a; Clark et al. 2011; Gómez Jiménez et al. 2014). In hematophagous insects, 

understanding of the preference-performance relationship is most advanced in mosquitoes. 

For instance, there is a positive correlation between oviposition preference and larval 

performance in Culiseta longiareolata (Kiflawi et al. 2003), Aedes triseriatus, and Aedes 

albopictus (Reiskind et al. 2009). whereas in Wyeomyia smithii (Heard 1994) and Aedes 

aegypti (Wong et al. 2012), a negative correlation has been observed. However, these studies 

do not consider the chemical basis driving the preference-performance interaction. Here I 

investigated the preference-performance hypothesis in the stable fly, Stomoxys calcitrans 

(Diptera: Muscidae), and the chemical basis  involved in this interaction. 

 

Stomoxys calcitrans is a cosmopolitan blood-feeding insect of medical and veterinary 

importance (Dsouli-Aymes et al. 2011). For the success of their mating, egg production and 

survival, both female and male S. calcitrans depend on repeated blood meals from diverse 

domestic (e.g., camel, cattle, horse) and wild animal hosts (e.g., buffalo, antelope, zebra) 

(Mihok et al. 1996; Broce and Haas 1999) as well as humans ( Yeruhan and Braverman 
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1995). During their blood meals, S. calcitrans can transmit viruses (e.g., West Nile fever 

virus) (Johnson 2010), bacteria (e.g. Bacillus anthracis) (Hugh-Jones and Blackburn 2009), 

protozoans (eg. Trypanosoma evansi) (Sumba 1999) and helminths (e.g. Habronema 

microstoma) (Traversa 2007). In the USA alone, Taylor et al (2012) estimated that economic 

losses attributed to S. calcitrans infestation were >$2 billion per year. 

The dung of vertebrate herbivore animals is used as an oviposition substrate by female S. 

calcitrans (Hafez and Gamal-Eddin 1959; Jeanbourquin and Guerin 2007; Cançado et al. 

2013). However, preference by S. calcitrans for vertebrate herbivore dung of different 

species, the fitness costs to its offspring, and the semiochemicals involved remain unclear. 

In this study, I investigated the preference-performance hypothesis in S. calcitrans 

oviposition behaviour on dung of different vertebrate herbivores, and the semiochemical 

basis of this interaction. I demonstrate that gravid female stable flies oviposit on substrates 

that have fitness benefits for their offspring using finely tuned responses to semiochemical 

cues in preferred substrates such as β- citronellene and carvone. I then used these 

semiochemicals to perform laboratory and field trials to test their attractiveness to female S. 

calcitrans. This information will prove useful for developing effective lures to attract and 

kill gravid females, and thereby suppress S. calcitrans abundance. 

 

2.3  MATERIAL AND METHODS 

 

Insects and oviposition substrates 

To establish the colony, wild individuals of S. calcitrans were captured at icipe Duduville 

campus in Nairobi (1˚13'12'' S, 36˚52'48'' E; 1,600 m above sea level) using a Vavoua trap. 

Trapped adults were transferred to cages (75 × 60 × 45 cm) in an insectary maintained at 25 

± 5˚C and 65 ± 5% relative humidity, with a 12L: 12D photocycle. Flies were fed two times 

per day (0800 and 1600 hours) on defibrinated bovine blood on moistened cotton. The 

rearing medium consisted of rabbit dung. Rabbit dung was placed in plastic containers (21.5 

× 14.5 × 7.4 cm) that were introduced to the adult cage for two days to allow oviposition. 

Afterwards, the rearing medium was removed and transferred to another cage and followed 

daily from egg hatch to the pupal stage. Pupae were placed in Petri dishes, removed from the 

cage, and introduced to another cage for age-matched adult emergence. As described above, 

blood and rearing media were provided to the newly emerged adults to obtain flies for 

experiments. 
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For our oviposition bioassay, I screened fresh dung of buffalo, camel, cow, donkey, elephant, 

giraffe, sheep, and zebra, which are potential breeding sites for S. calcitrans and abundant 

in the region where the study was conducted. The dung types were collected from different 

agroecological zones, including Kapiti Plain in Machiakos County (1˚37'60"S, 37˚0'0"E), 

Ngurunit in Marsabit County (1˚59’58” S, 37˚30’11” E), and Shimba Hills located in Kwale 

County (04˚15’26’’S, 39˚23’16’’E), Kenya. These localities are characterised by the 

presence of several populations of wild and domestic vertebrate herbivores, as well as biting 

flies such as S. calcitrans. Dung was collected immediately after it was deposited by each 

species (within 24 hours). To our knowledge, none of the vertebrate herbivore populations 

from which dung was collected received anthelmintic treatments that could potentially affect 

development of coprophagous insects ( Sommer et al. 1992). 

 

Preference-performance hypothesis test 

Multiple-choice oviposition preference bioassay with vertebrate herbivore dung 

To assess oviposition preference of gravid female S. calcitrans, I began with a multiple-

choice oviposition bioassay in semi-field conditions, using wild, gravid female, easily 

recognized by examining the ventral abdomen filled with eggs. S. calcitrans caught directly 

from the field. A cage (75 × 60 × 45 cm) containing 30 wild gravid females was placed 

outside in a shaded, sheltered location. Fresh dung (60 g) from buffalo, camel, cow, donkey, 

elephant, giraffe, sheep, and zebra, as well as grass and wet sand (control), was placed in 

Petri dishes and introduced to the cage. Each Petri dish was separated by at least 20 cm in a 

circle, with the order of dung being haphazard. Twenty-four hours after setting up the 

bioassay, the total number of eggs laid on each substrate was counted. The cages were placed 

outside at the icipe Nairobi campus from May to June 2017, during which 30 replicates were 

performed. Mean temperature during this period was 22.5 ± 4.7˚C, with 55% relative 

humidity, and 12L: 12D photoperiod. 

 

To check the validity of the result from field collected flies under semi-field conditions, I 

conducted the same experiment in a controlled laboratory environment (at 25 ± 5˚C and 65 

± 5% relative humidity, with a 12L:12D photocycle) using 30 naïve, gravid females S. 

calcitrans (aged from 4 to 6 days) from our established culture. Here, the oviposition 

preference was assessed after 24 hours by recording three parameters: (1) number of batches 



24 
 

deposited on each substrate, (2) number of eggs per batch, and (3) the total number of eggs 

deposited on each substrate. The laboratory experiment was replicated ten times. 

 

Performance test 

I conducted an incomplete cohort life table study for the immature stages of S. calcitrans 

using camel, cow, donkey and sheep dung. This was to test if a detected preference of gravid 

female S. calcitrans to oviposit on donkey and sheep dung in comparison with camel and 

cow dung was related to the performance of their offspring. Ten S. calcitrans eggs were 

artificially introduced to each type of dung (n = 10) and followed daily until adulthood to 

record six parameters: (1) egg hatchability, (2) larval development time (from egg to pupa), 

(3) pupal development time (from pupa to adult eclosion), (4) larval weight, (5) larval growth 

rate and (6) pupal weight. Eggs for each treatment were obtained by placing the same dung 

type in the established culture cage 24 hours before commencing the test. The weight 

parameter was recorded individually on 40 larvae and pupae coming from each substrate. 

Larval weight was recorded 5 and 10 days after egg hatch. Larval growth rate was calculated 

as (Ladner and Altizer 2005) [Mday10-Mday5]/t, where Mday10 was the larval mass at day ten, 

and Mday5 was the larval mass at day five, and t, was the number of days intervening between 

the two consecutive weight measurements. 

 

Dung sample physico-chemical characterisation  

To elucidate whether the performance of S. cacitrans offspring is related to the chemical 

composition of their substrate of development, I determined the proportion of nitrogen (N), 

carbon (C), pH, and micronutrients [copper (Cu), phosphorus (P), potassium (K), zinc (Zn)] 

present in camel, cow, donkey and sheep dung using lyophilised (freeze-dried), ground 

samples (n =10). The total N was determined using the Kjeldahl method with 0.5 g of each 

dung material (Vilanova et al. 2010). The total C expressed as a percentage of residues was 

determined after 4 hours of ignition at 500˚C in a muffle furnace using a 0.5 g sample of 

each dung (Matthiessen et al. 2005). The pH was measured using the potentiometric method 

after water sample extraction (by shaking 1:2 w/v of each sample for 20 minutes at 180 rpm). 

The micronutrients were measured from 0.5 g of each sample using the atomic emission 

spectrometry (ICP-OES) method following the microwave digestion procedure with nitric 

acid and hydrochloric acid (Boss and Fredeen 2004). Additionally, to determine the water 

content of each animal dung, I recorded the volume (V) and weight (Wwet) of ten fresh 

samples. Afterwards, I determined the dry weight (Wdry) of the same samples by placing 



25 
 

them in an oven at 100˚C and reweighing them several times until constant weight. I 

calculated the water content, and the proportion of dried matter of each animal dung using 

the formula (Bremner 1996) (Wwet-Wdry)/ Wdry; and (Wwet-Wdry)/V.  

 

Characterisation of semiochemicals emanating from oviposition substrates  

Odour collection 

Odours were collected from fresh dung samples from buffalo, camel, cow, donkey, elephant, 

giraffe, sheep, and zebra using a dynamic headspace apparatus(Tholl et al. 2006). In this 

setup, ambient air was passed through copper tubing to activated charcoal (for purification), 

then into a bubble humidifier containing double distilled water. The humidified air was 

supplied by a vacuum at a flow rate of 150 ml air min-1 through multiple ports (manifolds) 

to the dung samples enclosed in glass jars, which were connected in parallel. Each glass jar 

had a port for a Super Q adsorbent, which trapped any volatile organic compounds from the 

vacuum air stream. For our collection, 500 g of each dung type (replicated five times) was 

introduced and sealed inside the glass jars (oven sterilised at 100°C for 24 hours). Before 

use, each adsorbent was cleaned ten times with 200 µL hexane, followed by dichloromethane 

to avoid contamination. Volatiles were collected for 24 hours. Trapped volatile compounds 

were eluted by washing the adsorbent with 600 μl hexane and stored in air-tight glass vials 

at -20˚C until analysed by gas chromatography linked with mass spectrometry. 

 

Gas chromatography linked with mass spectrometry 

The collected volatile compounds were analysed using a gas chromatograph coupled to a 

mass spectrometer (GC–MS; HP 6890 GC and 5975 MS; Agilent Technologies, Palo Alto, 

CA, USA) in the electron impact ionisation mode at 70 eV.  Each sample (1 μL) was injected 

into the GC-MS with an autosampler (Agilent Technologies). Injections of the volatile 

extracts were conducted with a splitless injector at 220 °C. Compounds were separated on a 

nonpolar capillary HP column with helium as the carrier gas at an average linear flow rate 

of 35 cm s-1. The oven temperature was held at 35°C for 5 min and then increased by 

10°C/min to a final temperature of 280°C, which was held for 10 min. Volatiles were then 

identified by comparison of their mass spectra and retention times with those of commercial 

standards and library database spectra using the NIST mass spectral search program (ver. 

2.0), Pherobase (http://www.pherobase.com) and the NIST web book 
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(http://webbook.nist.gov/chemistry). The identified chemicals were confirmed by co-

injection with authentic standards and comparison with both the expected retention time and 

MS spectra. 

 

Volatile chemical classification 

To identify the volatiles that are abundant and permanently present across all the replicates 

of each herbivorous vertebrate dung (most important volatiles), I performed random forest 

(RF) analysis using the relative abundance of each identified volatile organic compound 

(Breiman 2001) The RF analysis is a mathematical algorithm that uses results from several 

decisions trees to classify a large number of variables (chemical volatiles in our case) 

(Ranganathan and Borges 2010). Compared to other classification methods such as principal 

component analysis (PCA), the RF analysis is advised for volatile importance classification. 

This is because (1) it allows for more variables; (2) it has a good classification efficiency; 

(3) it is capable of arriving at a minimal set of variables that can be used as predictors for a 

particular group; (4) it is robust to interactions and correlations among variables; (5) it gives 

measures of relative variable importance; and (6) it can also be used to analyse time series 

data that record patterns in volatile emissions over time(Liaw and Wiener 2002; 

Ranganathan and Borges 2010; Marneweck et al. 2017)  

 

Multiple-choice oviposition bioassay with the most important dung volatiles 

The RF analysis identified carvone as the most important volatile of buffalo and sheep dung. 

On the other hand, p-cymene, limonene, β-citronellene, cyperene, m-cresol, and camphene 

were identified as the most important volatiles of camel, cow, donkey, elephant, giraffe, and 

zebra dung, respectively. Subsequently, I purchased the synthetic standards of the following 

compounds: (R)-(-)-carvone (98%), p-cymene (99%), (R)-(+)-limonene (93%), (+)-β-

citronellene (analytical standard), m-cresol (98%), and camphene (95%) (Sigma-Aldrich 

Germany). Cyperene was not tested due to its unavailability of a commercial product.  

The attractiveness of each volatile for S. calcitrans oviposition was tested using the 

concentration 10-2 v/v diluted in mineral oil. For the bioassay, seven Petri dishes containing 

wet sand as an oviposition medium were introduced to a cage (75 × 60 × 45 cm). I placed an 

Eppendorf tube lid loaded with 100 µl of each volatile solution on the wet sand. The control 

was wet sand with mineral oil. Thereafter, 30 gravid females of S. calcitrans were introduced 

to the cage. After 24 hours the total number of eggs deposited on each medium was counted. 

http://webbook.nist.gov/chemistry
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The experiment was replicated 15 times. Wet sand (control) was avoided by gravid females 

of S. calcitrans in our earlier oviposition preference bioassays, so any enhancement of 

oviposition indicated a stimulant effect on females. 

The results of this bioassay revealed that media containing carvone and β-citronellene from 

sheep and donkey dung, respectively, attracted more gravid females of S. calcitrans for 

oviposition over the other volatiles. To appreciate the attractiveness effect of carvone and β-

citronellene in gravid female S. calcitrans oviposition, I conducted another oviposition 

preference bioassay by replacing these two volatiles with β-caryophyllene and m-xylene. β-

caryophyllene and m-xylene were present in donkey and sheep dung respectively but less 

important. The same methods were used for this bioassay, which was replicated 15 times, 

and the total number of eggs laid in each Petri dish of wet sand was counted after 24 hours. 

 

Field trapping assay 

Finally, I tested the attractiveness of carvone and β-citronellene to S. calcitrans (mainly 

gravid females) under field conditions. To do so, I conducted a field trapping study at Mpala 

Ranch located in Laikipia County in central Kenya (Figure 5A; 00° 23' 26.98" N, 036° 52 

'14.98" E). This region is characterised by semi-arid savannah vegetation in which S. 

calcitrans are associated with wild animals (elephant, zebra, impala, monkey, lion etc.) and 

domestic animals (mainly camel, cattle, goat and sheep). Vavoua traps (Mihok et al 1996); 

(Figure 5B) were baited with 2 ml of undiluted synthetic standards of β-citronellene, 

carvone, and m-cresol, which was a positive control, already known to attract S. calcitrans 

(Tangtrakulwanich et al 2015). Blends of volatile chemicals were also tested. These were 

formulated using the mean decrease accuracy (MDA) value of their chemicals. Blend A 

comprised carvone + β-citronellene (3:2), Blend B comprised β-citronellene + valencene 

(1:1), and Blend C comprised carvone + valencene + γ-terpinene (3.5:3.5:3). Each compound 

or blend was transferred to a 4 ml glass vial. A cotton dental roll (10 × 38 mm; Shanghai 

Dochem Industries Co. Ltd.) was inserted inside the vial as a dispenser. The vial was closed 

with a perforated cap (5 holes of 2 mm diameter (Bengtsson et al. 2009) and gently tilted to 

soak the cotton dispenser (Figure 2.5C). Traps with vials without chemicals were used as a 

negative control. Each vial was fixed on the pole of each trap with a metal wire, 0.5 m above 

the ground.  

Traps were placed 150 m apart in a Latin square design. Trapping was carried out for 7 days 

with daily rotation of vials among the traps. Seven traps per lure were set before 09:00h daily 
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and checked twice per day at 13:00h and 17:00h. Stomoxys. calcitrans were identified based 

on the key of Zumpt (1973). Identified individuals were sorted by sex, blood-feeding status 

and egg development. Feeding status and egg development were established by gently 

piercing the abdomen of each captured female with a needle to verify the presence of blood 

and eggs, respectively. Three parameters were therefore recorded for each trap: (1) the 

number of males and females of S. calcitrans caught, (2) the number of fed flies caught and 

(3) the number of gravid females caught. 

 

Data analysis 

All analyses were performed using R software (R Core Team 2018) (version 3.5.1) and the 

R Studio graphical user interface (version 1.1.383). The data from the parameters I used to 

assess oviposition preference of gravid female S. calcitrans (number of batches deposited on 

each substrate, number of eggs per batch and the total number of eggs laid on each substrate) 

were subjected to the Shapiro-Wilk test of normality and Levene’s test of homoscedasticity. 

Data were not normally distributed, and variances were not homogeneous (p<0.05). 

Therefore, I used the non-parametric Kruskal-Wallis test followed by Dunn’s post hoc test 

with Bonferroni’s adjustment (to avoid type I error) to determine whether S. calcitrans 

oviposition differed among the tested substrates(McDonald 2009).  

 

Immature performance parameters were analysed in relation to substrate as the dependent 

variable. Egg hatchability data were analysed using a generalised linear model (GLM) with 

binomial distribution due to the binary nature of this parameter (hatched vs unhatched) 

(Warton and Hui 2011). The number of hatched and unhatched eggs were taken as the 

response variable. Model significance was detected by analysis of deviance (with the chi-

squared test). Tukey’s multiple comparisons tests were performed using the package 

‘lsmeans’(Lenth 2016) to identify differences in egg hatchability among substrates. Larval 

development and adult emergence time data were normally distributed (Shapiro-Wilk test: 

p>0.05). so I used analysis of variance (ANOVA) followed by Student-Neuman-Keuls 

(SNK) post hoc multiple comparisons tests using the R software package called 

‘Agricolae’(de Mendiburu 2017) to the separate means from each substrate. Larval weight 

and larval growth rate data were analysed using the non-parametric Kruskal-Wallis test 

followed by post-hoc Dunn’s tests due to the non-normal distribution of the data and the 
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disparity of their variance. For pupal weight, data were normally distributed, so I used 

ANOVA followed by the SNK post-hoc tests.  

 

To compare the physicochemical composition of camel, cow, donkey, and sheep dung, I 

performed the multivariate analysis of variance (MANOVA) followed by SNK tests. To 

establish whether dung constituents were correlated to S. calcitrans oviposition preference 

and the performance of their offspring, I performed principal components analysis (PCA) 

using two R packages called “FactoMineR” and “Factoextra”(Kassambara 2017). 

 

I classified the chemical volatiles arising from the dung of each vertebrate herbivore, using 

the R software package “RandomForest”(Breiman 2001), version 4.6-12. To execute the RF 

analysis, I ran 10000 iterations (ntree) with 11 volatiles randomly selected at each split 

(mtry= √q, where q is the total number of volatiles (120)). Based on the function ‘importance 

()” I generated the mean decrease in accuracy (MDA), which provides an importance score 

for each volatile. For each herbivore dung, the volatile with the highest MDA value was 

considered the most important (Mansourian et al. 2016; Marneweck et al. 2017a). To 

visualise the similarity of herbivore dung volatile composition, I generated a 

multidimensional scaling (MDS) ordination plot (Hout et al. 2013) using the function 

“MDSplot()”of the “RandomForest” package.  

Data from multiple-choice oviposition with important volatiles were analysed with the non-

parametric Kruskal –Wallis test followed by the post hoc Dunn’s test. 

For the results from the field trapping assay, I used a generalised linear model with negative 

binomial error distribution and log-link to determine whether bait enhanced S. calcitrans 

catches (package ‘MASS’(Venables 2002), function ‘glm.nb’). Post-hoc Dunnett’s tests (R 

function glht from the package multcomp) were used to compared the number of flies caught 

by each baited trap with the unbaited control trap (Bretz et al. 2011). I compared the 

following parameters: (1) the number of flies, (2) the number of fed flies, and (3) the number 

of gravid females caught by each trap. For the sex ratio parameter (female number/total 

number of flies), I used ANOVA followed by Dunnett’s test. All statistical results were 

considered significant when P < 0.05.  
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2.4 RESULTS 

Gravid female S. calcitrans prefer donkey and sheep dung for oviposition 

Gravid female S. calcitrans consistently chose donkey and sheep dung as oviposition 

substrates over the other dung tested. The mean number of eggs laid on each substrate by 

gravid females was significantly different (Figure 2.1A, Kruskal-Wallis test: H=30.702, d.f 

= 9, P < 0.001). Females laid more eggs on donkey and sheep dung followed by zebra dung 

than on the dung of cow, camel, buffalo, elephant, or giraffe, grass and wet sand (control). 

Results obtained in the laboratory with naïve gravid female flies (7-10 days old) mirrored 

the results obtained in the semi-field assays (Figure 2.1B; H = 59.497, d.f = 9, P < 0.001). 

The higher number of eggs laid on donkey and sheep dung resulted from a higher mean 

number of batches (Figure 2.1C; H = 54.13, d.f = 9, P < 0.001) and mean number of eggs 

per batch (Figure 2.1D; H= 59.38, d.f = 9, P < 0.001).
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Figure 2.1. Gravid female S. calcitrans prefer to oviposit on donkey and sheep dung. 

(A) Mean number of eggs laid on dung of each vertebrate herbivore by wild female S. 

calcitrans. (B) Mean number of eggs laid on dung of each vertebrate herbivore by naïve 

female S. calcitrans. (C) Mean number of egg batches deposited on dung of each vertebrate 

herbivore by naïve female S. calcitrans. (D) Mean number of eggs per batch laid by naïve 

female S. calcitrans. Error bars indicate standard error of the mean (SEM). Bars with 

different letters are significantly different from each other (Kruskal-Wallis test followed by 

Dunn’s post hoc test; P < 0.05, n = 10). 

 

Preferred oviposition substrates enhance fitness of S. calcitrans offspring 

Having shown that gravid female S. calcitrans prefer to oviposit in the dung of particular 

vertebrate herbivores, I tested whether female preference led to improved performance by 

offspring. Egg hatchability, larval and pupal development time, larval weight and pupal 

weight were recorded as fitness parameters. I found that egg hatchability (GLM, χ2 = 18.355, 

d.f = 3, P < 0.001), larval development time (F3,36 = 132.2, P < 0.001), larval weight (Day 

5: H = 130.52, d.f = 3, P < 0.001; Day 10: H = 147.26, d.f = 3, P < 0.001), pupal development 

time or adult emergence (F3,36
 = 17.48, P < 0.001), larval growth rate (H = 136.41, d.f = 3, 

P < 0.001), pupal weight (F3,156 = 140.4, P < 0.001) and adult emergence time (F3,36 = 17.48, 

P < 0.001) were affected by dung type. Egg hatchability was highest in donkey followed by 
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camel, cow and sheep dung (Figure 2.2A). Development time from egg to pupal stage was 

significantly shorter in donkey and sheep dung than in cow and camel dung (Figure 2.2B). 

Larvae that developed in donkey and sheep dung were heavier at days 5 and 10 (Figure 

2.2D); consequently, they had the best growth rates (Figure 2.2E). Pupae from donkey and 

sheep dung weighed more than those from cow and camel dung (Figure 2.2F).  

 

 

 

 

 

 

 

 

 

 

 

 

  

 

Figure 2.2. Gravid female S. calcitrans prefer to oviposit on substrates that enhance the 

fitness of offspring. (A-C) Bar plots showing: (A) egg hatchability, (B) larval development 

time, (C) adult emergence times when S. calcitrans offspring were reared in camel, cow, 

donkey, and sheep dung. Error bars represent SEM. Bars with different letters are 

significantly different from each other (ANOVA followed by SNK post hoc test; P < 0.05, 

n = 10). (D-F) Boxplots illustrating: (D) larval weight at five (brown) and ten days (pink), 

(E) larval growth rate, (F) pupal weight of S. calcitrans when raised in camel, cow, donkey, 

and sheep dung. Boxplot whiskers indicate ± 1.5 interquartile range limits. Box plots with 

different letters are significantly different from each other [grouped by the Kruskal-Wallis 

test followed by Dunn’s post hoc test for larval weight and larval growth rate, and ANOVA 

followed by SNK’s post hoc test for the pupal weight (P < 0.05, n=10)].   
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Preference-performance relationship positively correlated with the physicochemical 

composition of preferred substrates 

Our results clearly demonstrated that oviposition preference of gravid female S. calcitrans 

contributes to fitness of their offspring. Due to this, I set out to determine whether the 

preference-performance relationship was correlated with the physicochemical composition 

of the different oviposition substrates. I analysed the physical properties and micronutrient 

contents of the two preferred substrates (donkey and sheep dung) and non-preferred 

substrates (camel and cow dung). There was a significant difference in the physiochemical 

properties of the different animal dung (Figure 2.3A, MANOVA: Pillai’s trace = 2.99, F3,36 

= 2734, P < 0.001). Cow dung had the highest percentage of water content (Figure 2.3A.1) 

and the lowest percentage of dry matter (Figure 2.3A.2). The pH was lowest in donkey dung 

(Figure 2.3A.3). I found a lower carbon/nitrogen ratio (Figure 2.3A.4) and a higher amount 

of copper (Figure 2.3A.9) in sheep dung. Phosphorus (Figure 2.3A.5), potassium (Figure 

2.3A.6) and zinc (Figure 2.3A.8), were higher in donkey and sheep dung; while calcium was 

highest in camel dung (Figure 2.3A.7).  

To correlate oviposition choice, fitness and physicochemical parameters, I performed a 

principal component analysis (PCA). I found these parameters to be highly correlated 

(Figure 2.3B), indicating that S. calcitrans gravid females appear to consider the 

physiochemical properties of substrates when deciding to oviposit. The first two dimensions 

of the PCA explained 81.6 % of the total variation. Dimension 1 was associated with the 

proportion of phosphorus and potassium in dung and accounted for 50 % of the total 

variation. Dimension 2, which accounted for 31.6 % of the total variation, was highly 

correlated with carbon/nitrogen ratio and the proportion of copper in dung. To clearly 

illustrate correlations among measured variables, I constructed a correlogram (Figure 2.3C). 

Oviposition was positively correlated with larval weight (r = 0.58, P < 0.001) and pupal 

weight (r = 0.64, P < 0.001); and negatively correlated with larval developmental time (r = 

-0.48, P < 0.001). Larval weight and pupal weight were positively correlated with the 

proportion of zinc (r = 0.59, P < 0.001; r = 0.75, P < 0.001), potassium (r = 0.59, P < 0.001; 

r = 0.73, P < 0.001), phosphorus (r = 0.68, P < 0.001; r = 0.77, P < 0.001), and copper (r = 

0.75, P < 0.001; r = 0.42, P =0.0074) which were more abundant in preferred oviposition 

substrates. Larval weight and pupal weight were negatively correlated with the proportion 

of calcium (r = -032, P = 0.0436; r = -0.55, P < 0.001) and carbon/nitrogen ratio (r = -0.74, 

P < 0.001; r = -0.42, P = 0.0074), which were higher in non-preferred oviposition substrates. 

Larval developmental time was positively correlated with dung water content (r = 0.66, P < 
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0.001) and carbon/nitrogen ratio (r = 0.73, P < 0.001), and negatively correlated with the 

proportion of phosphorus (r = 0.69, P < 0.001), potassium (r = 0.66, P < 0.001), and copper 

(r = -0.66, P < 0.001), which were again higher in donkey and sheep  
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Figure 2.3. Oviposition substrates vary in their physiochemical properties 

(A) Boxplot depicting results of physicochemical analysis of camel, cow, donkey and sheep 

dung: (1) water content, (2) dry matter, (3) pH, (4) carbon/nitrogen ratio, (5) phosphorus 

proportion, (6) potassium proportion, (7) calcium proportion, (8) zinc proportion and (9) 

copper proportion. The ends of boxplot whiskers represent the minimum and maximum of 

all the data. Boxes with different letters are significantly different from each other based on 

MANOVA followed by SNK post-hoc tests. (B) Principal component biplot showing the 

relation between S. calcitrans oviposition preference, larval performance and dung 

composition. Black ellipse: camel dung; orange ellipse: cow dung; magenta ellipse: donkey 

dung; and green ellipse: sheep dung. (C) Correlogram highlighting the direction and 

intensity of the correlation between oviposition preference, larval performance traits, and 

dung composition. Red and blue denote high negative and positive correlation, respectively; 

white indicates absence of correlation. 

 

Oviposition substrates are distinct in their volatile organic compound (VOC) composition 

I determined whether oviposition preference behaviour observed in gravid female S. 

calcitrans (Figure1) was potentially mediated by olfactory cues by using coupled gas 

chromatography-mass spectrometry (GC-MS) to analyse the VOC composition of all dung 

types used in the oviposition bioassays. GC-MS analysis identified a wide range of VOCs 

emitted by the substrates (Figure 2.4A). Using multidimensional scaling ordination, I found 

that each dung type had a distinct VOC composition (Figure 2.4C). 

 

Signature VOCs of donkey and sheep dung elicit strongest oviposition 

I hypothesised that gravid females of S. calcitrans use signature VOCs to locate suitable 

oviposition substrates, and that in our study these signature VOCs are represented by 

compounds that are abundant and permanently present (most important volatiles) in donkey 

and sheep dung. To test this hypothesis, I first classified the VOCs of each dung using a 

classification algorithm method called “random forest” (RF), which has been used 

successfully in others studies (McCormick et al. 2016; Mansourian et al. 2016; Marneweck 

et al. 2017b). Based on the function “importance ()” embedded in the Random Forest R 

software package, I obtained the mean decrease in accuracy (MDA) of each volatile present 

in each dung. As the rule of thumb, VOCs with the highest MDA are, the most important, 

namely abundant and permanently present across all the replicates of tested vertebrate 
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herbivore dung. Based on that rule I found that carvone was the most important VOC of 

buffalo and sheep dung; while p-cymene, limonene, β-citronellene, cyperene, m-cresol, and 

camphene were the most important VOCs of camel, cow, donkey, elephant, giraffe, and 

zebra dung, respectively (Figure 2.4B), with a classification accuracy of 87.9 %. 

 

Having determined the most important VOC of each dung, I next asked if the most important 

VOC from donkey and sheep dung would stimulate more gravid female S. calcitrans to 

oviposit. To test this, I conducted a multiple-choice oviposition bioassay where gravid 

females of S. calcitrans were presented with wet sand loaded with the synthetic standard of 

the single most important VOC of each substrate at 10-2 v/v dilution. I found that oviposition 

by S. calcitrans varied across the tested VOCs (Figure 2.4D: H = 25.30, df = 6, P < 0.001). 

In comparison with other media, gravid female S. calcitrans laid more eggs on the media 

loaded with β-citronellene and carvone, which are the most important VOCs of preferred 

oviposition substrates, donkey and sheep dung, respectively. To verify whether only β-

citronellene and carvone led to the observed increase in number of eggs laid, I replaced β-

citronellene and carvone with β-caryophyllene and m-xylene, which are the most important 

VOCs from donkey and sheep dung, respectively, and recorded oviposition. Neither β-

caryophyllene nor m-xylene induced a significant increase in the mean number of eggs laid 

(Figure 2.4E: H = 3.78, df = 6, P = 0.71). I concluded that β-citronellene and carvone were 

signature VOCs used by gravid females as olfactory cues to identify the best oviposition  
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Figure 2.4. The most important volatiles from donkey (β-citronellene) and sheep 

(carvone) dung elicit the strongest oviposition response by S. calcitrans gravid females. 

(A) Representative GC–MS chromatogram of each vertebrate herbivore dung and most 

important semiochemicals. (B) Multidimensional scaling (MDS) plot showing the 

segregation of vertebrate herbivore dung based on their VOC composition. (C) Histogram 

showing the classification of the ten most important VOCs from vertebrate herbivore dung 

based on the Mean Decrease in Accuracy (MDA) of the Random Forest analysis. VOC 

associated with the darkest histogram has the highest MDA value and consequently, the most 

important. (D-E) Bar plots representing: (D) mean  number of eggs laid by gravid female S. 

calcitrans on each oviposition medium (wet sand) loaded with the most important VOC of 

each vertebrate herbivore dung. Error bars represent SEM. (E) mean number of eggs laid by 

gravid female S. calcitrans on each oviposition medium (wet sand) loaded with the most 

important chemical volatile of each vertebrate herbivore dung with the replacement of β-

citronellene and carvone by β-caryophyllene and m-xylene, respectively. Bars with different 

letters are significantly different from each other (Kruskal-Wallis test followed by Dunn’s 

post hoc test; P < 0.05). Error bars represent SEM. 

 

β- Citronellene and carvone enhance trap catch of S. calcitrans 

Having identified the VOCs that stimulate gravid female S. calcitrans to oviposit more on 

donkey and sheep dung, I assessed their attractiveness under field conditions. A Latin square 

design experiment was performed at Mpala Research Centre (www.mpala.org) located in 

Laikipia County, Kenya (Figure 2.5A) using monoconical traps (Figure 2.5B). Traps were 

baited with different VOCs (Figure 2.5C) and rotated daily to account for any bias resulting 

from trap location (Perry et al. 1980). Each treatment consisted of an undiluted solution of 

β-citronellene, carvone, Blend A (carvone +β-citronellene), Blend B (β-citronellene + 

valencene), Blend C (carvone + valencene + γ- terpinene), m-cresol (positive control: already 

known to attract S. calcitrans; see Tangtrakulwanich et al (2015), or a negative control 

(unbaited trap). 

 

Overall, I caught more S. calcitrans [8702 (85%)] than other insects [1739 (15%)] (χ2 = 

4643.6, df = 1, p < 0.001). Other insects mainly comprised house flies, Musca domestica 

[1706 (98.1%)]. The number of S. calcitrans caught significantly varied with VOC treatment 

(GLM.nb: LR = 15.74, df = 6, P < 0.05). The mean number of S. calcitrans caught by traps 

http://www.mpala.org/
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baited with β-citronellene, Blend A, Blend B, carvone, Blend C and m-cresol were 

respectively 3.9, 3.3, 3.30, 2.6, 2.5 and 2.4 times more than those caught in unbaited traps 

(Figure 2.5 D).  

 

Irrespective of VOC treatment, I caught significantly more blood fed (58.6%)) than unfed S. 

calcitrans (41.41%) (χ2 = 256.5, df = 1, P < 0.001). The number of blood-fed flies varied 

significantly among VOC treatments (GLM.nb: LR = 9.83, df = 6, P < 0.05). Traps baited 

with β-citronellene, Blend A, Blend B, carvone and Blend C caught significantly more 

blood-fed S. calcitrans than the unbaited trap. Conversely, trap catches of blood-fed S. 

calcitrans with m-cresol-baited and -unbaited traps were not significantly different (Figure 

2.5 E). 

 

During the entire period of trapping, I caught significantly more female S. calcitrans (65%) 

than males (35%) (χ2 = 741.39, df = 1, P < 0.001). The VOC treatment significantly affected 

the sex ratio (female to total number of individuals ratio) of caught flies (F6,42= 3.74, P = 

0.0045). The sex-ratio was female-biased in traps baited with β-citronellene, carvone, Blend 

B, Blend A, and m-cresol, while the unbaited traps caught the same number of females and 

males (Figure 2.5F). 

 

The number of gravid females caught significantly differed among the VOC treatments 

(GLM.nb: LR= 14.35, df = 6, P < 0.05). Among all the VOC treatments, only traps baited 

with β-citronellene caught significantly more gravid females of S. calcitrans than the 

unbaited traps. The mean number of gravid flies caught by traps baited with carvone, m-

cresol, Blend A, Blend B, Blend C was not significantly different from the unbaited trap 

catch (Figure 2.5G). 

 

 

 

 

 

 

 

 

 



40 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.5. β-citronellene and carvone significantly enhance S. calcitrans trap catch. 

(A)Trapping site map, (B) Monoconical trap (C) Cotton roll dispenser in 4ml vial with perf

orated cap. (D-G) bar plots depicting: (D) the mean number of S.calcitrans caught, (E) the 

mean number of S.calcitrans blood fed flies caught, (F) the mean value of S.calcitrans sex r

atio, (G) the mean number of S.calcitrans gravid females caught. Error bars represent SEM

., treatment with an asterisk (*) above the error bar are significantly different from the nega

tive control (unbaited trap) [Dunnett’s t-test (P < 0.05, n=7)]. 
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2.5 DISCUSSION  

 

Our results demonstrate that gravid female S. calcitrans exhibit a preference-performance 

oviposition behaviour that is mediated by olfactory cues. Additionally, these results 

demonstrate that oviposition preference is associated with better fitness of S. calcitrans 

immature stages.  

 

Results from the oviposition preference bioassay revealed that gravid female S. calcitrans 

preferred to lay eggs on donkey dung followed by sheep dung. This has also been reported 

by Hafez & Gamal-Eddin (1959) but the causes for this preference and the fitness benefits 

were not investigated. I demonstrated that oviposition preference by female S. calcitrans was 

related to better fitness of S. calcitrans immature stages. For instance, larvae and pupae of 

S. calcitrans were heavier and developed more rapidly on donkey and sheep dung. This may 

reflect the higher nutritional value of these specific substrates for S. calcitrans (Frago and 

Bauce 2014). I show that nitrogen, zinc, potassium, phosphorous and copper content were 

significantly higher in donkey and sheep dung. These elements were positively correlated 

with larval and pupal weights and negatively correlated with developmental time. The 

positive effect of these elements in insect fitness is widely acknowledged in the literature 

(Schofield et al. 2002; Willott and Tran 2002; Bhattacharya and Kaliwal 2005; Rizvi and 

Raman 2017). Similarly, Perkins et al (2004) demonstrated that augmentation of the diet 

with phosphorus increased the growth rate of the tobacco hornworm, Manduca sexta (L) 

(Lepidoptera: Sphingidae).  

 

Evidence for the preference-performance relationship has been demonstrated in other insect 

groups although studies have been heavily biased towards herbivorous insects. For example, 

Heisswolf et al. (2005) found that females of the monophagous beetle Cassida canaliculata 

(Coleoptera: Chrysomelidae) preferred to oviposit on larger host plants (rich in nitrogen), 

which then led to improved larval performance and survival in comparison with larvae 

developing on smaller host plants. Similarly, Chen et al. (2008) have shown that cotton with 

a higher level of nitrogen is suitable for oviposition and development of larvae of the beet 

armyworm, Spodoptera exigua (Hübner) (Lepidoptera: Noctuidae). When offered a choice 

between two cultivars of Brassica oleracea (Derby Day and Drago), female diamondback 

moths, Plutella xylostella (Lepidoptera: Plutellidae) laid more eggs on the cultivar with 

https://en.wikipedia.org/wiki/Sphingidae
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lower glucosinolate concentration, which also maximised larval performance (Staley et al. 

2009). 

Our results revealed that the preference-performance behaviour observed in S. calcitrans 

was driven by olfactory cues. I demonstrated that although vertebrate herbivore dung 

contained a plethora of VOCs [more than 45 each (Fig. 2.4A)], S. calcitrans used a single 

semiochemical to select an oviposition site. For instance, only one VOC identified using 

random forest analysis was enough to mimic the presence of preferred or unpreferred 

vertebrate herbivore dung. As predicted, the most important VOC from donkey dung (β-

citronellene) was enough to mimic the stimulatory effect of the substrate. On the other hand, 

media loaded with carvone did not significantly differ from the other media (Figure 5D). 

This result shows that to mimic the response of gravid S. calcitrans to sheep dung, some 

components might be missing. Several studies report that a single compound might be 

enough for females to detect oviposition substrates and initiate oviposition(Dweck et al. 

2013; Pagadala Damodaram et al. 2014), while in other cases a signature blend of VOCs 

might be required for the same outcome(Kamala Jayanthi et al. 2014; Riffell et al. 2014). In 

the absence of β-citronellene and carvone, S. calcitrans gravid females failed to exhibit a 

preference for any substrate. Instead, they laid eggs randomly on each presented medium 

including those that led to poor fitness, demonstrating the importance of β-citronellene and 

carvone in oviposition-site selection. However, it is not clear how these semiochemicals 

relate to the nutrient value of the substrates. It is likely that other sensory modalities play a 

role, such as taste. Jeanbourquin & Guerin(Jeanbourquin and Guerin 2007) reported the 

presence of β-citronellene in horse dung (like donkey, in the family Equidae) with 

electrophysiological activity in S. calcitrans antennae, but the authors did not go on to 

explore the effect of this chemical on S. calcitrans behaviour. 

 

Synthetic semiochemicals eliciting a specific behaviour in insects can enhance insect catches 

when used as a bait in field trapping systems(Norin 2007; Logan and Birkett 2007; 

Reisenman et al. 2016). This was confirmed in our field work when I baited monoconical 

traps with β-citronellene, carvone, Blend A, Blend B, and Blend C. In this experiment, S. 

calcitrans represented 85% of insects caught, which supports the results of Mihok et al. 

(1995) and Tunnakundacha et al. (2017) who reported that monoconical traps are efficient 

for trapping flies in the subfamily Stomoxyinae. Traps baited with β-citronellene, carvone, 

Blend A, Blend B, and Blend C captured more flies than unbaited traps (negative control) 

and traps baited with m-cresol (positive control) (Figure 2.5D). When checked for feeding 
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status, traps baited with the same VOC treatments captured more engorged flies than the 

unbaited traps (Figure 2.5E). A possible explanation for this result is that vertebrate 

herbivore dung is more likely to be visited by fed females for oviposition. Additionally, 

males of S. calcitrans are also attarcted to dung-derived semiochemicals, most probably to 

look for females for mating. Interestingly, when I checked for gravid status, I found that only 

traps baited with β-citronellene caught significantly (4.5 times) more gravid female S. 

calcitrans than unbaited traps. Also, traps baited with blends containing β-citronellene 

[Blend A (carvone+β-citronellene) and Blend B (β-citronellene+valencene)] captured more 

gravid flies than traps baited with carvone, m-cresol, and Blend C (carvone + valencene + γ-

terpinene) (Figure 2.5G). This clearly shows that, either as a single or combined with other 

dung volatiles, β-citronellene efficiently attracts gravid female S. calcitrans.  

 

2.6 CONCLUSION 

 

In conclusion, gravid female S. calcitrans exhibit a preference-performance oviposition 

behaviour driven by signature odours emanating from vertebrate herbivore dung. Larvae and 

pupae developing from eggs laid on preferred substrates exhibit higher fitness than those that 

develop on non-preferred substrates. Furthermore, a single or blend of signature VOCs such 

as β-citronellene and carvone increased S. calcitrans female attraction and stimulated 

oviposition both under laboratory and field conditions. The high level of female-biased 

attraction, including high levels of gravid female and blood-fed flies, to the semiochemical 

β–citronellene associated with oviposition substrates, is promising for its potential use in the 

management of S.calcitrans. 
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CHAPTER 3 Stable flies, Stomoxys 

calcitrans L. (Diptera: 

Muscidae), improve 

offspring fitness by 

avoiding oviposition 

substrates with 

competitors or parasites 
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oviposition substrates with competitors or parasites. Submitted to: BMC Ecology. 
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3.1 ABSTRACT 

Oviposition site selection by gravid female insects is an important determinant in species 

distribution, abundance, and population dynamics. Females may assess the suitability of a 

potential oviposition substrate by using cues from conspecific or heterospecific individuals 

already present. Here, I assessed whether the presence of conspecific, heterospecific larvae 

and parasites influenced oviposition decisions by the stable fly, Stomoxys calcitrans 

(Linneaus). Using dual and multiple-choice oviposition bioassays, I found that gravid female 

S. calcitrans avoided substrates with conspecific larvae, the larvae of house flies, Musca 

domestica (Linneaus), and the mite Macrocheles muscaedomesticae (Scopoli). Avoidance 

of conspecific and heterospecific larvae persisted in the dark, suggesting that this behaviour 

is mediated by olfactory cues. When I reared S. calcitrans in the presence of conspecific 

larvae and the larvae of house flies at different densities I found that this negatively affected 

emergence time, larval weight, larval survival, pupal weight, pupal survival, and adult 

weight. I also demonstrated that individuals of S. calcitrans developed in the presence of 

mites exhibited low egg hatchability, and poor larval and adult survival. Our study provides 

additional support for the “preference-performance” hypothesis in S. calcitrans, with gravid 

females preferring to lay eggs on a substrate that will enhance offspring fitness. I recommend 

that the olfactory cues involved in avoidance by gravid female S. calcitrans of substrates 

with conspecific and heterospecific larvae should be elucidated. This could lead to the 

discovery of repellent chemicals important for S. calcitrans management. 

 

 

 

 

 

 

 

  



46 
 

3.2 INTRODUCTION 

Oviposition site selection is a complex task in the life history of all holometabolous insects. 

As the egg stage is immobile and most adult insects do not practice maternal care, gravid 

females need to lay eggs on a substrate that maximises the fitness of their offspring. To select 

an appropriate breeding site, gravid females are guided by visual, mechanical and chemical 

cues (Bentley and Day 1989). In addition to these, intra- and inter-specific competition 

(Michaud and Jyoti 2007) and parasitism (Sadek et al. 2010; Kacsoh et al. 2013) are also 

known to influence oviposition decisions by gravid female insects. This influence can be 

either facilitatory, neutral or inhibitory (Prokopy and Roitberg 2001). Facilitation of 

oviposition occurs when the presence of conspecific or heterospecific individuals in a 

specific substrate is an indicator of high quality habitat (Köhncke 2013). For example, 

Gonzalez et al. (2016) demonstrated that female Aedes aegyptii and Aedes albopictus 

(Linneaus) preferred to oviposit into water containing conspecific larvae. A neutral effect is 

evident when there is no observable cost of sharing the same habitat with other individuals. 

This has been shown in Pieris napi (Linneaus), where females laid an approximately equal 

number of eggs when exposed to substrates with and without conspecific cues (Raitanen et 

al. 2014). 

 

Inhibition of oviposition results when females are deterred from laying eggs on a substrate 

by the presence of competitors. Gravid females may avoid competition for their offspring 

through direct, aggressive interactions with other females, the marking and detection of 

larval resources with oviposition pheromones, or avoidance of cues associated with eggs or 

larvae already present. For example, females of the olive fruit fly, Bactrocera oleae (Rossi), 

display aggressive behaviour towards each other (wing waving, fast running towards the 

opponent, pouncing and boxing on the head and thorax of the foe) when they are close to 

oviposition sites (Benelli 2014). In the apple maggot, Rhagoletis pomonella (Walsh) , 

females avoid larval competition by marking their oviposition site with a pheromone that 

deters most females from laying eggs (Averill and Prokopy 1987). In the convergent lady 

beetle, Hippodamia convergens (Guérin-Méneville), gravid females lay more eggs on 

cleaned sorghum plants compared to those bearing conspecific  and heterospecific larvae of 

the wheat aphid, Schizaphis graminum (Rondani) (Michaud and Jyoti 2007). The inhibitory 

effect is mainly explained by the avoidance by insect gravid females of larval competition, 

which can reduce offspring growth, negatively affect survival (Yoshioka et al. 2012), and 

sometimes increase predatory cannibalism (Vijendravarma et al. 2013; Ahmad et al. 2015) 
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due to the over-exploitation of resources. Similarly, inhibition of insect oviposition 

behaviour can also be triggered by the presence of parasites. By laying more eggs on a 

substrate devoid of parasites, gravid female insects protect their offspring. This is evident in 

Drosophila melanogaster (Meigen), where females prefer to oviposit on alcohol-laden food 

sources that protect hatched larvae from wasp parasitisation (Kacsoh et al. 2013). 

 

Stable flies, Stomoxys calcitrans (Linneaus), are cosmopolitan blood-feeders that 

mechanically transmit viruses (e.g., West Nile fever virus, Rift Valley fever virus), bacteria 

(e,g., Bacillus anthracis, Pasteurella multocida), protozoans (e.g., Trypanosoma evansi, 

Besnoitia besnoit), and helminths (e.g., Habronema microstoma, Dirofilaria repens) to their 

hosts. Hosts include cattle, camels, horses, dogs, and humans (Baldacchino et al. 2013). 

During periods of high abundance, S. calcitrans can reduce weight gain in cattle by up to 

19%, and lead to a 40-60% reduction in milk yields (Walker 1990; Carn 1996). In the USA, 

Taylor et al. (2010) estimated that S. calcitrans lead to economic losses of around $2.2 billion 

per year. 

 

Gravid females of S. calcitrans use vertebrate herbivore dung for oviposition (Baleba et al. 

2019), as well as rotting plant material, such as silage, hay, grass clippings, and garden 

compost (Linz et al. 2013; Conchou et al. 2017). Decaying plant-based material is also an 

important ecological niche for other invertebrate species (Sladecek et al. 2017) such as the 

house fly, Musca domestica (Linneaus) (Broce and Haas 1999) and the mite Macrocheles 

muscaedomesticae (Scopoli) (Jalil et al. 1970). Similar to S. calcitrans, gravid females of M. 

domestica seek manure, decaying vegetation and compost for egg deposition (Machtinger et 

al. 2014). Macrocheles muscaedomesticae is a free-living cosmopolitan mite inhabiting 

decaying organic matter, including manure (Gerson et al. 2003). This mite feeds on the eggs 

and early larvae stages of flies (Axtell 1963). These mites are also found attached to the 

abdomen of adult flies, which they infect and parasitise during adult fly emergence from the 

puparium. This interaction has long been considered phoretic, but it is suspected that mites 

can extract haemolymph from their hosts, thereby reducing their flight performance (Luong 

et al. 2015). Macrocheles mites harm their hosts in different ways. Polak and Markow (1995) 

showed that these mites influenced the copulatory success in the fruit fly Drosophila 

nigrospiracula (Patterson and Wheeler). They demonstrated that males infested with two 

mites copulated less frequently than uninfested individuals. But after removing mites, 

previously infested males copulated as many times as flies with no history of infestation. 
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Also, under laboratory condition, Polak (1996) showed that Macrocheles mites negatively 

affected the survivorship of D. nigrospiracula. The authors also demonstrated that this mite 

infestation lengthened the pre-oviposition period and reduced the number of eggs laid by 

gravid female D. nigrospiracula. 

 

In this study, I determined how competition and parasitism affected oviposition decisions by 

gravid female S. calcitrans. I hypothesised they would avoid substrates with conspecific 

heterospecific larvae and parasites to protect their offspring from intra- or inter-specific 

competition and parasitism. To test this hypothesis, I first assessed whether the presence of 

S. calcitrans larvae, M. domestica larvae and M. muscaedomesticae adults in a breeding 

substrate could influence oviposition decisions by S. calcitrans. Next, I addressed the 

ultimate evolutionary question of the fitness costs incurred by S. calcitrans immature stages 

when developing on a substrate with high competition or parasitism. These results provide 

insights into how gravid females of S. calcitrans are likely to behave in the presence of 

conspecific and heterospecific larvae, or parasites on a substrate. Such information is 

important for the management of S. calcitrans because it could lead to the discovery of 

semiochemicals acting either as attractants or repellents. 

 

3.3 MATERIAL AND METHODS 

 

Study animals and substrates 

Stomoxys calcitrans flies were obtained from a single culture established for approximately 

one year at the Duduville campus of the International Centre of Insect Physiology and 

Ecology (icipe) in Nairobi, Kenya (1° 13' 12'' S, 36° 52' 48'' E; ≈ 1600 m above sea level). 

Prior to the experiment, gravid females of S. calcitrans from the established colony were 

exposed to rabbit dung (fermented in a plastic bag for 1 week) placed in plastic containers 

(21.5×14.5×7.4 cm) for oviposition. Rabbit dung were collected from the icipe rabbit 

breeding unit. After exposure for 24 hrs I transferred these containers to another cage 

(75×60×45 cm), and I monitored the development of the larval and pupal stages until adult 

emergence. Emerged flies were fed twice per day (0800 and 1600 hours) on defibrinated 

bovine blood obtained from a local abattoir poured on moistened cotton. Larvae of M. 

domestica were from a culture established from wild individuals captured from Kapiti Plain 

in Machakos County, Kenya (1˚37'60"S, 37˚0'0"E), using Vavoua traps (Mihok et al. 1995). 

They were reared on rabbit dung as previously described, but adults were fed on rotten 
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banana, orange and watermelon. Macrocheles muscaedomesticae (Fig. 5Ai) were harvested 

directly from unsterilized rabbit dung collected at the icipe rabbit breeding unit. I identified 

this mite following the morphological characteristics described by Özbek et al. (2015) and 

Kamaruzaman et al. (2018) insect rearing and experiments were done in a laboratory under 

buffered conditions of 25±5oC and 65±5% relative humidity. The photoperiod was 12L:12D 

unless otherwise stated. 

 

Oviposition in the presence of conspecific and heterospecific larvae 

I performed multiple-choice oviposition bioassays in cages (75×60×45 cm). In each cage, I 

allowed 20 gravid female S. calcitrans to oviposit on four types of substrate presented 

simultaneously: (1) rabbit dung, (2) rabbit dung with ten S. calcitrans third instar larvae, (3) 

rabbit dung with ten M. domestica third instar larvae, and (4) rabbit dung with ten S. 

calcitrans and ten M. domestica third instar larvae. For each replicate, I counted the number 

of eggs laid on each treatment 24 hrs after setting-up the bioassay. During all experiments 

performed in the laboratory, I used 50 g of rabbit dung, introduced in transparent 200 ml 

plastic cups. The high walls of these cups prevented escape of larvae from the dung. These 

bioassays were replicated ten times.  

 

Oviposition in response to abundance of conspecific and heterospecific larvae 

In the previous bioassay, I found that gravid female S. calcitrans avoided laying eggs on a 

substrate containing conspecific larvae (Fig. 3.1A). Here, I aimed to establish whether 

avoidance of conspecifics was dependent on the number of individuals present on a substrate. 

I performed a density-dependent response oviposition bioassay where I exposed 20 gravid 

female S. calcitrans to five rabbit dung substrates (as described previously) containing an 

increasing number (0, 10, 20, 30 and 40) of conspecific third instar larvae. I found that female 

S. calcitrans avoided all the substrates with conspecific larvae (Fig. 3.1Bi). Afterwards, I 

assessed whether visual or chemical cues mediated conspecific avoidance. To do so, I 

followed the protocol developed by Yang and Shiao (2012) in two blow flies, Chrysomya 

megacephala (Fabricus) and Chrysomya rufifacies (Macquart). This involved two-choice 

bioassays in darkness (0L: 24D photocycle) performed in a different climate room to the one 

where the culture was held so that the diurnal rhythm of the culture was not affected. In a 

cage (34×34×34 cm) containing ten gravid female S. calcitrans, I introduced two treatments: 

(1) rabbit dung and (2) rabbit dung+40 third instar S. calcitrans larvae. I found that gravid 

female S. calcitrans significantly avoided the substrate containing conspecific larvae (Fig. 
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3.1Bii). I also assessed whether gravid female S. calcitrans could avoid a substrate already 

used by conspecific larvae. In a two-choice bioassay, I allowed gravid female S. calcitrans 

to choose between used (where 40 S. calcitrans eggs were reared until the pupae stage and 

removed) and unused substrates (one-week fermented rabbit dung). Each bioassay described 

above was performed for 24 hrs after which I counted the number of eggs laid on each 

substrate treatment. Each bioassay was replicated ten times. 

 

The same series of experiments was then performed using M. domestica larvae. In the 

multiple-choice oviposition bioassay, I found that gravid females of S. calcitrans laid the 

same number of eggs laid on the control substrate and the substrate with larvae of M. 

domestica did not differ significantly (Fig. 3.1 A). I therefore sought to elucidate whether 

this behaviour could change if the number of M. domestica larvae on the substrate increased, 

and to assess the role of visual or chemical cues in observed oviposition patterns using the 

same protocol as described for S. calcitrans. 

 

Oviposition in the presence of parasites 

To evaluate how oviposition by S. calcitrans is affected by the presence of parasites in dung, 

I performed two-choice bioassays. Ten gravid female S. calcitrans were introduced to a cage 

(34×34×34 cm) containing a rabbit dung control and rabbit dung supplemented with 50 

adults of the mite Macrocheles muscaedomesticae. I counted the number of eggs laid on 

each substrate after 24 hrs and I replicated the experiment 10 times. I found that S. calcitrans 

gravid females laid fewer eggs on the substrate with mites (Fig. 3.2A). To find out if this 

behaviour was driven by visual or olfactory cues, I repeated the two-choice bioassays in 

darkness as described previously. Ten replicates of these bioassays were performed:  

 

Costs of developing on a substrate with conspecific and heterospecific larvae  

Danchin and Wagner (1997) postulated that individuals developing in groups would pay a 

fitness cost due to increased competition for limited resources. Therefore, I hypothesised that 

S. calcitrans offspring developing with conspecific or heterospecific larvae at high density 

would exhibit poor development. To assess the effect of intraspecific competition on S. 

calcitrans, I reared first instar larvae in groups of 5, 15 and 25 in plastic cups filled with 50 

g of rabbit dung. Daily, I monitored the development of these larvae until adult emergence 

by recording the following parameters: (1) emergence time (from first instar larvae to adult 

emergence), (2) larval weight (weighed at 4, 7 and 10 days after the beginning of the 
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experiment), (3) pupation percentage (equivalent to larval mortality), (4) pupal weight, (5) 

emergence percentage (equivalent to pupal mortality), and (6) adult weight. I replicated each 

treatment ten times. For the larval weight parameter, I individually weighed all the larvae 

present on each density treatment across times.  

 

To test the fitness consequences for S. calcitrans developing in the presence of interspecific 

competition, I combined 10 first instar larvae of S. calcitrans with an incremental number of 

first instar M. domestica larvae as follows: 10:0, 10:10, 10:20, 10:30, 10:40. Each 

combination was introduced to 50 g of rabbit dung and replicated ten times. Here, I also 

monitored the development of S. calcitrans larvae until adult emergence by recording the 

same six fitness parameters listed previously. Owing to our inability to differentiate S. 

calcitrans larvae from M. domestica larvae on day 4 and 7, I weighed S. calcitrans larvae 

only on day 10. On day 10, S. calcitrans larvae were smaller, with translucent bodies, in 

comparison with M. domestica larvae, which were larger and pale white to yellow in colour.  

 

Cost of developing in a substrate with parasites 

I hypothesised that if S. calcitrans eggs, larvae, or pupae were transferred to a substrate 

hosting the mite M. muscaedomesticae, egg hatchability, larval mortality and adult survival 

in S. calcitrans would be affected. I introduced ten eggs of S. calcitrans in transparent plastic 

cups of 200 ml prior containing 50 g of rabbit dung infested with 50 adult mites of M. 

muscaedomesticae. As a control, I transferred ten eggs of S. calcitrans to rabbit dung without 

mites. Three days after, I determined the number of eggs that hatched by counting the number 

of larvae (L1 stage) found on each substrate treatment. To assess the effect of mite infestation 

on S. calcitrans larval survival, I introduced 10 L1 larvae of S. calcitrans to rabbit dung 

hosting mites as previously described. For the control treatment, I also reared 10 L1 larvae 

on substrates without mites. In both treatments, I counted the number of dead larvae and the 

number of pupae. To determine adult survival, I transferred S. calcitrans pupae on rabbit 

dung infested with mites to initiate parasitation during adult emergence. After emergence, I 

collected ten individuals of S. calcitrans loaded with at least five mites on the abdomen, and 

I transferred them to another cage (20×15×14.5 cm). As a control, I used ten new emerged 

healthy flies (without mites). For eight days, I supplied flies of each treatment (infested and 

non-infested) with defibrinated bovine blood daily and counted the number of dead 

individuals. I replicated the bioassay assessing egg hatchability and the larvae survival ten 

times, whereas I replicated the bioassay testing adult survival five times. 
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Data analysis 

All analyses were performed using the R environment for statisitcal computing (version 

3.5.1) (R Core Team 2018). The number of eggs laid in the presence of conspecific and 

heterospecific larvae, and with increasing abundance of S. calcitrans or M. domestica larvae, 

were not normally distributed (Shapiro-Wilk test: p<0.05). For this reason, I used Kruskal-

Wallis tests to compare oviposition among presented substrates, followed by Dunn’s post 

hoc tests to identify homogenous subsets. Eggs laid under dark conditions, and with used or 

unused substrates were also not normally distributed. To compare oviposition under these 

conditions, I used the paired Mann-Wilcoxon test. Number of eggs laid by S. calcitrans in 

the presence or absence of the mite M. muscaedomesticae were normally distributed, 

whether tested in the light or dark. To analyse these data, I used paired t-tests.  

 

In our experiment assessing the effects of intraspecific competition on fitness parameters of 

S. calcitrans, emergence time and pupal weight data were not normally distributed (Shapiro-

Wilk test: p<0.05). Due to this I used Kruskal-Wallis tests followed by Dunn’s post hoc tests 

to see how emergence time and pupal weight varied across the tested larval densities. For 

the larval weight, except weight recorded at day 7, which was not normally distributed (I 

used the Kruskal-Wallis test followed by Dunn’s post hoc test for analysis), data from larval 

weight recorded on days 3 and 10 followed a normal distribution (Shapiro-Wilk test: 

p>0.05). Consequently, I ran analyses of variance (ANOVA) followed by Dunnett-Tukey-

Kramer (DTK) post hoc multiple comparisons tests (due to the inequality of the samples 

size) using the R library ‘DTK’ (Matthew and Lau 2013). I also used ANOVA followed by 

DTK post hoc tests to compare adult weight across the different larval densities owing to 

their normal distribution. Due to the binary nature of pupation (pupated vs non-pupated) and 

adult emergence (emerged vs non-emerged), I used generalised linear models (GLM) with 

binomial distribution to test whether these variables were affected by larval density (Warton 

and Hui 2011). I established the significance of the model using analysis of deviance (chi-

squared) tests. Using the “emmeans” R package (Lenth, 2018), I ran Tukey’s multiple 

comparisons tests to identify homogenous subsets in pupation and adult emergence among 

the larval densities.  

 

In the bioassay testing the effect of interspecific competition on S. calcitrans fitness 

parameters, emergence time and pupal weight data were not normally distributed (Shapiro-

Wilk test: p<0.05), so I ran Kruskal-Wallis tests followed by Dunn’s post hoc tests to see 
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which M. domestica larval densities differed from each other. Larval and pupal weight data 

were normally distributed (Shapiro-Wilk test: p>0.05), so I ran ANOVA tests followed by 

DTK post hoc tests. I used a generalised linear model (GLM) with binomial distribution and 

the analysis of deviance test (With Chi-square test) followed by the Tukey’s multiple 

comparisons tests to determine how pupation and the percentage emergence varied across 

the different larval densities.  

 

For the bioassay aiming to assess the effect of mite infestation on egg hatchability and larval 

survival of S. calcitrans data were binary (hatched vs unhatched). For this reason, I used a 

generalised linear model (GLM) with binomial distribution and an analysis of deviance (chi-

squared) test. To compare survivorship of adult flies with mites and without mites, I 

performed Kaplan–Meier survival analysis with the Mantel-Cox log-rank chi-squared test 

using the R package “survival” (Therneau 2015). 

 

3.4 RESULTS  

 

Oviposition in the presence of conspecific and heterospecific larvae 

Female S. calcitrans deposited significantly more eggs on rabbit dung without conspecific 

larvae than on the substrates with conspecific larvae (Fig. 3.1A; H=11.45, df = 3, P= 0.009). 

This avoidance behaviour was not noted when the substrate was already colonised by the 

larvae of M. domestica. The number of eggs laid by female S. calcitrans on substrates with 

different conspecific larval density did not differ but was significantly lower than on 

uncolonized rabbit dung (Fig. 3.1Bi, H=14.13, df = 4, P= 0.007). Under dark conditions, 

females completely avoided the substrate with conspecific larvae (Fig. 3.1Bii: U=0, 

P<0.001). They also preferred the unused substrate over the substrate used by conspecific 

larvae (Fig. 3.1Biii: U=55, P= 0.002). 

 

An incremental increase in the number of heterospecific larvae colonising rabbit dung led to 

fewer eggs laid by female S. calcitrans. The number of eggs laid by female S. calcitrans was 

significantly lower on substrates with 20-40 M. domestica larvae than on a control or dung 

with 10 heterospecific larvae (Fig 3.1 Ci: H= 13.61, df=4, P= 0.008). Under dark conditions, 

female S. calcitrans laid significantly fewer eggs on a substrate with 40 M. domestica larvae 

in comparison with the control (Fig 3.1Cii: U=55, P= 0.002). Similarly, significantly fewer 
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eggs were laid on the substrate used for M. domestica development than the control (Fig. 

3.1Ciii: U=42, P= 0.019). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.1. Influence of the presence of S. calcitrans and M. domestica larvae on 

oviposition decisions by S. calcitrans. (A) Bar chart showing the mean number of eggs laid 

by gravid female S. calcitrans in the presence of conspecific larvae and the larvae of the 

house fly (HF), M. domestica. (B) Bar charts illustrating the mean number of eggs laid by 

gravid female S. calcitrans in the presence of conspecific larvae following three 

experimental conditions: (i) different larval densities, (ii) in darkness, (ii) with unused and 

used substrates. (C) Bar charts depicting the mean number of eggs laid by gravid female S. 

calcitrans in the presence of M. domestica larvae following three experimental conditions: 

(i) different larval densities, (ii) in darkness, and (iii) with unused and used substrates. Error 

bars indicate the standard error of the mean. Treatments with different lowercase letters are 

significantly different from each other (Kruskal-Wallis test followed by Dunn’s post hoc 

tests or Wilcoxon–Mann–Whitney tests, P<0.05, n=10).
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Oviposition in the presence of parasites 

Deposition of eggs by S. calcitrans on rabbit dung without or with mites differed. In the 

experiment performed under light, gravid female S. calcitrans laid significantly more eggs 

on the substrate devoid of mites than the substrate with mites (Fig. 3.2A: t= - 2.63, df=9, P= 

0.018). Under dark conditions, the number of eggs laid by females did not differ between the 

two treatments (Fig. 3.2B: t= - 0.14, df=9, P= 0.82). 

 

 

 

 

 

 

 

 

 

Figure 3.2. Influence of the presence of the mite Macrocheles muscaedomesticae on 

oviposition decisions by S. calcitrans. (A) Bar chart depicting the mean number of eggs 

laid by S. calcitrans on substrates with and without mites under light (Paired t-test, P<0.05, 

n=10). (A) Bar chart depicting the mean number of eggs laid by S. calcitrans on substrates 

with and without mites in darkness (Paired t-test, P>0.05, n=10). Error bars indicate the 

standard error of the mean. Treatments with different lowercase letters are significantly 

different from each other.  

 

Costs of developing on a substrate with conspecific and heterospecific larvae 

 

Effect of intraspecific competition on S. calcitrans fitness parameters 

Larvae reared in a group of 5 and 15 reached the adult stage significantly faster than those 

reared in a group of 25 (Fig. 3.3A; H=7.73, df=2, P= 0.02). Also, larval density significantly 

influenced larval weight (Day 4: F2-63= 3.5, P= 0.035; Day 7: H= 15.60, df= 2, P< 0.001; 

Day 10: F2-50= 20.91, P< 0.001). Larvae reared in a group of 5, followed by those reared in 

a group of 15 were heavier in comparison with those reared in a group of 25 (Fig. 3B). 

Despite differences in the body weight of larvae, the percentage of larvae reaching the pupal 

stage did not differ statistically (Fig. 3.3C: GLM, χ2 = 2.27, d.f = 2, P=0.32). Pupal weight 

differed significantly across the larval density treatments (Fig. 3.3D, H= 98.4, df=2, 
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P<0.0001), with pupal weight declining significantly with each incremental increase in 

larval density. The percentage of adults emerging from pupae reared in a group of 5 was 

significantly higher than at the higher larval densities (Fig. 3.3E; GLM, χ2 = 17.06, d.f = 2, 

P<0.001). Larval density also significantly affected adult weight (F2-75= 4.50, P<0.05). 

Adults from larvae reared in a group of 5 and 15 weighed more than those reared in a group 

of 25 (Fig. 3.3F).  
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Figure 3.3. Effect of conspecific larvae density on fitness traits of S. calcitrans. (A) 

Boxplot showing S. calcitrans emergence time across the different larval densities (Kruskal-

Wallis test followed by Dunn’s post-hoc tests, P<0.05, n=10). (B) Line graph illustrating the 

change of S. calcitrans larvae weight across the different larval densities (ANOVA test 

followed by SNK’s post hoc test, P<0.05, n=10), 7 (Kruskal-Wallis test followed by Dunn’s 

post hoc test, P<0.05, n=10) and 10 (ANOVA test followed by SNK’s post hoc test, P<0.05, 

n=10). (C) Bar charts depicting the mean percentage of S. calcitrans larvae reaching the 

pupal stage across the different larval densities (GLM with binomial distribution followed 

by Tukey post-hoc mean separation test, P<0.05, n=10). (D) Boxplot showing S. calcitrans 

pupal weight across the different larval densities (Kruskal-Wallis test followed by Dunn’s 

post hoc test, P<0.05, n=10). (E) Bar chart illustrating the mean percentage of S. calcitrans 

emerging as adults from the pupal stage across the different larval densities (GLM with 

binomial distribution followed by Tukey post hoc mean separation test, P<0.05, n=10). (F) 

Boxplot depicting S. calcitrans adult weight across the different larval densities (ANOVA 

test followed by DTK’s post hoc test, P<0.05, n=10). On each boxplot, the minimum and 

maximum values of all the data are represented by the ends of boxplot whiskers. On the line 

graph and bar charts, error bars indicate the standard error of the mean. Treatments with 

different lowercase letters are significantly different from each other. 
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Effect of interspecific competition on S. calcitrans fitness parameters 

Density of M. domestica larvae significantly affected the emergence time (H= 13.88, df= 4, 

P= 0.007), larval weight (F4-104= 4.45, P= 0.002), pupation percentage (GLM, χ2 = 44.51, 

d.f = 4, P<0.001), pupal weight (H= 35.54, df= 4, P< 0.001), emergence percentage (GLM, 

χ2 = 24.38, d.f = 4, P<0.001) and adult weight (F4-57= 7.95, P< 0.001) of the ten S. calcitrans 

individuals present in each substrate treatment. In comparison with S. calcitrans larvae 

reared in the presence of 0, 10, 20 and 30 M. domestica larvae, S. calcitrans larvae reared in 

the presence of 40 house fly larvae took longer to reach the adult stage (Fig. 3.4A). When S. 

calcitrans were reared with 30 or 40 M. domestica larvae their larval weight was less than 

in other treatments (Fig. 3.4B). The percentage of S. calcitrans larvae that reached the pupal 

stage was higher on the substrate devoid of house fly larvae (Fig. 3.4C). Individuals from 

the substrate without larvae or with ten M. domestica larvae had greater pupal weight (Fig. 

3.4D) and emergence percentage (Fig. 3.4E) than those from other treatments. Adults from 

the substrate without house fly larvae were heavier than those reared from other treatments 

(Fig 3.4F).  
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Figure 3.4. Effect of M. domestica larval density on fitness parameters of S. calcitrans. 

(A) Boxplot showing the variation of S. calcitrans emergence time across the different larval 

densities (Kruskal-Wallis test followed by Dunn’s post hoc test, P<0.05, n=10). (B) Boxplot 

illustrating the change of S. calcitrans larvae weight across the different larval densities 

(ANOVA test followed by DTK’s post hoc test, P<0.05, n=10). (C) Histograms depicting 

the pupation percentages of S. calcitrans across the different larval densities (GLM with 

binomial distribution followed by Tukey post hoc mean separation test, P<0.05, n=10), (D) 

Bar chart showing the variation of S. calcitrans pupae weight across the different larval 

densities (Kruskal-Wallis test followed by Dunn’s post hoc test, P<0.05, n=10). (E) Bar 

chart illustrating the variation of S. calcitrans emergence percentage across the different 

larval densities (GLM with binomial distribution followed by Tukey post hoc mean 

separation test, P<0.05, n=10). (F) Boxplot depicting the variation of S. calcitrans adult 

weight across the different larval densities (ANOVA test followed by DTK’s post hoc test, 

P<0.05, n=10). On each boxplot, the minimum and maximum values of all the data are 

represented by the ends of boxplot whiskers. On the bar charts, the error bars indicate the 

standard error of the mean (SEM). Treatments with different lowercase letters are 

significantly different from each other
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Cost of developing in a substrate with parasites 

The percentage of eggs that hatched was lower when placed on substrates hosting mites in 

comparison with substrates without mites (Fig 3.5B: GLM, χ2= 59.55, df=1, P<0.001). 

Survival of larvae transferred to a substrate with mites was lower than those transferred to a 

substrate devoid of mites (Fig. 3.5C: GLM, χ2= 171.03, df=1, P<0.001). Mite infestation of 

the substrate negatively affected adult survival (Fig. 3.5D; log-rank test, χ2= 6.4, P=0.011).  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.5. Effect of the mite M. muscaedomesticae on S. calcitrans survival. (A) Adult 

M. muscaedomesticae (i) aggregated on dead S. calcitrans larvae as well as (ii) dead and (iii) 

live adult S. calcitrans. (B-C) Bar charts showing hatchability of S. calcitrans eggs (B) and 

larval survival (C) on substrates with and without mites (GLM with binomial distribution 

followed by the analysis of deviance test, P<0.05, n= 10). (D) Kaplan-Meier curve showing 

survivorship over time in adult of S. calcitrans with or without mite infestation (Mantel-Cox 

log-rank χ2 test, P<0.05, n=5). Error bars indicate the standard error of the mean. Treatments 

with different lowercase letters are significantly different from each other.
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3.5 DISCUSSION  

 

The results obtained in this work showed that oviposition decisions by gravid female S. 

calcitrans are influenced by the presence of conspecific, heterospecific larvae, and parasites 

on a substrate. Gravid female S. calcitrans laid significantly fewer eggs on substrates 

containing conspecific and heterospecific larvae. I demonstrated that ten conspecific larvae 

were enough to trigger this avoidance, whereas in the presence of M. domestica, avoidance 

began when there were more than ten larvae. This suggests that gravid female S. calcitrans 

consider not only the density but identity of competitors when selecting oviposition sites. 

Similarly, Wachira et al. (2010) demonstrated that substrate augmentation of Culex 

quinquefasciatus (Say) larval density significantly reduced the oviposition activity index of 

gravid female Anopheles gambiae. 

 

In darkness, S. calcitrans laid significantly fewer eggs in substrates with conspecific and M. 

domestica larvae, suggesting that instead of visual cues this avoidance is guided by olfactory 

cues. Further, avoidance of oviposition substrates continued after larvae had been removed 

from them. The oviposition-deterrent effect of conspecific- and heterospecific-larvae found 

in this work has been shown in several species of Diptera. In Culiseta longiareolata 

(Macquart), 88% of gravid females laid eggs in pools with low conspecific larval density in 

comparison with pools with a high larval density (Kiflawi et al. 2003). In Culex restuans 

(Theobald), Reiskind and Wilson (2004) observed that gravid females avoided laying in 

containers with conspecific larvae. In C. megacephala, when liver with and without larvae 

of C. rufifacies were provided to gravid females, they oviposited on liver without larvae 

(Yang and Shiao 2012). I suggest that S. calcitrans and M. domestica larvae may produce 

one or several chemical cues that strongly deter the oviposition behaviour of S. calcitrans 

gravid females. Several chemical cues from conspecific- and heterospecific-larvae acting as 

repellents have already been identified in various studies. For instance, the alkane n-

heneicosane found in the cuticle of A. aegypti larvae (Chang 2013), deter oviposition of this 

species at 100 and 1000 mg/l (Seenivasagan et al. 2009). Gravid female Aedes albopictus 

are also repelled by n-heneicosane (secreted by Ae. aegyptis larvae) at 30, 50, 100 and 200 

ppm (Mendki et al. 2000). Also, several esters extracted from A. aegypti eggs (methyl 

dodecanoate, methyl tetradecanoate, methyl (Z)-9-hexadecenoate, methyl hexadecanoate 

(Z)-9-hexadecenoic acid, methyl (Z)-9-octadecenoate, and methyl octadecanoate (Z)-9-

octadecenoic acid) were found to repel Ae. aegypti gravid females (Seenivasagan, et al. 
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2009). Frass produced by developing larvae may also represent a source of olfactory cues 

used by S. calcitrans to avoid substrates. Frass of conspecific- and hetero-specific larvae has 

been found to repel a range of insects, including Cydalima perspectalis (Walker) (Molnár et 

al. 2017), Monochamus alternatus (Hope) (Li and Zhang 2006), Delia radicum (Linneaus) 

(Duyck et al. 2004) and Ostrinia furnacalis (Guenée), Ostrinia scapulalis (Walker), and 

Ostrinia latipennis (Warren) (Li and Ishikawa 2004). Our observations offer the potential 

for discovery of repellent compounds that may be used to manage S. calcitrans and reduce 

the spread of diseases that they transmit. 

 

It is important to note one caveat in interpreting our results that oviposition by S. calcitrans 

was reduced in dung where conspecific and heterospecific larvae had completed their 

development. In our study, I reared L1 larvae of S. calcitrans and M. domestica until the 

pupae stage and I used the rearing substrate for the bioassay. While I suggest a role for 

chemical cues persisting from larvae or their frass, it may be possible that lower oviposition 

on a used substrate is also affected by physicochemical properties of these substrates. In 

comparison with unused substrates, those previously occupied by S. calcitrans or M. 

domestica larvae may be less nutritious, have lower water content, and consequently be 

unsuitable for oviposition. I have shown previously that gravid female S. calcitrans oviposit 

on donkey and sheep dung, which have high nitrogen, phosphorous, potassium and zinc 

concentrations, in preference over camel and cow dung, which have lower concentrations of 

the same nutrients (Baleba et al. 2019). In the same study, optimal developmental time was 

associated with moderate dung water content, which was characteristic of the preferred dung 

types. In Junonia coenia (Hübner) gravid females prefer host-plants with high nitrogen levels 

(Prudic et al. 2005). To overcome this potential limitation, further studies are required with 

an additional treatment of weathered dung in which no larvae have developed. 

 

I found that intra- or inter-specific competition negatively affected the fitness of S. calcitrans 

offspring. This provides a functional basis for avoidance of substrates with conspecific or 

heterospecific larvae by gravid female S. calcitrans. The impact of larval density on fitness 

parameters has also been found in other Diptera including Hermetia illucens (Barragan-

Fonseca et al. 2018), B. oleae (Burrack et al. 2009), D. melanogaster (Durisko and Dukas 

2013), Ae. albopictus (Yoshioka et al. 2012) and Ae. aegypti (Reiskind and Lounibos 2009). 

When resources are limited, larval crowding induces exploitative competition that lengthens 

larval developmental time, increases larval mortality, and reduces larval, pupal and adult 
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weight (Duyck et al. 2004; Sugiura et al. 2007; Legros et al. 2009). This effect is mainly 

attributed to a reduction in the share of nutrients available in the breeding substrate for 

individuals. For illustration, Dutra et al (2016) observed that glycogen concentration in Ae. 

aegypti larvae decreased by almost 50% as larval density increased. In H. illucens, crude fat 

concentration is higher in larvae reared at low density than those reared at high density 

(Barragan-Fonseca et al. 2018). Other studies suggest that high larval mortality observed 

with increased larval density results from interference competition. In crowded situations, 

D. melanogaster larvae exhibit cannibalism by killing and consuming other larvae 

(Vijendravarma et al. 2013; Ahmad et al. 2015). 

 

Our study revealed that gravid female S. calcitrans were able to distinguish between 

substrates hosting parasites from substrates without them. In the light, gravid female S. 

calcitrans avoided the substrate containing the mite M. muscaedomesticae. Avoidance of 

parasitized substrates for oviposition is also found in other insect groups. Sadek et al. (2010) 

demonstrated that the moth Spodoptera littoralis (Biosduval) preferred to oviposit on alfafa 

compared to cotton where their eggs are more likely to be parasitized by the wasp, Chelonus 

inanitus (Linneaus). In darkness, I observed that gravid female S. calcitrans deposited the 

same number of eggs on substrates with and without mites. This indicates that rather than 

olfactory cues, S. calcitrans may use visual cues to detect mites on the substrate. In D. 

melanogaster, Kacsoh et al. (2013) showed that oviposition in an alcohol-laden food source 

that protects hatched larvae from wasps was mediated by visual cues. As in the case of 

substrate colonisation by con- and heterospecific larvae, avoidance of M. muscaedomesticae 

also benefited the fitness of S. calcitrans offspring. I found that egg hatchability, and larval 

and adult survival were higher in substrates without the mite M. muscaedomesticae. Axtell 

(1963) reported that this mite could kill three to four S. calcitrans eggs per day. As well as 

hemolymph consumption when attached to larvae or adults, it is also suspected that on the 

host, the mite also induces melanisation which is an immune response involving the enzyme 

phenoloxidase. González‐Santoyo and Córdoba‐Aguilar (2012) indicated that the production 

of this enzyme has a fitness cost in the host. I suggest that these two factors contributed to 

higher mortality of S. calcitrans larvae and adults in the presence of mites. As such, M. 

muscaedomesticae may represent a viable biological control agent for S. calcitrans. 
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3.6 CONCLUSION 

In summary, our results indicate that gravid female S. calcitrans avoid substrates colonised 

by conspecific larvae, M. domestica larvae and the mite M. muscaedomesticae. This is likely 

due to the high fitness costs of competition and parasitisation for their offspring. I believe 

that the avoidance of substrates with conspecific and heterospecific larvae in S. calcitrans is 

mediated by olfactory cues. Therefore, I recommend that additional studies be conducted to 

identify the chemical cues implicated in this avoidance behaviour and their source. This will 

aid in development of improved control strategies against S. calcitrans. 
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CHAPTER 4 Effect of larval density 

and substrate quality on 

the wing geometry of 

Stomoxys calcitrans L. 

(Diptera: Muscidae)  
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4.1 ABSTRACT 

In insects, oviposition decisions may lead to egg deposition in substrates with different larval 

density and nutritional levels. Individuals developing in such substrates may present 

plasticity in their phenotype. Here, I investigated the effect of two factors related to 

oviposition decisions, namely larval density and substrate quality, on the wing size and wing 

shape of the stable fly, Stomoxys calcitrans L. (Diptera: Muscidae). I reared S. calcitrans 

larvae at different densities (5, 15 and 25) and on different substrates (camel, cow, donkey 

and sheep dung). For each fly that emerged, I recorded body weight, and detached, slide-

mounted and photographed the right wing. Next, I collected 15 landmarks on each 

photographed wing, and applied geometric morphometric analysis to assess variation in wing 

size and wing shape of S. calcitrans across the different larval densities and substrate types. 

I observed that wing size and wing shape of S. calcitrans were affected by larval density and 

the nature of the developmental substrate. Flies reared in a group of 5 had larger wing 

centroid size, wing length, wing width, wing area and wing loading compared with those 

reared in a group of 25. Also, flies developed in donkey and sheep dung had larger wing 

centroid size, wing length, wing width, wing area and wing loading in comparison with those 

grown in camel and cow dung. Canonical variate analysis followed by discriminant analysis 

revealed significant wing shape variation in S. calcitrans across the different densities and 

substrates. Wing size had a significant but weak positive effect on wing shape. This study 

demonstrates the high sensitivity of S. calcitrans wings to variation in larval density and 

developmental substrate, and that use of landmark-based geometric morphometric analysis 

could improve our understanding of how flies of veterinary importance respond to 

environmental variability
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4.2 INTRODUCTION 

In holometabolous insects, individual fitness mostly relies on oviposition decisions by gravid 

females. When, where and how mothers deposit their eggs can affect the performance and 

phenotype of their progeny (Mousseau 1998). Therefore, it is important for females to 

oviposit on a substrate that provides the best conditions for the next generation. However, a 

female may fail to make the seemingly optimal choice to oviposit on an appropriate substrate 

that could enhance offspring fitness. For instance, Heard (1994) found that in the pitcher 

plant mosquito, Wyeomyia smithii Coquillett, although larval fitness is better in pitchers with 

fewer conspecific and more midge larvae, gravid females did not deposit more eggs in such 

pitchers. Instead, they laid more eggs in pitchers containing either midges or conspecific 

larvae. Wong et al. (2012) found that larval survival and development of Aedes aegypti L. 

was poor in containers where gravid females laid more eggs. This imperfection in oviposition 

decisions generally leads to phenotypic variation (Wolf and Wade 2009; Woestmann and 

Saastamoinen 2016), in which individuals react to the inputs of their breeding substrate with 

a change in their form, state, movement, or rate of activity (West-Eberhard 2005). These 

inputs include environmental factors such as the dietary value of the substrate and the 

number of individuals sharing the same substrate (density) (Dogan et al. 2016). In 

evolutionary ecology, understanding how these factors influence organism phenotype is a 

fundamental concern because such flexibility can affect fitness, generate novelty, facilitate 

evolution, and structure ecological communities (Whitman and Agrawal, 2009). 

 

Insect wings are good indicators of population responses to changes that occur in their 

environment (Johansson et al. 2009). Lin et al. (2018) demonstrated that variation in food 

nutrient content and density are key ecological factors related to the expression of condition-

dependent, adaptive phenotypes such as wing polyphenisms. They found that in the brown 

planthopper, Nilaparvata lugens Stål, a serious rice pest, an increase of long-winged N. 

lugens in a population is related to higher glucose levels in host rice plants. Conversely, the 

appearance of the short-winged form of N. lugens is linked to a reduction in host glucose 

level. Diptera are particularly well suited for studying phenotypic changes induced by the 

environment because their wings are highly plastic and wing landmarks are homologous 

across various species (Fraimout et al. 2018). Variation in food quality and population 

density are key factors associated with fly wing polyphenisms. In Drosophila buzzatii 

Patterson and Wheeler and Drosophila koepferae  Soto et al. (2008) detected significant 

differences in wing size and shape between flies that were reared on different cactus hosts. 
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In Ae. aegypti, males and females have longer wings when developed in conditions of low 

larval density (Jong et al. 2017).  

 

Changes in wing morphology are known to affect insect flight aerodynamics. Long and 

slender wings are optimal for long-duration flight, while short and broad wings are optimal 

for slow and agile flight (DeVries et al. 2010). Also, broad wing bases allow a wider range 

of speed and a narrow wing tip allows less costly, extensive flight (Betts and Wootton 1988). 

As a consequence, wing morphology is closely related to several insect behavioural activities 

including food searching, location of breeding sites and sexual partners, and avoidance of 

natural enemies. In some mosquito species such as Anopheles gambiae Giles where wing 

size is positively correlated with body size, an increase in wing size augments the frequency 

of blood meals (Takken et al. 1998). This then leads to an increase in the likelihood of 

pathogen dissemination (Takken et al. 1998). In Aedes albopictus Skuse, there is a positive 

correlation between wing length, larval diet quality, and the number of eggs laid (Yoshioka 

et al. 2012). It has been demonstrated that males of the olive fruit fly, Bactrocera oleae Rossi, 

with large wings (characterised by a high vibration frequency) achieve higher mating success 

than males with smaller wings (Benelli et al. 2016). 

 

Fly wing vein networks are excellent models for statistical analysis of size and shape 

variation (Trotta et al. 2014). In recent years, landmark-based geometric morphometric 

analysis has been increasingly used to analyse insect wings to address intraspecific variation 

(Motoki et al. 2012; Gómez et al. 2014), interspecific variation (Wilke et al. 2016; 

Changbunjong et al. 2016), sexual dimorphism (Vidal and Suesdek 2012; Virginio et al. 

2015), parasite detection (Yeap et al. 2014a; Sendaydiego and Demayo), laboratory strain 

separation (Kitthawee and Rungsri 2011) and phenotypic plasticity (Soto et al. 2008; 

Sandoval Ramirez et al. 2015; Alves et al. 2016). Geometric morphometric techniques are 

potent tools to assess the correlation between the size and shape of organisms and 

environmental variables. The approach uses coordinates of identified morphological 

“landmarks” to study the form of biological structures in two or three dimensions. It involves 

several statistical techniques that preserve shape information and detect even subtle 

morphological variations (Viscosi and Cardini 2011). Moreover, geometric morphometric 

techniques are cheap, simple and fast (Lorenz et al. 2017). Using geometric morphometric 

analysis, this study examined the changes that occur in the wings of the stable fly, Stomoxys 
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calictrans L. (Diptera: Muscidae) reared on different substrates and over a range of larval 

densities.  

Stomoxys calcitrans is a cosmopolitan haematophagous fly that mechanically transmits 

viruses (e.g., West Nile fever virus, Rift Valley fever virus), bacteria (e,g., Bacillus 

anthracis, Pasteurella multocida), protozoans (e.g., Trypanosoma evansi, Besnoitia 

besnoit), and helminths (e.g., Habronema microstoma, Dirofilaria repens) to their hosts, 

which include cattle, camels, horses, dogs, and humans (Lehane 2005; Pitzer et al. 2011; 

Baldacchino et al. 2013). During outbreaks, S. calcitrans can reduce weight gain in cattle by 

up to 19%, and lead to a 40-60% reduction in milk yields ( Carn 1996; Walker 1990). In the 

USA, Taylor et al. (2012) estimated economic losses attributable to S. calcitrans infestation 

at around $2.211 billion per year. Gravid female S. calcitrans oviposit on vertebrate 

herbivore dung including that of camel, cow, donkey, and sheep, with the latter two the most 

preferred (Baleba et al. 2019). It has already been demonstrated that the fitness of S. 

calcitrans immature stages (hatchability, developmental time, emergence time, larval and 

pupal weight) varies across these substrates due to differences in their physicochemical 

composition (Baleba et al. 2019). However, the way in which preferred and non-preferred 

substrates affect S. calcitrans wing size and wing shape remains unclear. Furthermore, not 

only the substrate nutrient quality but also larval density should be assessed. I hypothesised 

that larval density and vertebrate herbivore dung type on which S. calcitrans develop would 

affect wing size and shape.
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4.3 MATERIAL AND METHODS 

 

Biological material 

Stomoxys calcitrans flies were obtained from a single culture that had been established for 

approximately 8 months at the Duduville campus of the International Centre for Insect 

Physiology and Ecology (icipe) in Nairobi (1° 13' 12'' S, 36° 52' 48'' E; ≈ 1600 m above sea 

level). By sourcing experimental flies from a laboratory culture, I minimised potential 

variation between populations. Adults reared from rabbit faeces were kept in cages 

(75×60×45 cm) under conditions of 25±5oC and 65±5% relative humidity with a photoperiod 

of 12L:12D. Flies were fed twice per day (0800 and 1600 hours) on defibrinated bovine blood 

poured on moistened cotton.  

 

Density experiment 

Gravid female S. calcitrans from the established colony were allowed to oviposit on donkey 

dung placed in plastic containers (21.5×14.5×7.4 cm). Baleba et al. (2019) demonstrated that 

this dung is best for S. calcitrans development. To assess the effect of density of S. calcitrans 

on wing size and shape, I reared S. calcitrans larvae at varying densities by gently 

transferring (using soft forceps) 5, 15, and 25 first instar larvae to plastic cups (200 ml) filled 

with 25 g of donkey dung. I replicated this process several times to obtain 30 emerged 

females, and 30 emerged males. After emergence, each individual was weighed, killed in 

70% ethanol, and its right wing was gently removed from the thorax using a fine clamp. The 

removed wings were slide-mounted (dorsally placed between two microscope slides) to 

avoid deformation and to enhance accuracy during photography and landmark collections 

(Suesdek and Lorenz 2013). I photographed the wings at 16× magnification with a Leica 

DFC320 digital camera coupled to a Leica S6 microscope.  

 

Substrate quality experiment 

To test the effect of substrate on S. calcitrans wing size and shape, 10 first instar larvae were 

transferred to and permitted to develop on 25 g of camel, cow, donkey or sheep dung. It has 

been shown that these substrates differ in their physico-chemical composition and affect 

development and adult body weight (Baleba et al. 2019). I replicated the process several 

times to obtain 30 emerged females, and 30 emerged males. After emergence, each 

individual of S. calcitrans was weighed, killed in 70% ethanol, the right wing was removed 

and slide-mounted, and wings were photographed as described previously.  
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Wing geometric morphometric analysis 

To collect wing landmark coordinates, I opened the digital photographs in ImageJ software 

(Abràmoff) and generated Cartesian coordinates for 15 wing landmarks (Fig. 4.1). To 

quantify measurement error relative to the landmark digitalisation, I collected landmarks for 

the wings of all 30 individuals reared from donkey dung three times. After executing the 

generalised Procrustes analysis to extract shape information from the data and eliminate 

differences in orientation, position and isometric size, I then ran analysis of variance 

(ANOVA) and multivariate analysis of variance (MANOVA) tests to determine if wing size 

and the wing shape of S. calcitrans varied across the three landmark collections (Klingenberg 

et al. 2002) (Table 4.1).  

Four parameters were derived to describe wing size of S. calcitrans: (1) centroid size, (2) 

wing length (distance between the 6th and 12th landmark), (3) wing width (distance between 

the 3rd and 8th landmark) (Fig. 4.1) and (4) wing area. The centroid size, also called the 

“configuration barycentre” is a global size (or multidimensional measurement) calculated as 

the square root of the sum of squared Euclidean distances between each landmark and the 

wing centroid. I computed centroid size using PAST software V.3.09 (Hammer et al. 2001). 

Also, based on the adult weight parameter, I calculated wing loading (in kg/m2) using the 

formula: wl = mass/wing area (Ribak et al. 2017). To assess the effect of larval density (5, 

15, 25) and substrate type (camel, cow, donkey and sheep dung) on the parameters described 

above, I ran analyses of variance (ANOVA) followed by post-hoc Student-Newman-Keuls 

(SNK) tests after checking the wing size parameters for normality using the Shapiro-Wilk 

test (P > 0.05). To identify correlations between centroid size, wing length, wing width, wing 

area, adult weight and wing loading, I performed separate principal components analysis 

(PCA) for larval density and substrate type. I used R version 3.5.1 software (R core team 

2018) to compute all statistical analyses.  

To assess wing shape variation across the different densities and substrates, I imported the 

raw landmark Cartesian coordinates into MorphoJ software (Klingenberg 2011). This 

software was first used to perform a generalised Procrustes analysis to extract shape 

information from the data and eliminate differences in orientation, position and isometric 

size. Afterwards, I ran separate multivariate analyses of variance (MANOVA) to compare 

wing shapes across the different larval densities (5, 15, and 25) and substrates (camel, cow, 

donkey and sheep dung). Using PAST software, I performed thin plate spline analysis to 

visualise wing shape deformations. I used canonical variate analysis combined with 

discriminant analysis to analyse the relative similarities and dissimilarities of the different 
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wing groups. To determine the significance of pairwise differences in mean shapes, I 

performed permutation tests (10,000 rounds) with Mahalanobis distances and Procrustes 

distances. To assess the effect of wing size on wing shape (allometry), I fit a linear regression 

between the Procrustes coordinates and the centroid size, using a permutation test with 

10,000 randomisations. For all of these analyses, I excluded the effect of sex because 

preliminary analyses indicated that wing shape of females and males did not differ. 

 

 

 

 

 

 

 

 

 

 

Figure 4.1. Dorsal view of the right wing of S. calcitrans. Numbers indicate the location 

of 15 selected landmarks (described in Table 1).
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Table 4.1. Description of the 15 anatomical landmarks used to characterise S. calcitrans 

wing geometry. Numbers relate to landmarks shown in Figure 1. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Anatomic position of landmarks Description 

1 Costal vein intersection with humeral vein 

2 Costal vein intersection with subcosta vein 

3 Costal vein intersection with radial vein 1 

4 Costal vein intersection with radial vein 2+3 

5 Costal vein intersection with radial vein 4+5 

6 Costal vein intersection Medial vein 

7 Basal median cubital vein intersection medial vein 

8 Basal median cubital vein and anterior cubital 2 

9 Radial vein 4+5 vein intersection with radial medial 

10 Medial vein intersection with radial medial vein 

11 Radial 2+3 vein intersection with radial 4+5 vein 

12 Medial vein intersection with distal median cubital 

13 Anterior cubital vein 1 intersection with distal median cubital 

14 Anterior cubital vein 1 intersection with anterior cubital vein 2 

15 Anal vein 1 intersection with anterior cubital vein 2 
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4.4 RESULTS 

 

Measurement error test 

The landmarks measured repeatedly on the same individual wing (3 times) were not 

significantly different for both size (ANOVA, F2,84=0.03; P=0.97) and shape (MANOVA, 

F48,2016=0.6; Pillai’s trace=0.16; P=0.99). Therefore, I ruled out error due to landmark 

digitalisation, and I considered that any differences found in the morphology of S. calcitrans 

wings resulted from the two factors manipulated in our study (larval density and substrate 

type). 

 

Effect of larval density on the wing geometry of S. calcitrans 

Wing size parameters 

Larval density significantly affected wing centroid size (F2,84 = 104.1, P<0.0001), wing 

length (F2,84= 97.91, P<0.0001), wing width (F2,84= 85.63, P<0.0001), wing area (F2,84= 

22.67, P<0.0001), adult weight (F2,84= 4.51, P= 0.014) and wing loading (F2,84= 14.35, 

P<0.0001) of S. calcitrans. I obtained the largest wing centroid size (Fig. 4.2A.i), wing 

length (Fig. 4.2A.ii), wing width (Fig. 4.2A.iii), wing area (Fig. 4.2A.iv), adult weight (Fig. 

4.2A.v) and wing loading (Fig. 4.2A.vi) in flies reared from a group of five larvae. The biplot 

from the principal component analysis separated flies reared in a group of five from those 

reared in a group of 25; flies reared in a group of 15 occupied an intermediate position (Fig. 

4.2A). The two first dimensions accounted for 85.6 % of total wing size variation. Dimension 

1 explained 60.6 % of the entire variation, with wing length as the major contributor. 

Dimension 2 accounted for 25 % of the total variation, with wing loading as the major 

contributor. Except for an absence of correlation between adult weight and centroid size 

(r=0.18, P=0.094), and adult weight and wing area (r=0.02, P=0.83), all other parameters 

were significantly correlated either negatively or positively (Table 4.2). For instance, wing 

loading was positively correlated with adult weight (r=0.50, P<0.0001) and negatively 

correlated with wing width (r= -0.43, P<0.0001), wing length (r= -0.46, P<0.0001), centroid 

size (r= -0.50, P<0.0001), and wing area (r= -0.60, P<0.0001). 
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Figure 4.2. Wing size and adult weight of S. calcitrans is significantly affected by larval density. (A) Boxplots depicting variation in wing centroid 

size (i), wing length (ii), wing width (iii), wing area (iv), adult weight (v), and wing loading (vi) across the different larval densities. Boxplot whiskers 

indicate ±1.5 interquartile range limits. Boxplots with different letters show significant differences as grouped by ANOVA tests followed by SNK 
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post-hoc tests (P<0.05, n=30). (B) Principal component biplot showing the similarities (or dissimilarities) existing among flies reared at different 

densities (5, 15, and 25). 

Table 4.2. Correlation matrix between body weight and wing size parameters of S. calcitrans reared at different densities. Values above the diagonal 

represent p-values from Pearson correlation tests, while values below the diagonal represent correlation coefficient. P-value in bold are not significant. 

 

 

 

 

 

 

 

 

 

  Wing area Adult weight Wing width Wing length Wing loading Centroid size 

Wing area - 0.83 <0.001 <0.001 <0.001 <0.001 

Adult weight 0.02 - 0.016 0.024 <0.001 0.094 

Wing width 0.54 0.25 - <0.001 <0.001 <0.001 

Wing length 0.57 0.24 0.97 - <0.001 <0.001 

Wing loading -0.6 0.49 -0.43 -0.46 - <0.001 

Centroid size 0.55 0.18 0.89 0.93 -0.49 - 



77 
 

Wing shape parameters 

The wing shape of S. calcitrans significantly differed between the larval densities 

(MANOVA, F52,1872=2.26; Pillai’s trace=0.99; P=0.0059). The thin plate spline (Fig. 4.3A) 

showed the variation in expansions and contractions in wing vein intersections (landmarks) 

of flies emerged from densities of 5, 15, and 25. For instance, in flies from densities of 5 and 

15, the landmarks 4, 5, and 6 underwent expansion movement, while in the flies from a 

density of 25, the same landmarks contracted. Additionally, in flies from densities of 5 and 

25, expansions in the landmarks 12, 13 and 14 were more pronounced (red coloured) 

compared to those of flies from a density of 15 (yellow coloured). The landmarks 7, 8, 9 and 

10 expanded in wings emerged from a density of 15, while in fly wings from densities of 5 

and 25, these landmarks contracted. 

 

Canonical variate analysis discriminated flies emerged from each density based on wing 

shape (Fig. 4.3B). The two first dimensions accounted for 100 % of the total shape variation 

(CV1=82.56% and CV2=17.44%), and clustered wing shapes in three distinct groups based 

on the three larval densities. Pairwise comparisons using discriminant analysis with 

Mahalanobis distances revealed a highly significant difference in S. calcitrans wing shapes 

(Fig. 4.3C; Table 4.3; permutation test, 10000 replicates, P<0.0001). When Procrustes 

distances were used, I found that wing shape of flies reared from densities of 15 and 25 were 

similar (P=0.16). Regression of Procrustes coordinates on centroid size between densities 

was significant (permutation test with 10000 rounds, P=0.008), with allometry explaining 

2.97 % of total shape variation. 
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Figure 4.3. Wing shape of S. calcitrans is significantly affected by larval density. (A) 

Thin plate spline deformation grids modelling the difference of S. calcitrans wing shape 

across the different larval densities. The number displayed on each grid represents the 

landmark positions. Yellow to orange-red colours indicate landmark expansions, light to 

dark-blue indicates landmark contraction. (B) Scatter plot showing the difference in wing 

shapes of S. calcitrans individuals reared at different larval densities along the first two 

canonical variate [CV1 (82.56%) and CV2 (17.44%)] axes with 90% confidence ellipses. 

(C) Discrimination histograms comparing the S. calcitrans wing shape between pairs of 

larval densities.
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Table 4.3. Difference in the shape of right wings from S. calcitrans reared at a density 5, 15, and 25. P-values (above the diagonal); distances 

between populations (below the diagonal). P<0.05 denotes a significant difference. 

 Mahalanobis distances Procrustes distances 

Density 5 Density 15 Density 25 Density 5 Density 15 Density 25 

Density 5 ___ <0.001 <0.001 ___ 0.0471 <0.001 

Density 15 2.01 ___ <0.001 0.0086 ___ 0.16 

Density 25 3.38 2.23 __ 0.0134 0.0083 __ 
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Effect of developmental substrate on the wing geometry of S. calcitrans 

 

Wing size parameters 

Wing centroid size (Fig. 4.4A.i; F3,122=39.24; P<0.0001), wing length (Fig. 4.4A.ii; 

F3,122=34.9; P<0.0001), wing width (Fig. 4.4A.iii; F3,122=46.98; P<0.0001), wing area (Fig. 

4.4A.iv; F3,122=31.02; P<0.0001), adult weight (Fig. 4.4A.v; F3,122=140.4; P<0.0001) and the 

wing loading (Fig. 4.4A.vi; F3,122=67.79; P<0.0001) of S. calcitrans individuals reared from 

various animal dung differed significantly. All these parameters were highest in flies reared 

on donkey and sheep dung. The principal component analysis differentiated flies emerged 

from the different herbivore dung (Fig. 4.4B). The first dimension accounted for 55.5 % of 

variation in wing shape and were highly correlated with adult weight. The second dimension 

explained 19.4 % of the total variation and was highly associated with wing length. Other 

than a lack of correlation between wing loading and wing length (r=0.16, P=0.08), all wing 

size parameters were positively correlated (Table 4.4). 
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Figure 4.4. Wing size and adult weight of S. calcitrans significantly varies across different developmental substrates. (A) Boxplots depicting 

variation in wing centroid size (i), wing length (ii), wing width (iii), wing area (iv), adult weight (v), and wing loading (vi) across the different dung 

substrates. The limit of each boxplot whiskers represents the minimum and maximum of all the data. Boxplots with different letters depict significant 

differences as grouped by ANOVA tests followed by SNK post-hoc tests (P<0.05, n=30). (B) Principal component biplot showing the similarities (or 

dissimilarities) existing among flies reared from different dung types. 
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Table 4.4. Correlation matrix between body weight and wing size parameters of S. calcitrans reared from different developmental substrates. Values 

above the diagonal represent p-values from Pearson correlation tests, while values below the diagonal represent correlation coefficient. P-value in 

bold are not significant 

 

 

 

 

 

 

 

 

 

Table 4.5. Difference in the shape of right wings from S. calcitrans reared from various animal dung. P-values (above the diagonal); distances 

between populations (below the diagonal). P<0.05 denotes significant difference  

 Mahalanobis distances Procrustes distances 

Camel dung Cow dung Donkey dung Sheep dung Camel dung Cow dung Donkey dung Sheep dung 

Camel dung __ <0.0001 <0.0001 <0.0001 __ 0.20 0.0002 <0.0001 

Cow dung 1.7975 __ <0.0001 <0.0001 0.0067 __ <0.0001 <0.0001 

Donkey dung 2.2631 2.3678 __ <0.0001 0.0109 0.0125 __ 0.0476 

Sheep dung 3.0651 3.1064 1.9544 __ 0.0155 0.0153 0.0081 __ 

  Centroid size Wing length Wing width Wing area Wing loading Wing mass 

Centroid size 1 <0.001 <0.001 <0.001 <0.001 <0.001 

Wing length 0.43 1 <0.001 0.01 0.08 0.035 

Wing width 0.66 0.52 1 <0.001 <0.001 <0.001 

Wing area 0.46 0.23 0.49 1 <0.001 <0.001 

Wing loading 0.39 0.16 0.47 0.3 1 <0.001 

Wing mass 0.46 0.19 0.54 0.57 0.95 1 
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Wing shape parameter 

Developmental substrate significantly affected the wing shape of S. calcitrans (MANOVA, 

F78,3172=4.07; Pillai’s trace=1.17; P<0.0001). This is clearly illustrated in the thin plate spline 

deformation grid (Fig. 4.5A). For instance, in flies emerged from camel dung (Fig. 4.5 A.i), 

landmarks 12, 13, 14 and 15 underwent expansion movement, whereas in flies from cow 

(Fig. 5 4A.ii), donkey (Fig. 4.5A.iii) and sheep (Fig. 4.5A.iv) dung, the same landmarks 

contracted. Canonical variate analysis (Fig. 4.5B) and discriminant analysis (Fig 4.5C) 

separated S. calcitrans wing shapes according to the dung in which flies developed. The first 

two dimensions of the canonical variate analysis explained 85.06 % of the total S. calcitrans 

wing shape variation (Fig. 4.5B; CV1=66.06% and CV2=16%). All pairwise permutation 

tests performed with Mahalanobis distances revealed that the shape of S. calcitrans wings 

diverged significantly when reared from the different animal dung (Table 4.5; 10000 rounds, 

P<0.0001). With Procrustes distance estimators, I obtained a non-significant difference in 

wing shapes only in flies emerged from camel and cow dung (P=0.2). In the allometry test, 

the centroid size had a significant effect on wing shape (10000 rounds of Permutation tests, 

P=0.0015), with a variance prediction of 2.45 %. 
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Figure 4.5. The wing shape in S. calcitrans is significantly affected by the nature of the 

developmental substrate. (A) Thin plate spline (TPS) deformation grids modelling the 

difference of S. calcitrans wing shape across the different larval densities. The number 

displayed on each grid represents the landmark positions. Yellow to orange-red colours 

indicates landmark expansions, light to dark-blue indicates landmark contraction. (B) Scatter 

plot showing the difference in wing shapes of S. calcitrans individuals emerged from the 

different larval densities along the first two canonical variates (CV1 (82.56%) and CV2 

(17.44%)) axes with 90% confidence ellipses. (C) Discrimination histograms comparing the 

S. calcitrans wing shape between two larval densities. 
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Table 4.5. Difference in the shape of right wings from S. calcitrans reared from various animal dung. P-values (above the diagonal); distances 

between populations (below the diagonal). P<0.05 denotes significant difference  

 

 

 

 

 

 

 

 

 

 

 

 

 Mahalanobis distances Procrustes distances 

Camel dung Cow dung Donkey dung Sheep dung Camel dung Cow dung Donkey dung Sheep dung 

Camel dung __ <0.0001 <0.0001 <0.0001 __ 0.20 0.0002 <0.0001 

Cow dung 1.7975 __ <0.0001 <0.0001 0.0067 __ <0.0001 <0.0001 

Donkey dung 2.2631 2.3678 __ <0.0001 0.0109 0.0125 __ 0.0476 

Sheep dung 3.0651 3.1064 1.9544 __ 0.0155 0.0153 0.0081 __ 
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4.5 DISCUSSION 

 

Our study showed that the size and shape of S. calcitrans wings exhibit a plastic response to 

larval density and the quality of the larval substrate. The study also demonstrated the power 

of the wing landmark-based geometric approach for studying phenotypic plasticity. 

 

I showed that S. calcitrans wing size parameters (centroid size, length, and width, area, 

loading) are affected by larval density (5, 15, and 25) and substrate type (camel, cow, donkey 

and sheep dung). This indicates the effect of larval developmental conditions on adult wing 

size. Our study is consistent with previous work on Ae. aegypti that revealed the influence 

of larval density and substrate quality on wing size (Stephens and Juliano 2012). The wing 

size variation obtained in our study may be due to variability in nutrients. Baleba et al. (2019) 

previously determined that donkey and sheep dung, from which emerging flies had the 

largest wing size, had higher concentrations of specific micronutrients (nitrogen, 

phosphorous, potassium and zinc) in comparison with camel and cow dung. Furthermore, 

competition for limited nutrients by S. calcitrans larvae may also affect wing size. Dutra et 

al. (2016) found that under high larval density, Wolbachia-uninfected Ae. aegypti presented 

reduced wing size (centroid size) and a lower body glucose concentration. 

 

Wing sizes are closely related to the flight capacity in insects. Individuals with longer wings 

are better at flying compared to those with shorter wings (DeVries et al. 2010). Long wings 

favour wider variation in speed and long flight duration (Hoffmann et al. 2007). I obtained 

longer wings in S. calcitrans reared in a group of five or when reared from donkey and sheep 

dung. Long wings allow insects to fly at a great speed for a long period of time and cover a 

large area (Berwaerts et al. 2002; Davis and Holden 2015). For instance, released Ae. aegypti 

with larger wings are more successful in host-seeking and oviposition site location 

(Harrington et al. 2005; Kay and Muir 1998). I predict that S. calcitrans developed under 

lower density conditions are more likely to have good flight capacity. Also, developmental 

substrates such as donkey and sheep dung may increase the efficiency of S. calcitrans flight. 

This result supports Baleba et al. (2019), who found that dung types preferred by female S. 

calcitrans for oviposition were best for offspring growth and development. In this case, 

preferred substrates lead to potential adult fitness benefits associated with wing size. Low 

larval density leads to larger adults with long wings due to higher resource availability for 

growth and nutrient storage in the larval stage. Similarly, development of larvae in preferred 
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dung types would lead to larger adults with larger wings. Such changes may influence 

dispersal, mating, and vector competency of S. calcitrans, rendering this fly more capable of 

spreading pathogens. 

 

Our study also showed that larval density and substrate type affected S. calcitrans wing 

shape. The thin-plate spline analyses showed that most of the shape changes (landmark 

movements) occurred on the radial (landmarks 11, 12, 13, 14 and 15) and medial (2, 3, 7, 8, 

9 and 10) portions of the S. calcitrans wing. Oguz et al. (2017) observed the same variation 

in the radial portion of the wing of Phlebotomus tobbi Adler and Theodore. Pieterse et al. 

(2017) found variation in wing landmarks located at the costal, sub-costal and radial veins 

of Bactrocera dorsalis (Hendel) and Ceratitis capitata (Wiedemann) reared from nectarine, 

plum, pear and apple. According to Wootton et al. (2003) and Shimmi et al. (2014), the radial 

and the medial portions of insect wings play a critical function in the aerodynamics of insect 

flight. Wootton (1981) suggested such changes may influence the wing strength, beat pattern 

and ultimately the dispersal potential of a fly. Therefore, the wing shape deformation 

observed here may affect the flight performance of S. calcitrans, their ability to find a host 

for a blood meal, and consequently, vectorial capacity. Several studies with no emphasis on 

wing morphology have already demonstrated the indirect effect of larval density and food 

quality on vector competence. For instance, in Ae. albopictus, a greater dissemination rate 

of Sindbis virus by the adult is the consequence of high levels of competition experienced 

by the larvae (Alto et al. 2005). In Anopheles stephensi Liston, larvae developed in a 

nutritious substrate are more likely to transmit the human malaria parasite, Plasmodium 

falciparum, than those developed in a substrate with a poor nutritional value (Shapiro et al. 

2016). The discriminant factors on which the differentiation between flies reared from 

different density or dung type was based were not free of some allometric effects. In other 

words, wing size contributed significantly to wing shape variation. However, in the case of 

both larval density and developmental substrate, less than 3% of variation in wing shape was 

attributed to size. Such low residual variation indicates that changes in the relative position 

of landmarks as wing size increases are minimal (Harrington et al. 2005). 

 

4.6 CONCLUSION 

This study highlights the effect of larval density and developmental substrate of wing size 

and wing shape of S. calcitrans using the landmark-based geometric morphometric method. 

The method satisfactorily discriminated S. calcitrans emerged from different larval densities 
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and substrates based on the size and the shape of their wings. While there was a significant 

effect of size variation on variation in shape, but this accounted for less than 3% of variation. 

Future studies on flight performance of S. calcitrans as well as their vectorial capacity in 

pathogen transmission when reared under different larval conditions are required. However, 

our results demonstrate a role for larval density and developmental substrate to influence 

wing size and to some extent wing shape, which might have a significant effect on flight and 

dispersal of adult S. calcitrans.  
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CHAPTER 5 Larval experience of 

stable fly, Stomoxys 

calcitrans L. 1758 

(Diptera: Muscidae) 

does not influence 

oviposition preference in 

gravid females 

 

 

 

 

 

 

 

 

 

 

 

This chapter is published as: 

Baleba, S. B. S., Weldon, C. W., Masiga, D., Torto, B. and Getahun, M. N. Larval 

experience of stable fly, Stomoxys calcitrans Linneaus 1758 (Diptera: Muscidae), does not 

influence oviposition preference in gravid females. Ecological Entomology.  
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5.1 ABSTRACT 

The Hopkins’ host selection principle (HHSP) proposes that, in holometabolous insects, 

gravid females prefer to oviposit on the substrate on which they developed. In this study, I 

tested the HHSP using the haematophagous stable fly, Stomoxys calcitrans (Diptera: 

Muscidae). Using no-choice and two-choice tests, I first sought to demonstrate whether S. 

calcitrans larvae recognise their rearing substrate. I found that when a rearing substrate is 

offered to S. calcitrans larvae singly (no-choice) or associated with a non-rearing substrate 

(two-choice), they were able to recognise the substrate in which they developed. This ability 

disappeared when larvae were transferred to another substrate for 5 hr. Next, using 

oviposition bioassays, I elucidated whether information gathered by pre-imaginal stages 

during their development can persist in the adult stages after metamorphosis. I hypothesised 

that gravid females emerging from clean and uncleaned pupae reared on sheep and camel 

dung would still prefer to lay on their rearing substrate. Surprisingly, gravid females did not 

prefer to oviposit on their developmental substrate. In addition, failure to recognise and 

prefer their developmental substrate was found whether gravid females had emerged from 

puparia that were cleaned or contaminated with sheep dung. I conclude that S. calcitrans 

adult preference is not influenced by the experience of their pre-imaginal stages. Overall, the 

HHSP was not supported by our study, suggesting that this principle may not apply to 

generalist insects characterised by high plasticity in oviposition substrate acceptance. 
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5.2 INTRODUCTION 

In holometabolous insects, pre-imaginal stages (egg and larva) and the adult stage are 

different in terms of their body form, life style, and diet. However, it may be possible that 

information gathered by pre-imaginal stages is retained during metamophosis to be 

transferred to the adult. Several studies have claimed a direct or indirect effect of larval 

experience on adult behaviour in different holometabolous groups such as Lepidoptera 

(Olsson et al. 2006; Proffit et al. 2015; Hu et al. 2018), Diptera (Tully et al. 1994; Ray 1999; 

Blackiston et al. 2008), Coleoptera (Reh-Hamburg 1924; Rietdorf and Steidle 2002) and 

Hymenoptera (Lecomte and Thibout 1993; Gandolfi et al. 2003), although others show no 

support for a connection (Rojas and Wyatt 1999; Kerpel and Moreira 2005; Janz et al. 2009). 

Three hypotheses have been raised to provide a functional mechanism for information 

retention across life stages: the “Hopkins’ host selection principle” (Hopkins 1916), the “neo-

Hopkins principle” (Jaenike 1983) and the “chemical legacy hypothesis” (Corbet 1985). The 

Hopkins’ host selection principle (HHSP) refers to the observation that, in insects, adult stage 

behaviour is conditioned by experience during their pre-imaginal stages. For the neo-

Hopkins principle, adult behaviour is shaped by the experience gained during or shortly after 

their emergence from the pupae. The chemical legacy hypothesis considers that the 

connection between larval and adult behaviour is made by the chemical cues bequeathed by 

the larval stage to the adult stage. In practice, when illustrating the link between larval and 

adult stage memories, it is necessary to clean and physically separate pupae from chemical 

cues associated with the larval environment to eliminate the opportunity for habituation or 

sensitization of the emerging adults (Tully et al. 1994; Corbet 1985; Rietdorf & Steidle 2002; 

Gandolfi et al. 2003). By doing so, a chemical legacy can be ruled out. Thereafter, any 

connection between larval and adult experience would result from the transmission of 

neuronal information from the larva to adult during metamorphosis, enabling persistence in 

the adult brain of memories formed during the larval stage (Blackiston et al. 2008).  

 

The effect of pre-imaginal conditioning in adult behaviour is well documented in 

phytophagous insects. Tully et al. (1994), after electroshocking larvae of Drosophila in the 

presence of ethyl acetate or isoamyl acetate, found that the conditional odour avoidance 

observed in larvae was still present in adults 8 days later. In Musca domestica, Ray (1999) 

showed that adults preferred specific odours to which they were exposed during larval 

development. Host selection behaviour in adult granary weevils, Sitophilus granary, was 

shaped by their experience during the immature stages (Rietdorf and Steidle 2002). The 
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onion fly, Delia antiqua, preferred to oviposit on their natal host (Ning et al. 2018). In 

hematophagous insects (mainly in mosquitoes), learning in the larval (Ferrari et al. 2008; 

Baglan et al. 2017) and adult stage (Menda et al. 2013; Roberts 2014) has already been 

demonstrated. However, little is known about the possible transmission of information from 

the larva to adult in hematophagous insects. Therefore, in this study, I examine whether the 

information gathered by larvae of a blood-feeding insect can reach the adult stage through 

metamorphosis, using the stable fly, Stomoxys calcitrans, as a model. 

 

Stomoxys calcitrans is a cosmopolitan blood-feeding insect that mechanically transmits 

viruses (e.g., West Nile fever virus, Rift Valley fever virus), bacteria (e,g., Bacillus 

anthracis, Pasteurella multocida), protozoans (e.g., Trypanosoma evansi, Besnoitia 

besnoit), and helminths (e.g., Habronema microstoma, Dirofilaria repens) to their adult 

hosts, which include cattle, camels, horses, dogs, and humans (Lehane 2005; Pitzer et al. 

2011; Baldacchino et al. 2013). During outbreaks, S. calcitrans can reduce weight gain in 

cattle by up to 19%, and lead to a 40-60% reduction in milk yield (Carn 1996; Walker 1990). 

In the USA, Taylor et al. (2012) estimated economic losses attributable to S. calcitrans 

infestation at around $2.2 billion per year. Like all dipteran species, S. calcitrans has a 

holometabolous life cycle. Eggs are laid and the larval (with 3 instars) and pupal stages are 

completed in the dung of herbivorous animals such as cows, donkeys, horses, goats, and 

sheep (Hafez & Gamal-Eddin 1959, Jeanbourquin & Guerin 2007; Salem 2012; Cançado et 

al. 2013). In this study, I investigated whether experience gained by larvae of S. calcitrans 

throughout their development influenced female oviposition decisions. Specifically, I 

determined the ability of S. calcitrans larvae to recognise their rearing substrate and 

established whether recognition of the rearing substrate was maintained for 5 hr. Finally, I 

assessed whether rearing substrate recognition persisted in gravid females. 

 

 

  



93 
 

5.3 MATERIAL AND METHODS 

 

Test insects 

Stomoxys calcitrans flies were obtained from a culture established at the Duduville campus 

of the International Centre of Insect Physiology and Ecology (icipe) in Nairobi (1° 13' 12'' 

S, 36° 52' 48'' E; ≈ 1,600 m above sea level). Adults reared from rabbit dung were kept in 

cages (75×60×45 cm) under buffered conditions of 25±5oC and 65±5% relative humidity 

with a photoperiod of 12L:12D. Flies were fed twice per day (0800 and 1600 hr) on 

defibrinated bovine blood (from slaughter houses) poured on moistened cotton. When adults 

were sexually mature, camel and sheep dung placed in the plastic container (21.5×14.5×7.4 

cm), were presented to gravid females for oviposition. After a period of 24 hr, each substrate 

was removed and transferred to another cage. Larval development was monitored daily until 

the third larval instar (L3) was reached. This developmental stage was identified by 

inspecting the posterior spiracles, which are characterised by triangular discs with three 

sinuous slits (Friesen et al. 2017).  

 

Experience test 

To establish whether S. calcitrans larvae change their behaviour in relation to experience, I 

hypothesised that L3 larvae of S. calcitrans reared on a specific substrate would be attracted 

to the same substrate. To test this hypothesis, I began with a “no-choice” test (Fig 5.1A) 

where L3 larvae reared on camel dung (Fig. 5.1A.i) or sheep dung (Fig. 5.1A.ii) were gently 

placed away from either substrate in an arena (described below) using soft forceps. This was 

done to confirm that larvae were capable of relocating the substrate within an arena. 

Afterwards, I performed a series of “two-choice” tests. For the first two-choice test (Fig 1B), 

L3 larvae reared on camel dung (Fig. 5.1B.i) or sheep dung (Fig. 5.1B.ii) were permitted to 

choose between camel and sheep dung in an arena. I established that L3 larvae preferred 

their rearing substrate over non-rearing substrate. To elucidate whether this behaviour was 

the result of innate preference for particular dung types, I hypothesized that if L3 larvae were 

presented with two unfamiliar substrates, they would exhibit no preference for either 

substrate. To test this, I reared L3 larvae on camel dung and exposed them to rabbit and 

sheep dung (Fig 5.1C.i). I also reared L3 larvae on sheep dung and exposed them to camel 

and rabbit dung (Fig 5.1C.ii).  
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For all tests, I used plastic containers (21.5×14.5×7.4 cm) as a choice arena in which 80 

larvae were released one by one in the middle of the container (7.5 cm away from the tested 

substrates). The amount of substrate in each test arena was 50 g. Ten minutes after setting-

up each replicate, larvae found on a substrate were considered to have made a choice. The 

duration of the tests was selected based on the results of preliminary bioassays where larvae 

were given 5, 10, 15, and 20 min to move to a substrate. The number of larvae moving to a 

particular substrate did not improve significantly (10 min: 57(71.25%); 20 min: 62 (77.5%), 

n=80, χ2=0.21, d.f=1, P=0.65) if larvae were given longer than 10 minutes (data not 

presented). Larvae that were still in the middle of the container were recorded as not having 

made a choice. The substrate position was changed between replicates. All tests were 

conducted in darkness because S. calcitrans larvae exhibit negative phototaxis. After each 

test, containers were cleaned with distilled water and tissue paper to avoid retention of odour 

from dung. I did not use organic solvents because they could be toxic to the larvae or 

represented a source of contamination. During all the bioassays, I used camel and sheep dung 

as rearing substrate based on the difference in their physicochemical properties (Baleba et 

al. 2019) 

 

Experience duration test 

In the previous bioassays, I showed that S. calcitrans larvae preferred their substrate of 

development. Here I sought to determine how long this preference was retained. I 

hypothesised that L3 larvae would progressively lose their aptitude to recognise their rearing 

substrate when staying in another substrate. To test this, I transferred L3 larvae reared on 

camel dung to sheep dung for 1 hr (Fig. 5.2A.i), 5 hr (Fig. 5.2B.i), and 24 (Fig. 5.2C.i). 

Thereafter, I allowed individuals from each treatment to choose between camel and sheep 

dung in two-choice tests (as described above) to see if they still preferred their rearing 

substrate. I did the same for L3 larvae reared on sheep dung by transferring them to camel 

dung for 1 hr (Fig. 5.2A.ii), 5 hr (Fig. 5.2B.ii), and 24 hr (Fig. 5.2C.ii). I selected the different 

novel dung exposure times based on the review by Margulies et al., (2005), which 

differentiated among three types of memory in Drosophila: a short- (1 hr), middle- (5 hr) 

and long-term (24 hr) memory. 
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Experience recovery test 

The preceding experiment revealed that after sojourning in another dung type for 5 and 24 

hr S. calcitrans larvae lose their preference for the initial rearing substrate. I aimed to test if 

this loss of preference could be be recovered. To do so, I transferred L3 larvae reared on 

camel dung to sheep dung for 24 hr, then returned them to camel dung for a further 24 hr 

(Fig. 5.2C). After returning larvae to their original substrate, I allowed them to choose 

between camel and sheep dung in two-choice tests. Again, the reciprocal procedure was 

applied to L3 larvae reared on sheep dung (Fig. 5.2D). As in the previous experiment, 80 L3 

larvae were released individually in the middle of the arena, and their position was recorded 

after 10 min of exposure in darkness. 

 

Hopkins’ host selection principle and chemical legacy hypothesis tests 

 

HHSP Test 

I demonstrated that S. calcitrans larvae recognise their rearing substrate. According to the 

Hopkins’ host selection principle, this experience should persist in S. calcitrans adults. 

Therefore, I predicted that gravid females of S. calcitrans reared on sheep or on camel dung 

would still prefer to lay on their rearing substrate. To test this, I reared S. calcitrans 

separately on sheep and camel dung, but I treated their pupae in two ways. In the first 

treatment, I left pupae in contact with their rearing substrate so that emerging adults were 

exposed to the chemical cues from the substrate. For the second treatment, I prevented 

contact of emerging adults with their substrate following the procedure described by Liu & 

Liu (2006). Briefly, I removed pupae from the substrate, gently cleaned them with distilled 

water and tissue paper, and transferred them to a sterilised cage (34×34×34 cm) for adult 

emergence. Once emerged, adults were fed with defibrinated bovine blood poured on wet 

cotton and kept on this feeding regime until females were gravid (Fig 5.4A.i, 5.4B.i). The 

obtained gravid females were used in the oviposition tests (Fig 5.4A.ii, 5.4B.ii) as follows. 

Ten gravid females were transferred to a cage (34×34×34 cm) before being presented with 

30 g of oviposition substrate in a Petri dish (diameter: 5.5 cm). Gravid females from sheep 

dung were presented donkey and sheep dung, while gravid females from camel dung where 

presented camel and sheep dung. The number of eggs deposited on each substrate was 

counted after 24 hr. Tests using each treatment were replicated 10 times and a new group of 

flies was used in each replicate.  
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Chemical legacy hypothesis test 

According to this hypothesis, the traces of chemical cues on the surface of pupae could 

influence adult oviposition substrate preference. To test this, I reared S. calcitrans on rabbit 

dung until the pupal stage (Fig 5.5A and 5.5B) and I divided the obtained pupae into two 

groups. I maintained the first group of pupae on rabbit dung until adult emergence (Fig. 

5.5A.i), while I cleaned the second group of pupae as described above and transferred them 

to sheep dung for contamination until adult emergence (Fig 5.5B.i). Once emerged, I fed 

adults with defibrinated bovine blood. Ten gravid females were used in the oviposition 

bioassay (Fig 5.5A.ii and Fig 5.5B.ii) with a choice of rabbit and sheep dung provided to 

them in separate Petri dishes. The number of eggs laid on each substrate was counted after 

24 hr. Each test was replicated 10 times and a new group of flies was used in each replicate. 

 

Data analysis 

All statistical analyses were performed using R. 3.5.0 (R Core Team 2018). For the no-choice 

test, I compared the proportion of larvae found in dung to those that were unable to join the 

dung after 10 min of exposure. For choice tests, I compared the proportion of larvae that had 

chosen between two types of exposed dung. In both no-choice and choice tests, I used the 

two-tailed binomial test (McDonald 2009). For the oviposition bioassay, since the collected 

data were not normally distributed, I used the non-parametric Wilcoxon–Mann–Whitney test 

to compare the number of eggs laid on different substrates (Dalgaard 2008). 

 

  



97 
 

5.4 RESULTS 

 

Experience test 

In the “no-choice” test, where 80 larvae were placed individually away from their rearing 

substrate (Fig 5.1A), a significant majority of larvae reared from camel dung (Fig. 5.1A.i) 

returned to it (binomial test: 68.8% success, 31.3% failure; p= 0.001). Likewise, a significant 

majority of larvae from sheep dung (Fig. 5.1A.ii) found their rearing substrate (binomial test: 

62.5% success, 37.5% failure; p= 0.033). The remaining larvae from camel and sheep dung 

did not reach their substrate after 10 minutes. 

 

For the first “two-choice” test (Fig 5.1B), when offering a choice to 80 larvae between their 

rearing substrate and a non-rearing substrate, I found that in larvae reared on camel dung 

(Fig. 5.1B.i), five larvae did not make a choice (6.35% non-response). For the 75 remaining 

larvae, significantly more selected their rearing substrate (camel dung) while the remainder 

went to sheep dung (binomial test: 62.7 % success, 37.3% failure; p= 0.037). For the larvae 

reared on sheep dung (Fig. 5.1B.ii), all 80 tested larvae made a choice (0% of non-response). 

I found that a significant majority selected sheep dung over camel dung (binomial test: 65% 

success, 35% failure; p= 0.010). 

 

For the second “two-choice test” bioassay (Fig. 5.1C) where I provided larvae with a choice 

between two non-rearing substrates, they did not exhibit any preference. Of the 80 larvae 

reared on camel dung and offered rabbit or sheep dung (Fig. 5.1C.i), of those that reached 

either substrate, the proportion of larvae in rabbit (42.5%) or sheep dung (31.3%) did not 

differ from random (binomial test: p= 0.141). Also, for the larvae reared on sheep dung (Fig. 

5.1C.ii), the proportion of larvae on rabbit dung (52.5%) or camel dung (42.5%) did not 

differ significantly (binomial test: p= 0.26).  
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Figure 5.1. Stomoxys calcitrans larvae recognise the substrate in which they developed. 

(A) No-choice test with third-instar (L3) larvae reared on camel dung (i) or sheep dung (ii) 

(n= 80). (B) Two-choice test with rearing and non-rearing substrates of camel and sheep 

dung: L3 larvae reared from camel dung (i) or sheep dung (ii) (n= 80). (C) Two-choice test 

with two non-rearing substrates: (i) L3 larvae from camel dung given a choice between rabbit 

and sheep dung; (ii) L3 larvae from sheep dung given a choice between rabbit and camel 

dung. Asterisks indicate proportions that differed significantly from random (50%) 

determined by a two-tailed binomial test: * p<0.05, ** p<0.01. 

 

Experience duration test 

Results from the experience duration test show that the ability of S. calcitrans larvae to 

recognise their rearing substrate lasts for up to one hour. Larvae reared on camel dung and 

transferred on sheep dung for one hour recognised their rearing substrate (Fig 5.2A.i; 

binomial calculation: 63.0% success, 36.9% success, p=0.034). Similar results were found 

for larvae reared on sheep dung and transferred to camel dung for one hour (Fig 5.2A.ii; 

binomial calculation: 71.4% success, 28.6% success, p<0.001). After sojourning on another 

substrate for 5 hours, larvae reared on camel dung (Fig 5.2B.i; binomial calculation: 55.4% 

success, 44.6% failure, p=0.275) and sheep dung (Fig 5.2B.ii; binomial calculation: 55.4% 

success, 48.6% failure, p=0.910) did not recognise their rearing substrate. This loss of 

experience was also evident in larvae that spent 24 hr in another substrate. Larvae reared on 

camel dung after sojourning on sheep dung for 24 hr did not discriminate between camel or 

sheep dung (Fig. 5.2C.i; binomial calculation: 53.9% success, 46.1% failure; p= 0.417). 

Similarly, larvae from sheep dung that spent 24 hours on donkey dung did not differentiate 

between sheep or camel dung (Fig. 5.2C.ii; binomial calculation: 42.7% success, 57.3% 

failure; p= 0.103). 
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Figure 5.2. Stomoxys calcitrans larval preference for their rearing substrate is retained 

for a short period (1 hour). (A) Experience test with larvae sojourning in a novel substrate 

for 1 hour: bioassay with L3 larvae reared on camel dung (i), bioassay with L3 larvae reared 

on sheep dung (ii). (B) Experience test with larvae sojourning in a novel substrate for 5 hr: 

bioassay with L3 larvae reared on camel dung (i), bioassay with L3 larvae reared on sheep 

dung (ii). (C) Experience test with larvae sojourning in a novel substrate for 24 hr: bioassay 

with L3 larvae reared on camel dung (i), bioassay with L3 larvae reared on sheep dung (ii). 

Asterisks indicate proportions that differed significantly from random (50%) determined by 

a two-tailed binomial test: * p<0.05, ** p<0.01. The absence of asterisks indicates no 

significant preference by larvae for the substrates provided (two-tailed binomial test: p 

>0.05). 

 

Experience recovery test 

In the experience recovery test, I found that, S. calcitrans larvae, after being maintained in a 

novel substrate for 24 hr and transferred back to their original rearing substrate for 24 hours, 

did not recover a preference for their substrate of provenance. Larvae reared on camel dung, 

transferred to sheep dung, then put back on camel dung did not significantly prefer camel as 

predicted (Fig. 5.3A; binomial calculation: 52.1% success, 45.9% failure, p= 0.741). Also, 

larvae reared on sheep dung, transferred to camel dung and returned to sheep dung did not 

prefer their original rearing substrate (Fig. 5.3B; binomial calculation: 45.3% success, 54.7% 

failure; p= 0.32 
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Figure 5.3. Stomoxys calcitrans larval preference is not recoverable. (A) Memory 

recovery test with larvae reared on camel dung. (B) Memory recovery test with larvae reared 

on sheep dung. In the two tests, there was no significant preference by larvae for the 

substrates provided (two-tailed binomial test: p >0.05). 

 

Hopkins’ host selection principle and chemical legacy hypothesis tests 

 

HHSP Test 

According to the result of our oviposition bioassays, S. calcitrans gravid females reared on 

sheep and camel dung did not lay more eggs on sheep and camel dung, respectively, as 

predicted by the HHSP. The median number of eggs laid on sheep dung and donkey dung 

by gravid females that emerged from cleaned pupae were not significantly different (Fig. 

5.4C.i: U= 49, d.f=1. p=0.97). Also, gravid females from uncleaned pupae laid the same 

median number of eggs on sheep dung and donkey dung (Fig. 5.4C.ii: U= 45.5, d.f.=1, 

p=0.762). In the bioassays with females reared on camel dung, gravid females from clean 

pupae laid more eggs on sheep dung than camel dung (Fig. 5.4D.i: U= 15.5, d.f=1. p=0.01). 

Similarly, gravid females from unclean pupae laid more eggs on sheep dung than camel dung 

(Fig. 5.4D.ii: U= 9, d.f=1. p=0.002). 
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Figure 5.4. Oviposition behaviour in gravid female S. calcitrans is not affected by the 

larvae experience. (A) Oviposition bioassay using S. calcitrans gravid females from 

cleaned pupae: cleaned pupae, adult emergence cage (i), oviposition test arena (ii). (B) 

Oviposition bioassay using S. calcitrans gravid females from uncleaned pupae: uncleaned 

pupae, adult emergence cage (i), oviposition test arena (ii). (C) Violin plots showing no 

significant difference (Mann-Whitney test; p > 0.05) in number of eggs laid on donkey and 

sheep dung by gravid females reared on sheep dung when emerging from cleaned pupae (i) 

and uncleaned pupae (ii). (D) Violin plots showing significant difference (Mann-Whitney 

test; p < 0.05) in number of eggs laid on camel and sheep dung by gravid females reared on 

camel dung when emerging from clean pupae (i) and unclean pupae (ii). The horizontal bar 

in each box of the violin plot indicates the median, the extremities of the box indicate the 25-

75th percentiles, and whiskers indicate 1.5× the interquartile range from the 25th–75th 

percentiles; the shape of the violin plot shows the density estimate and extends to extreme 

values. 

 

Chemical legacy hypothesis test 

The chemical legacy hypothesis proposes that chemical cues coating pupae can influence 

adult oviposition substrate selection. Results of our two oviposition bioassays indicated that 

gravid females from non-contaminated and contaminated pupae did not exhibit different 

oviposition behaviour. Gravid females emerged from uncontaminated pupae (Fig 5.5 A.iii: 

U= 40, d.f=1. p=0.47) and pupae contaminated with sheep dung (Fig 5.5 A.iii: U= 48.5, 

d.f=1. p=0.94) laid the same number of eggs on rabbit and sheep dung. 
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Fig. 5.5. Oviposition decision in gravid females of S. calcitrans is not affected by the 

larval chemosensory environment. (a) Oviposition bioassay using S. calcitrans gravid 

females from non-contaminated pupae: (i) Emergence cage, (ii) oviposition arena, (iii) 

Violin plots showing no significant difference (Mann–Whitney test; p > 0.05) in number of 

eggs laid on rabbit and sheep dung by gravid females emerged from non-contaminated 

pupae. (b) Oviposition bioassay using S. calcitrans gravid females from pupae contaminated 

with sheep dung: (i) Emergence cage, (ii) oviposition arena, (iii) Violin plots showing no 

significant difference (Mann–Whitney test; p > 0.05) in number of eggs laid on rabbit and 

sheep dung by gravid females emerged from pupae contaminated with sheep dung. Bar into 

each box show the median and those at the extremity of the box show the 25–75th 

percentiles, which are extended by whiskers indicating 1.5× the interquartile range from the 

25th–75th percentiles; the shape denotes the density estimate and extends to extreme values. 

 

5.5 DISCUSSION 

 

I demonstrated that S. calcitrans larval preference for rearing substrate was not transferred 

to the adult stage during metamorphosis. When a rearing substrate was offered singly or 

paired with another substrate, L3 larvae of S. calcitrans preferred the substrate in which they 

had developed. That preference was disrupted when larvae were exposed to a substrate for 5 

hr. The ability of larvae to distinguish their rearing substrate from other substrates has also 

been observed in other holometabolous insects. Durisko and Dukas (2013) found that D. 

melanogaster larvae reared in a group are attracted by substrates that are occupied or that 

have been used by other larvae; the same larvae exhibit a significant aversion to fresh food. 

Similarly, larvae of Ascia monuste orseis reared on kale or cabbage prefer the same plants 

during their fourth and fifth instars when offered a choice including different plants (Santana 

and Zucoloto 2011). In general, insects staying on a substrate for a period of time develop a 

preference for that substrate due to the adaptation of their olfactory sensory neurons (Iyengar 

et al. 2010). The aptitude to recognise their rearing substrate may prevent larvae of S. 

calcitrans from the deleterious effect of leaving a substrate. This was found in Schistocerca 

americana, where leaving one food source in search of another decreases food consumption, 

increases development time, suppresses growth rate, reduces larval weight, and elevates 

mortality (Bernays and Bright 2001). 

I found that S. calcitrans larvae transferred to a new substrate for 5 and 24 hr tend to become 

adapted to this substrate and lose their preference for the original rearing substrate, even after 
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having been returned to it. Neuser et al. (2005) explained that experience duration in insects 

varies from minutes to months, according to the species, age, and gender of the test organism, 

the strength of the rewarding or aversive stimulus, number of training repetitions, and type 

of bioassay. Dekker et al. (2006), Linz et al. (2013), Crowley-Gall et al. (2016) all suggest 

that host shifts in insects presumably alter their olfactory system and consequently modifies 

their behaviour.  

 

Larval experience did not affect adult oviposition preference in S. calcitrans. Gravid females 

of S. calcitrans developed on camel and sheep dung, and emerged from clean pupae, did not 

prefer to oviposit on their rearing substrate as hypothesized by the HHSP. This was also 

observed in gravid females that emerged from unwashed pupae, which contradicts the 

chemical legacy hypothesis. Consequently, our study found no evidence in support of the 

HHSP. Other studies have also failed to find an effect of larval experience on adult 

oviposition site preference. Rojas and Wyatt (1999) demonstrated that experience of the 

cabbage moth caterpillar Mamestra brassicae (Lepidoptera: Noctuidae) did not affect 

oviposition behaviour of their females. Oviposition preference in the milfoil weevil, 

Euhrychiopsis lecontei (Coleoptera: Curculionidae) is not an attribute fixed by larval 

experience (Solarz and Newman 2001). Kerpel and Moreira (2005) did not find Hopkins’ 

effect in Heliconius erato (Lepidoptera: Nymphalidae). In Polygonia c-album (Lepidoptera: 

Nymphalidae) larval diet also had no effect on egg-laying decisions of the adult female (Janz 

et al. 2009). 

 

A possible explanation for a lack of connection between the larval rearing substrate and adult 

female oviposition preference is offered by the neo-Hopkins principle developed by Jaenike 

(1983), where host preference is determined by experience gained by the adult after 

emergence. The flight capability of S. calcitrans adult is relatively high [5 km; see Taylor et 

al. (2010)]. During the flying period, S. calcitrans adult experience different kinds of visual 

and chemical cues that may shape adult behavioural choice. An alternative to this 

explanation may be the remodelling of the mushroom body, which is a structure in the insect 

brain essential for olfactory learning and memory. For instance, in Drosophila, olfactory 

neurons forming the mushroom body are subject to dramatic changes in axonal projection 

pattern and dendrite and axon morphology during metamorphosis, which may affect transfer 

of information to the adult stage (Heisenberg 1998; Lee et al. 1999; Zwarts et al. 2015). 

Barron (2001) also implicates the influence of genetic plasticity in insect host preference. 
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Stomoxys calcitrans is a cosmopolitan species (Dsouli-Aymes et al. 2011); among the 18 

species that encompass the Stomoxys genus, only S. calcitrans has a worldwide distribution 

(Zumpt 1973). Larvae of S. calcitrans are polyphagous; they feed and develop on a wide 

range of substrates including dung (including camel, cow, horse, donkey and sheep), and 

decaying plant materials (such as hay, alfalfa, silage, sugarcane and compost). Compared to 

specialist insects, the olfactory system of generalist insects is less sensitive (Zhang et al. 

2013; Conchou et al. 2017), and according to the “neural constraints hypothesis”, generalist 

insects make less accurate decisions when selecting substrates (Sadtler et al. 2014; Wang 

2017). This renders their behaviour difficult to predict. 

 

5.6 CONCLUSION 

Overall, the current study has demonstrated that S. calcitrans larval preference is not 

transferred to the adult during metamorphosis. Stomoxys calcitrans gravid females did not 

prefer to lay eggs on the substrate in which they developed. Consequently, our findings do 

not match the expectations of the Hopkins’s host selection hypothesis. I suggest that there is 

a need for additional research on the applicability of the HHSP in generalist insects 

characterised by a high capacity for adaptation and flexibility in use of substrates for 

development. 
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This thesis examined oviposition decisions by gravid female Stomoxys calcitrans, the 

associated fitness consequences, the olfactory cue(s) implicated, and the influence of biotic 

interactions and larval experience on these decisions.  

In Chapter 2, I investigated the preference of gravid female S. calcitrans for various potential 

oviposition substrates and I also asked why this decision is made. I found that gravid female 

S. calcitrans laid more eggs on donkey followed by sheep dung, corroborating the 

observations of Hafez and Gamal-Eddin (1959). I demonstrated that this preference was 

related to the performance of S. calcitrans offspring on these substrates with high nutritional 

value. This confirmed the preference-performance hypothesis, which proposes that gravid 

females of holometabolous insects prefer to oviposit on substrates that will ensure the fitness 

of the pre-imaginal stages of their offspring (Jaenike 1978). In addition, I showed that this 

preference-performance behaviour in gravid female S. calcitrans was mediated by β-

citronellene and carvone, two volatile chemicals isolated from donkey and sheep dung, 

respectively. These two compounds elicited the strongest egg-deposition under laboratory 

conditions and enhanced S. calcitrans catches in a field trial, showing the preferred substrate 

can be represented using single semiochemicals. This chapter highlights the potential use of 

β-citronellene and carvone in the surveillance and management of S. calcitrans.  

Because Chapter 2 only assessed the effect of abiotic factors (olfactory cues, physical and 

chemical constituents of the substrates) on S. calcitrans oviposition behaviour, I aimed in 

Chapter 3 to elucidate the influence of biotic factors (competition and parasitism) on S. 

calcitrans oviposition decisions. I demonstrated that either in the light or dark, gravid female 

S. calcitrans avoided substrates with their conspecific larvae and larvae of the house fly, 

Musca domestica. This suggests that avoidance behaviour is associated with olfactory cues. 

Similarly, Seenivasagan et al (2009) showed that the alkane n-heneicosane emitted by Aedes 

aegypti larvae repels gravid females of this mosquito. The same alkane also deters 

oviposition in Aedes albopictus (Gonzalez et al. 2014). Additionally, I found that gravid 

female S. calcitrans failed to distinguish between substrates with and without the mite 

Macrocheles muscaedomesticae in darkness but avoided mite-infested substrates with mites 

under light. This indicated that female S. calcitrans use visual cues to avoid parasite-infested 

substrates. In Drosophila melanogaster, Kacsoh et al (2013) demonstrated that gravid 

females used visual cues to discriminate between substrates infested or free of parasites. 

Furthermore, in this chapter, I demonstrated that gravid female S. calcitrans avoid substrates 

with con- and heterospecific larvae and mites because of the intra- and interspecific 
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competition and parasitism that their offspring could face during pre-imaginal stages. This 

result supported the preference-performance oviposition behaviour demonstrated by S. 

calcitrans in Chapter 2. 

To continue assessing the fitness consequences related to S. calcitrans oviposition decisions, 

I aimed in Chapter 4 to study the effect of larval densities and substrate quality on S. 

calcitrans wing morphology. I found that flies developing in a group of 5 had larger wing 

centroid size, wing length, wing width, wing area and wing loading compared with those 

reared in a group of 25. Also, flies developed in donkey and sheep dung (preferred 

oviposition substrates; Chapter 2) had larger wing centroid size, wing length, wing width, 

wing area and wing loading in comparison with those developing in camel and cow dung. 

Furthermore, the wing shape of S. calcitrans changed significantly across these substrates 

and larval densities. These results were consistent with studies on Drosophila (Soto et al. 

2008), and Ae. aegypti and Ae. albopictus (Stephens and Juliano 2012), which reported the 

influence of developmental substrate and larval densities on the wing geometry of these 

insects. Also, the results of this chapter provide an additional explanation for why S. 

calcitrans preferred to lay on donkey and sheep dung (Chapter 2), or on a substrate with 

lower larval density (Chapter 3). Given that long and large wings positively affect the flight 

performance of insects (Kay and Muir 1998; Berwaerts et al. 2002; Davis and Holden 2015), 

these results suggest that gravid females lay more eggs on donkey and sheep dung or on 

substrates with lower larval density because these substrates will increase the flight efficacy 

of their offspring. 

The Hopkins’ host selection principle (HHSP) proposes that, in holometabolous insects, 

gravid females prefer to lay on substrates in which they developed as larvae. To assess the 

possible implication of this hypothesis in my model insect, I aimed in Chapter 5 to determine 

the effect of larval experience on S. calcitrans oviposition decisions. I found that S. 

calcitrans larvae reared on camel or sheep dung were able to recognise the substrate in which 

they developed. This confirmed the observations of Santana and Zucoloto (2011) and 

Durisko and Dukas (2013) in Ascia monuste orseis and D. melanogaster, respectively. 

Bernays (1995) and Iyengar et al. (2010) explained that when an insect comes into contact 

with and feeds on a substrate, it develops a preference for that substrate due to adaptation of 

their olfactory sensory neurons. When I tested whether this aptitude of S. calcitrans larvae 

to recognise their rearing substrate persisted through metamorphosis into the adult stage, I 

found that gravid females did not prefer to oviposit on the substrate in which they developed. 

Therefore, I ruled out the possible influence of larval chemosensory environment on 
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oviposition decisions by S. calcitrans. This finding corroborated results of other studies 

(Rojas and Wyatt 1999; Solarz and Newman 2001; Kerpel and Moreira 2005; Janz et al. 

2009), which found no persistence of larval experience into the adult stage. This chapter 

supports the neo-Hopkins hypothesis (Jaenike 1983), suggesting that in insects, adult 

behaviour is shaped by the olfactory and visual cues encountered after emergence. 

Alternatively, these results could also suggest that the choice of oviposition sites is innate in 

the S. calcitrans. 

 

6.1 IMPLICATIONS 

Overall, my thesis provides detailed information of how gravid female S. calcitrans cope 

with biotic (intra- and interspecific competition, parasitism, larval experience, etc…) and 

abiotic (olfactory cues, visuals cues, substrate physicochemical properties, etc…) factors 

when selecting oviposition substrates.  

I have shown that donkey and sheep dung is preferred by gravid female S. calcitrans for 

oviposition. I predict that in areas where donkey and sheep are major livestock, population 

density of S. calcitrans may be higher owing to the presence of suitable oviposition sites for 

gravid females. It has already been revealed that the increase of S. calcitrans population is 

related to the presence of suitable breeding sites. For instance, Cook et al (2018) 

demonstrated that S. calcitrans developed in higher numbers from vegetable crop residues 

such as celery, leek, broccoli, cabbage, lettuce and silverbeet. Cançado et al (2013) in Brazil 

and Solórzano et al (2015) in Costa Rica found that outbreaks of S. calcitrans are associated 

with an increase in sugar cane and pineapple production. The two oviposition attractants (β-

citronellene and carvone) that I have identified could play an important role in reducing the 

abundance of S. calcitrans by luring and killing gravid females. Placement of traps baited 

with β-citronellene and carvone around places where donkeys and sheep are bred, the 

intensity of S. calcitrans infestation could be significantly reduced by reducing the 

population of S. calcitrans gravid females and thereby suppressing population growth.  

In this thesis, I also demonstrated that the mite M. muscaedomesticae considerably reduced 

S. calcitrans eggs hatchability, and larval and adult survival. Under semi-field conditions, 

Rodriguez et al. (1970) demonstrated that this mite can reduce house fly, Musca domestica, 

abundance by 86-99%. Therefore, there is the potential to use these mites as a form of 

biological control for S. calcitrans. If mass produced and spread on S. calcitrans oviposition 
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substrates, augmentative biological control using M. muscaedomesticae could minimise the 

abundance of S. calcitrans and lead to reduced blood-feeding and disease transmission. 

6.2 FUTURE DIRECTIONS 

My thesis has generated important knowledge about the oviposition behaviour of Stomoxys 

calcitrans. It has also opened a starting point for several research projects among others: (1) 

the identification of chemical cues triggering the avoidance of substrate with conspecific and 

heterospecific larvae in S. calcitrans gravid females, (2) optimisation of the discovered 

attractants (β-citronellene and carvone) and repellents (Once identified), (3) development of 

a push-pull control system against S. calcitrans based on the identified attractants and 

repellents, and (4) elucidation of the S. calcitrans olfactory neurons implicated in the 

detection of the identified attractants and repellents. 

A chemical that prevents an insect from reaching a valued resource (breeding site, food, 

sexual partner, etc…) is called repellent (Barton-Browne 1977). In insect pest management, 

application of repellent molecules onto the skin of a host or volatilised can protect them from 

insect bites (Achee et al. 2012). In my case, it would be useful to identify molecules emitted 

by conspecific and heterospecific larvae, that prevent S. calcitrans gravid females from 

laying eggs. However, it is important to mention that knowing the identity of a candidate 

attractant or repellent is not enough; the concentration in which the molecule is effective is 

also required (Reisenman et al. 2016). To obtain this information, optimisation studies where 

the identified candidate attractants (or repellents) are tested at various concentrations are 

needed, while making use of different dispenser and trap devices, at different positions, 

localities and seasons. This is to ensure that the molecule elicits the strongest behavioural 

activity (attractiveness or repellency). 

Once the efficacy of the attractant and repellent is tested and confirmed, it would be 

worthwhile to associate them in a system called “Push-Pull Technology” (PPT). In this 

system, the repellent prevents the harmful insects (e.g. S. calcitrans) from reaching the host 

by causing movement of the insect away from the protected host (push). The associated 

attractant will be used simultaneously to trap the harmful insects (pull) (Hassanali, et al. 

2008). This technology has already been effective in reducing vector-host interactions in 

various systems (e.g. Anopheles gambiae (Menger et al. 2014) Aedes aegypti (Obermayr et 

al. 2015), Anopheles albimanus, Anopheles vestitipennis (Wagman et al. 2015)). 
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Lastly, it is also important to examine processes by which the discovered attractants and 

repellents are perceived by the S. calcitrans neural system (from the peripheral sensory organ 

(sensilla) to the primary olfactory centre (antennal lobe) and then to the higher brain 

(mushroom body and lateral horn)). Delineating this olfactory circuit will help to determine 

how odours are detected, encoded into neural activity and translated to a behavioural output 

(attraction or repulsion) in S. calcitrans. 

 

6.3 CLOSING REMARKS 

The main objective of my thesis was to study the oviposition decisions in Stomoxys 

calcitrans, the associated fitness consequences for offspring, the olfactory cue(s) involved, 

and the influence of biotic factors in egg-laying decisions. My thesis clearly demonstrates 

the existence of olfactory-guided preference-performance oviposition behaviour in S. 

calcitrans gravid females. I have identified two odourant molecules (β-citronellene and 

carvone) used by the females of this fly to locate substrates with good nutritional value for 

their progeny. Most interestingly, I showed that when those molecules are incorporated in a 

field trapping system, they significantly enhance S. calcitrans catches. Furthermore, without 

identifying the olfactory cues implicated, I demonstrated that S. calcitrans gravid females 

use their sense of smell to avoid substrates with competitors. This suggests that further 

studies aiming to elucidate the molecules responsible for this repellency are needed. 
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egg-laying decisions based on 
olfactory cues enhance offspring 
fitness in Stomoxys calcitrans  
L. (Diptera: Muscidae)
steve B. s. Baleba  1,2, Baldwyn torto  1,2, Daniel Masiga  1, Christopher W. Weldon  2 & 
Merid N. Getahun1

Selection of oviposition substrate is critical in holometabolous insects. Female stable flies, Stomoxys 
calcitrans, locate and select vertebrate herbivore dung in which they lay their eggs. However, the 
preference for vertebrate herbivore dung by S. calcitrans females, its fitness consequences for offspring, 
and the semiochemicals used to locate and select oviposition substrates remain unclear. Using oviposition 
choice tests and life table bioassays we found that gravid female S. calcitrans prefer to oviposit on donkey 
and sheep dung, which also improves the performance of their offspring. GC-MS analysis followed by 
random forest classification identified β-citronellene and carvone as the most important predictive volatile 
organic compounds of donkey and sheep dung, respectively. In multiple choice oviposition bioassays, S. 
calcitrans laid more eggs in wet sand containing β-citronellene and carvone than in other treatments. The 
attractiveness of these compounds was confirmed in a field trial, with traps baited with β-citronellene and 
carvone catching more S. calcitrans. We conclude that gravid female S. calcitrans use semiochemical cues 
to choose oviposition substrates that maximise offspring fitness.

In holometabolous insects, oviposition site selection by gravid females plays an important role in their distri-
bution, abundance, and population dynamics owing to the immobility of egg stages combined with the lack of 
parental care1. Location and selection of the most appropriate substrate for oviposition involves visual, olfactory 
and mechanical cues2. According to Städler3, the nutritional and chemical composition of the environment deter-
mine the success of development in almost all insects, thus olfactory cues play a paramount role during ovipo-
sition site selection. When selecting a suitable site for oviposition, insects might use a single chemical cue4,5 or a 
mixture of important chemical cues6–9.

Jaenike10 postulated that gravid female insects prefer to oviposit on substrate that maximise the fitness of their 
offspring. This was termed the ‘preference-performance’ or ‘mother knows best’ hypothesis. Oviposition sub-
strates used by female insects include animal dung, fruits, and leaves which are abundant and rich in nutrients4–6. 
The preference-performance relationship has been widely explored in phytophagous insects, with some studies 
confirming a positive relationship between preference and performance7–9, while others show poor correspond-
ence11–15. In hematophagous insects, understanding of the preference-performance relationship is most advanced 
in mosquitoes. For instance, there is a positive correlation between oviposition preference and larval performance 
in Culiseta longiareolata16, Aedes triseriatus, and Aedes albopictus17. whereas in Wyeomyia smithii18 and Aedes 
aegypti19, a negative correlation has been observed. However, these studies do not consider the chemical basis 
driving the preference-performance interaction. Here we investigated the preference-performance hypothesis in 
the stable fly, Stomoxys calcitrans (Diptera: Muscidae), and the chemical basis involved in this interaction.

Stomoxys calcitrans is a cosmopolitan blood-feeding insect of medical and veterinary importance20. For the 
success of their mating, egg production and survival, both female and male S. calcitrans depend on repeated blood 
meals from diverse domestic (e.g., camel, cattle, horse) and wild animal hosts (e.g., buffalo, antelope, zebra)21,22 
as well as humans23. During their blood meals, S. calcitrans can transmit viruses (e.g., West Nile fever virus)24, 
bacteria (e.g. Bacillus anthracis)25, protozoans (e.g. Trypanosoma evansi)26 and helminths (e.g. Habronema 
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microstoma)27. In the USA alone, Taylor et al.28 estimated that economic losses attributed to S. calcitrans infesta-
tion were >$2 billion per year.

The dung of vertebrate herbivore animals is used as an oviposition substrate by female S. calci-
trans29–31. However, preference by S. calcitrans for vertebrate herbivore dung of different species, the fit-
ness costs to its offspring, and the semiochemicals involved remain unclear. In this study, we investigated the 
preference-performance hypothesis in S. calcitrans oviposition behaviour on dung of different vertebrate herbi-
vores, and the semiochemical basis of this interaction. We demonstrate that gravid female stable flies oviposit on 
substrates that have fitness benefits for their offspring using finely tuned responses to semiochemical cues in pre-
ferred substrates such as β- citronellene and carvone. We then used these semiochemicals to perform laboratory 
and field trials to test their attractiveness to female S. calcitrans. This information will prove useful for developing 
effective lures to attract and kill gravid females, and thereby suppress S. calcitrans abundance.

Results
Gravid female S. calcitrans prefer donkey and sheep dung for oviposition. Gravid female S. cal-
citrans consistently chose donkey and sheep dung as oviposition substrates over the other dung tested. The mean 
number of eggs laid on each substrate by gravid females was significantly different (Fig. 1A, Kruskal-Wallis test: 
H = 30.702, d.f = 9, P < 0.001). Females laid more eggs on donkey and sheep dung followed by zebra dung than on 
the dung of cow, camel, buffalo, elephant, or giraffe, grass and wet sand (control). Results obtained in the labora-
tory with naïve gravid female flies (7–10 days old) mirrored the results obtained in the semi-field assays (Fig. 1B; 
H = 59.497, d.f = 9, P < 0.001). The higher number of eggs laid on donkey and sheep dung resulted from a higher 
mean number of batches (Fig. 1C; H = 54.13, d.f = 9, P < 0.001) and mean number of eggs per batch (Fig. 1D; 
H = 59.38, d.f = 9, P < 0.001).

Preferred oviposition substrates enhance fitness of S. calcitrans offspring. Having shown that 
gravid female S. calcitrans prefer to oviposit in the dung of particular vertebrate herbivores, we tested whether 
female preference led to improved performance by offspring. Egg hatchability, larval and pupal development 
time, larval weight and pupal weight were recorded as fitness parameters. We found that egg hatchability 
(GLM, χ2 = 18.355, d.f = 3, P < 0.001), larval development time (F3,36 = 132.2, P < 0.001), larval weight (Day 5: 
H = 130.52, d.f = 3, P < 0.001; Day 10: H = 147.26, d.f = 3, P < 0.001), pupal development time or adult emer-
gence (F3,36 = 17.48, P < 0.001), larval growth rate (H = 136.41, d.f = 3, P < 0.001), pupal weight (F3,156 = 140.4, 
P < 0.001) and adult emergence time (F3,36 = 17.48, P < 0.001) were affected by dung type. Egg hatchability was 
highest in donkey followed by camel, cow and sheep dung (Fig. 2A). Development time from egg to pupal stage 
was significantly shorter in donkey and sheep dung than in cow and camel dung (Fig. 2B). Larvae that developed 
in donkey and sheep dung were heavier at days 5 and 10 (Fig. 2D); consequently, they had the best growth rates 
(Fig. 2E). Pupae from donkey and sheep dung weighed more than those from cow and camel dung (Fig. 2F).

Figure 1. Gravid female S. calcitrans prefer to oviposit on donkey and sheep dung. (A) Mean number of eggs 
laid on dung of each vertebrate herbivore by wild female S. calcitrans. (B) Mean number of eggs laid on dung of 
each vertebrate herbivore by naïve female S. calcitrans. (C) Mean number of egg batches deposited on dung of 
each vertebrate herbivore by naïve female S. calcitrans. (D) Mean number of eggs per batch laid by naïve female 
S. calcitrans. Error bars indicate standard error of the mean (SEM). Bars with different letters are significantly 
different from each other (Kruskal-Wallis test followed by Dunn’s post hoc test; P < 0.05, n = 10).
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Preference-performance relationship positively correlated with the physicochemical compo-
sition of preferred substrates. Our results clearly demonstrated that oviposition preference of gravid 
female S. calcitrans contributes to fitness of their offspring. Due to this, we set out to determine whether the 
preference-performance relationship was correlated with the physicochemical composition of the different ovi-
position substrates. We analysed the physical properties and micronutrient contents of the two preferred sub-
strates (donkey and sheep dung) and non-preferred substrates (camel and cow dung). There was a significant 
difference in the physiochemical properties of the different animal dung (Fig. 3A, MANOVA: Pillai’s trace = 2.99, 
F3,36 = 2734, P < 0.001). Cow dung had the highest percentage of water content (Fig. 3A.1) and the lowest percent-
age of dry matter (Fig. 3A.2). The pH was lowest in donkey dung (Fig. 3A.3). We found a lower carbon/nitrogen 
ratio (Fig. 3A.4) and a higher amount of copper (Fig. 3A.9) in sheep dung. Phosphorus (Fig. 3A.5), potassium 
(Fig. 3A.6) and zinc (Fig. 3A.8), were higher in donkey and sheep dung; while calcium was highest in camel dung 
(Fig. 3A.7).

To correlate oviposition choice, fitness and physicochemical parameters, we performed a principal component 
analysis (PCA). We found these parameters to be highly correlated (Fig. 3B), indicating that S. calcitrans gravid 
females appear to consider the physiochemical properties of substrates when deciding to oviposit. The first two 
dimensions of the PCA explained 81.6% of the total variation. Dimension 1 was associated with the propor-
tion of phosphorus and potassium in dung, and accounted for 50% of the total variation. Dimension 2, which 
accounted for 31.6% of the total variation, was highly correlated with carbon/nitrogen ratio and the proportion 
of copper in dung. To clearly illustrate correlations among measured variables, we constructed a correlogram 
(Fig. 3C). Oviposition was positively correlated with larval weight (r = 0.58, P < 0.001) and pupal weight (r = 0.64, 
P < 0.001); and negatively correlated with larval developmental time (r = −0.48, P < 0.001). Larval weight and 
pupal weight were positively correlated with the proportion of zinc (r = 0.59, P < 0.001; r = 0.75, P < 0.001), 
potassium (r = 0.59, P < 0.001; r = 0.73, P < 0.001), phosphorus (r = 0.68, P < 0.001; r = 0.77, P < 0.001), and 
copper (r = 0.75, P < 0.001; r = 0.42, P = 0.0074) which were more abundant in preferred oviposition substrates. 
Larval weight and pupal weight were negatively correlated with the proportion of calcium (r = −032, P = 0.0436; 
r = −0.55, P < 0.001) and carbon/nitrogen ratio (r = −0.74, P < 0.001; r = −0.42, P = 0.0074), which were higher 
in non-preferred oviposition substrates. Larval developmental time was positively correlated with dung water 
content (r = 0.66, P < 0.001) and carbon/nitrogen ratio (r = 0.73, P < 0.001), and negatively correlated with 
the proportion of phosphorus (r = 0.69, P < 0.001), potassium (r = 0.66, P < 0.001), and copper (r = −0.66, 
P < 0.001), which were again higher in donkey and sheep dung.

Figure 2. Gravid female S. calcitrans prefer to oviposit on substrates that enhance the fitness of offspring. 
(A–C) Bar plots showing: (A) egg hatchability, (B) larval development time, (C) adult emergence times when 
S. calcitrans offspring were reared in camel, cow, donkey, and sheep dung. Error bars represent SEM. Bars with 
different letters are significantly different from each other (ANOVA followed by SNK post hoc test; P < 0.05, 
n = 10). (D–F) Boxplots illustrating: (D) larval weight at five (brown) and ten days (pink), (E) larval growth 
rate, (F) pupal weight of S. calcitrans when raised in camel, cow, donkey, and sheep dung. Boxplot whiskers 
indicate ± 1.5 interquartile range limits. Box plots with different letters are significantly different from each 
other [grouped by the Kruskal-Wallis test followed by Dunn’s post hoc test for larval weight and larval growth 
rate, and ANOVA followed by SNK’s post hoc test for the pupal weight (P < 0.05, n = 10)].
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Figure 3. Oviposition substrates vary in their physiochemical properties. (A) Boxplot depicting results of 
physicochemical analysis of camel, cow, donkey and sheep dung: (1) water content, (2) dry matter, (3) pH, (4) 
carbon/nitrogen ratio, (5) phosphorus proportion, (6) potassium proportion, (7) calcium proportion, (8) zinc 
proportion and (9) copper proportion. The ends of boxplot whiskers represent the minimum and maximum of 
all the data. Boxes with different letters are significantly different from each other based on MANOVA followed 
by SNK post-hoc tests. (B) Principal component biplot showing the relation between S. calcitrans oviposition 
preference, larval performance and dung composition. Black ellipse: camel dung; orange ellipse: cow dung; 
magenta ellipse: donkey dung; and green ellipse: sheep dung. (C) Correlogram highlighting the direction and 
intensity of the correlation between oviposition preference, larval performance traits, and dung composition. 
Red and blue denote high negative and positive correlation, respectively; white indicates absence of correlation.
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Oviposition substrates are distinct in their volatile organic compound (VOC) composition. We 
determined whether oviposition preference behaviour observed in gravid female S. calcitrans (Fig. 1) was poten-
tially mediated by olfactory cues by using coupled gas chromatography-mass spectrometry (GC-MS) to analyse 
the VOC composition of all dung types used in the oviposition bioassays. GC-MS analysis identified a wide range 
of VOCs emitted by the substrates (Fig. 4A). Using multidimensional scaling ordination, we found that each dung 
type had a distinct VOC composition (Fig. 4C).

Signature VOCs of donkey and sheep dung elicit strongest oviposition. We hypothesised that 
gravid females of S. calcitrans use signature VOCs to locate suitable oviposition substrates, and that in our study 
these signature VOCs are represented by compounds that are abundant and permanently present (most impor-
tant volatiles) in donkey and sheep dung. To test this hypothesis, we first classified the VOCs of each dung using 
a classification algorithm method called “random forest” (RF), which has been used successfully in others stud-
ies32–34. Based on the function “importance ()” embedded in the Random Forest R software package, we obtained 
the mean decrease in accuracy (MDA) of each volatile present in each dung. As the rule of thumb, VOCs with 
the highest MDA are, the most important, namely abundant and permanently present across all the replicates 
of tested vertebrate herbivore dung. Based on that rule we found that carvone was the most important VOC of 
buffalo and sheep dung; while p-cymene, limonene, β-citronellene, cyperene, m-cresol, and camphene were the 
most important VOCs of camel, cow, donkey, elephant, giraffe, and zebra dung, respectively (Fig. 4B), with a 
classification accuracy of 87.9%.

Having determined the most important VOC of each dung, we next asked if the most important VOC from 
donkey and sheep dung would stimulate more gravid female S. calcitrans to oviposit. To test this, we conducted 
a multiple-choice oviposition bioassay where gravid females of S. calcitrans were presented with wet sand loaded 
with the synthetic standard of the single most important VOC of each substrate at 10−2 v/v dilution. We found 
that oviposition by S. calcitrans varied across the tested VOCs (Fig. 4D: H = 25.30, df = 6, P < 0.001). In compar-
ison with other media, gravid female S. calcitrans laid more eggs on the media loaded with β-citronellene and 
carvone, which are the most important VOCs of preferred oviposition substrates, donkey and sheep dung, respec-
tively. To verify whether only β-citronellene and carvone led to the observed increase in number of eggs laid, we 
replaced β-citronellene and carvone with β-caryophyllene and m-xylene, which are the most important VOCs 
from donkey and sheep dung, respectively, and recorded oviposition. Neither β-caryophyllene nor m-xylene 
induced a significant increase in the mean number of eggs laid (Fig. 4E: H = 3.78, df = 6, P = 0.71). We concluded 
that β-citronellene and carvone were signature VOCs used by gravid females as olfactory cues to identify the best 
oviposition substrates.

β- Citronellene and carvone enhance trap catch of S. calcitrans. Having identified the VOCs that 
stimulate gravid female S. calcitrans to oviposit more on donkey and sheep dung, we assessed their attractive-
ness under field conditions. A Latin square design experiment was performed at Mpala Research Centre (www.
mpala.org) located in Laikipia County, Kenya (Fig. 5A) using monoconical traps (Fig. 5B). Traps were baited 
with different VOCs (Fig. 5C) and rotated daily to account for any bias resulting from trap location35. Each treat-
ment consisted of an undiluted solution of β-citronellene, carvone, Blend A (carvone + β-citronellene), Blend B 
(β-citronellene + valencene), Blend C (carvone + valencene + γ- terpinene), m-cresol (positive control: already 
known to attract S. calcitrans; see Tangtrakulwanich36), or a negative control (unbaited trap).

Overall, we caught more S. calcitrans [8702 (85%)] than other insects [1739 (15%)] (χ2 = 4643.6, df = 1, 
p < 0.001). Other insects mainly comprised house flies, Musca domestica [1706 (98.1%)]. The number of S. calci-
trans caught significantly varied with VOC treatment (GLM.nb: LR = 15.74, df = 6, P < 0.05). The mean number 
of S. calcitrans caught by traps baited with β-citronellene, Blend A, Blend B, carvone, Blend C and m-cresol were 
respectively 3.9, 3.3, 3.30, 2.6, 2.5 and 2.4 times more than those caught in unbaited traps (Fig. 5D).

Irrespective of VOC treatment, we caught significantly more blood fed (58.6%)) than unfed S. calcitrans 
(41.41%) (χ2 = 256.5, df = 1, P < 0.001). The number of blood-fed flies varied significantly among VOC treat-
ments (GLM.nb: LR = 9.83, df = 6, P < 0.05). Traps baited with β-citronellene, Blend A, Blend B, carvone and 
Blend C caught significantly more blood-fed S. calcitrans than the unbaited trap. Conversely, trap catches of 
blood-fed S. calcitrans with m-cresol baited and unbaited traps were not significantly different (Fig. 5E).

During the entire period of trapping, we caught significantly more female S. calcitrans (65%) than males (35%) 
(χ2 = 741.39, df = 1, P < 0.001). The VOC treatment significantly affected the sex ratio (female to total number 
of individuals ratio) of caught flies (F6,42 = 3.74, P = 0.0045). The sex-ratio was female-biased in traps baited with 
β-citronellene, carvone, Blend B, Blend A, and m-cresol, while the unbaited traps caught the same number of 
females and males (Fig. 5F).

The number of gravid females caught significantly differed among the VOC treatments (GLM.nb: LR = 14.35, 
df = 6, P < 0.05). Among all the VOC treatments, only traps baited with β-citronellene caught significantly more 
gravid females of S. calcitrans than the unbaited traps. The mean number of gravid flies caught by traps baited 
with carvone, m-cresol, Blend A, Blend B, Blend C was not significantly different from the unbaited trap catch 
(Fig. 5G).

Discussion
Our results demonstrate that gravid female S. calcitrans exhibit a preference-performance oviposition behaviour 
that is mediated by olfactory cues. Additionally, these results demonstrate that oviposition preference is associ-
ated with better fitness of S. calcitrans immature stages.

Results from the oviposition preference bioassay revealed that gravid female S. calcitrans preferred to lay eggs 
on donkey dung followed by sheep dung. This has also been reported by Hafez & Gamal-Eddin30 but the causes 
for this preference and the fitness benefits were not investigated. We demonstrated that oviposition preference by 
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Figure 4. The most important volatiles from donkey (β-citronellene) and sheep (carvone) dung elicit the 
strongest oviposition response by S. calcitrans gravid females. (A) Representative GC–MS chromatogram of 
each vertebrate herbivore dung and most important semiochemicals. (B) Multidimensional scaling (MDS) plot 
showing the segregation of vertebrate herbivore dung based on their VOC composition. (C) Histogram showing 
the classification of the ten most important VOCs from vertebrate herbivore dung based on the Mean Decrease 
in Accuracy (MDA) of the Random Forest analysis. VOC associated with the darkest histogram has the highest 
MDA value and consequently, the most important. (D,E) Bar plots representing: (D) mean number of eggs 
laid by gravid female S. calcitrans on each oviposition medium (wet sand) loaded with the most important 
VOC of each vertebrate herbivore dung. Error bars represent SEM. (E) mean number of eggs laid by gravid 
female S. calcitrans on each oviposition medium (wet sand) loaded with the most important chemical volatile 
of each vertebrate herbivore dung with the replacement of β-citronellene and carvone by β-caryophyllene and 
m-xylene, respectively. Bars with different letters are significantly different from each other (Kruskal-Wallis test 
followed by Dunn’s post hoc test; P < 0.05). Error bars represent SEM.
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female S. calcitrans was related to better fitness of S. calcitrans immature stages. For instance, larvae and pupae 
of S. calcitrans were heavier and developed more rapidly on donkey and sheep dung. This may reflect the higher 
nutritional value of these specific substrates for S. calcitrans37. We show that nitrogen, zinc, potassium, phos-
phorous and copper content were significantly higher in donkey and sheep dung. These elements were posi-
tively correlated with larval and pupal weights and negatively correlated with developmental time. The positive 
effect of these elements in insect fitness is widely acknowledged in the literature38–41. Similarly, Perkins et al.42 
demonstrated that augmentation of the diet with phosphorus increased the growth rate of the tobacco hornworm, 
Manduca sexta (L) (Lepidoptera: Sphingidae).

Evidence for the preference-performance relationship has been demonstrated in other insect groups although 
studies have been heavily biased towards herbivorous insects. For example, Heisswolf et al.43 found that females 
of the monophagous beetle Cassida canaliculata (Coleoptera: Chrysomelidae) preferred to oviposit on larger 
host plants (rich in nitrogen), which then led to improved larval performance and survival in comparison with 
larvae developing on smaller host plants. Similarly, Chen et al.44 have shown that cotton with a higher level of 
nitrogen is suitable for oviposition and development of larvae of the beet armyworm, Spodoptera exigua (Hübner) 
(Lepidoptera: Noctuidae). When offered a choice between two cultivars of Brassica oleracea (Derby Day and 
Drago), female diamondback moths, Plutella xylostella (Lepidoptera: Plutellidae) laid more eggs on the cultivar 
with lower glucosinolate concentration, which also maximised larval performance45.

Our results revealed that the preference-performance behaviour observed in S. calcitrans was driven by olfac-
tory cues. We demonstrated that although vertebrate herbivore dung contained a plethora of VOCs [more than 

Figure 5. β-citronellene and carvone significantly enhance S. calcitrans trap catch. (A)Trapping site map, (B) 
Monoconical trap (C) Cotton roll dispenser in 4 ml vial with perforated cap. (D–G) bar plots depicting: (D) the 
mean number of S.calcitrans caught, (E) the mean number of S.calcitrans blood fed flies caught, (F) the mean 
value of S.calcitrans sex ratio, (G) the mean number of S.calcitrans gravid females caught. Error bars represent 
SEM., treatment with an asterisk (*) above the error bar are significantly different from the negative control 
(unbaited trap) [Dunnett’s t-test (P < 0.05, n = 7)].
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45 each (Fig. 4A)], S. calcitrans used a single semiochemical to select an oviposition site. For instance, only one 
VOC identified using random forest analysis was enough to mimic the presence of preferred or unpreferred ver-
tebrate herbivore dung. As predicted, the most important VOC from donkey dung (β-citronellene) was enough 
to mimic the stimulatory effect of the substrate. On the other hand, media loaded with carvone did not signifi-
cantly differ from the other media (Fig. 5D). This result shows that to mimic the response of gravid S. calcitrans to 
sheep dung, some components might be missing. Several studies report that a single compound might be enough 
for females to detect oviposition substrates and initiate oviposition4,46, while in other cases a signature blend of 
VOCs might be required for the same outcome6,47. In the absence of β-citronellene and carvone, S. calcitrans 
gravid females failed to exhibit a preference for any substrate. Instead, they laid eggs randomly on each presented 
medium including those that led to poor fitness, demonstrating the importance of β-citronellene and carvone in 
oviposition-site selection. However, it is not clear how these semiochemicals relate to the nutrient value of the 
substrates. It is likely that other sensory modalities play a role, such as taste. Jeanbourquin & Guerin29 reported 
the presence of β-citronellene in horse dung (like donkey, in the family Equidae) with electrophysiological activ-
ity in S. calcitrans antennae, but the authors did not go on to explore the effect of this chemical on S. calcitrans 
behaviour.

Synthetic semiochemicals eliciting a specific behaviour in insects can enhance insect catches when used as a 
bait in field trapping systems48–50. This was confirmed in our field work when we baited monoconical traps with 
β-citronellene, carvone, Blend A, Blend B, and Blend C. In this experiment, S. calcitrans represented 85% of insects 
caught, which supports the results of Mihok et al.51 and Tunnakundacha et al.52 who reported that monoconical 
traps are efficient for trapping flies in the subfamily Stomoxyinae. Traps baited with β-citronellene, carvone, Blend 
A, Blend B, and Blend C captured more flies than unbaited traps (negative control) and traps baited with m-cresol 
(positive control) (Fig. 5D). When checked for feeding status, traps baited with the same VOC treatments cap-
tured more engorged flies than the unbaited traps (Fig. 5E). A possible explanation for this result is that vertebrate 
herbivore dung is more likely to be visited by fed females for oviposition. Additionally, males of S. calcitrans are 
also attracted to dung-derived semiochemicals, most probably to look for females for mating. Interestingly, when 
we checked for gravid status, we found that only traps baited with β-citronellene caught significantly (4.5 times) 
more gravid female S. calcitrans than unbaited traps. Also, traps baited with blends containing β-citronellene 
[Blend A (carvone + β-citronellene) and Blend B (β-citronellene + valencene)] captured more gravid flies than 
traps baited with carvone, m-cresol, and Blend C (carvone + valencene + γ-terpinene) (Fig. 5G). This clearly 
shows that, either as a single or combined with other dung volatiles, β-citronellene efficiently attracts gravid 
female S. calcitrans.

In conclusion, gravid female S. calcitrans exhibit a preference-performance oviposition behaviour driven by 
signature odours emanating from vertebrate herbivore dung. Larvae and pupae developing from eggs laid on 
preferred substrates exhibit higher fitness than those that develop on non-preferred substrates. Furthermore, a 
single or blend of signature VOCs such as β-citronellene and carvone increased S. calcitrans female attraction and 
stimulated oviposition both under laboratory and field conditions. The high level of female-biased attraction, 
including high levels of gravid female and blood-fed flies, to the semiochemical β–citronellene associated with 
oviposition substrates, is promising for its potential use in the management of S.calcitrans.

Material and Methods
Insects and oviposition substrates. To establish the colony, wild individuals of S. calcitrans were cap-
tured at icipe Duduville campus in Nairobi (1°13′12″S, 36°52′48″E; 1,600 m above sea level) using a Vavoua trap. 
Trapped adults were transferred to cages (75 × 60 × 45 cm) in an insectary maintained at 25 ± 5 °C and 65 ± 5% 
relative humidity, with a 12 L: 12 D photocycle. Flies were fed two times per day (0800 and 1600 hours) on defi-
brinated bovine blood on moistened cotton. The rearing medium consisted of rabbit dung. Rabbit dung was 
placed in plastic containers (21.5 × 14.5 × 7.4 cm) that were introduced to the adult cage for two days to allow 
oviposition. Afterwards, the rearing medium was removed and transferred to another cage and followed daily 
from egg hatch to the pupal stage. Pupae were placed in Petri dishes, removed from the cage, and introduced to 
another cage for age-matched adult emergence. As described above, blood and rearing media were provided to 
the newly emerged adults to obtain flies for experiments.

For our oviposition bioassay, we screened fresh dung of buffalo, camel, cow, donkey, elephant, giraffe, sheep, 
and zebra, which are potential breeding sites for S. calcitrans and abundant in the region where the study was con-
ducted. The dung types were collected from different agroecological zones, including Kapiti Plain in Machiakos 
County (1°37′60″S, 37°0′0″E), Ngurunit in Marsabit County (1°59′58″S, 37°30′11″E), and Shimba Hills located in 
Kwale County (04°15′26″S, 39°23′16″E), Kenya. These localities are characterised by the presence of several pop-
ulations of wild and domestic vertebrate herbivores, as well as biting flies such as S. calcitrans. Dung was collected 
immediately after it was deposited by each species (within 24 hours). To our knowledge, none of the vertebrate 
herbivore populations from which dung was collected received anthelmintic treatments that could potentially 
affect development of coprophagous insects53.

Preference-performance hypothesis test. Multiple-choice oviposition preference bioassay with vertebrate 
herbivore dung. To assess oviposition preference of gravid female S. calcitrans, we began with a multiple-choice 
oviposition bioassay in semi-field conditions, using wild, gravid female, easily recognized by examining the ven-
tral abdomen filled with eggs. S. calcitrans caught directly from the field. A cage (75 × 60 × 45 cm) containing 30 
wild gravid females was placed outside in a shaded, sheltered location. Fresh dung (60 g) from buffalo, camel, cow, 
donkey, elephant, giraffe, sheep, and zebra, as well as grass and wet sand (control), was placed in Petri dishes and 
introduced to the cage. Each Petri dish was separated by at least 20 cm in a circle, with the order of dung being 
haphazard. Twenty-four hours after setting up the bioassay, the total number of eggs laid on each substrate was 
counted. The cages were placed outside at the icipe Nairobi campus from May to June 2017, during which 30 
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replicates were performed. Mean temperature during this period was 22.5 ± 4.7 °C, with 55% relative humidity, 
and 12 L: 12 D photoperiod.

To check the validity of the result from field collected flies under semi-field conditions, we conducted the same 
experiment in a controlled laboratory environment (at 25 ± 5 °C and 65 ± 5% relative humidity, with a 12 L:12 
D photocycle) using 30 naïve, gravid females S. calcitrans (aged from 4 to 6 days) from our established culture. 
Here, the oviposition preference was assessed after 24 hours by recording three parameters: (1) number of batches 
deposited on each substrate, (2) number of eggs per batch, and (3) the total number of eggs deposited on each 
substrate. The laboratory experiment was replicated ten times.

Performance test. We conducted an incomplete cohort life table study for the immature stages of S. cal-
citrans using camel, cow, donkey and sheep dung. This was to test if a detected preference of gravid female S. 
calcitrans to oviposit on donkey and sheep dung in comparison with camel and cow dung was related to the per-
formance of their offspring. Ten S. calcitrans eggs were artificially introduced to each type of dung (n = 10) and 
followed daily until adulthood to record six parameters: (1) egg hatchability, (2) larval development time (from 
egg to pupa), (3) pupal development time (from pupa to adult eclosion), (4) larval weight, (5) larval growth rate 
and (6) pupal weight. Eggs for each treatment were obtained by placing the same dung type in the established 
culture cage 24 hours before commencing the test. The weight parameter was recorded individually on 40 larvae 
and pupae coming from each substrate. Larval weight was recorded 5 and 10 days after egg hatch. Larval growth 
rate was calculated as13 [Mday10−Mday5]/t, where Mday10 was the larval mass at day ten, and Mday5 was the larval 
mass at day five, and t, was the number of days intervening between the two consecutive weight measurements.

Dung sample physico-chemical characterisation. To elucidate whether the performance of S. cacitrans 
offspring is related to the chemical composition of their substrate of development, we determined the proportion 
of nitrogen (N), carbon (C), pH, and micronutrients [copper (Cu), phosphorus (P), potassium (K), zinc (Zn)] 
present in camel, cow, donkey and sheep dung using lyophilised (freeze-dried), ground samples (n = 10). The 
total N was determined using the Kjeldahl method with 0.5 g of each dung material54. The total C expressed 
as a percentage of residues was determined after 4 hours of ignition at 500 °C in a muffle furnace using a 0.5 g 
sample of each dung55. The pH was measured using the potentiometric method after water sample extraction 
(by shaking 1:2 w/v of each sample for 20 minutes at 180 rpm). The micronutrients were measured from 0.5 g 
of each sample using the atomic emission spectrometry (ICP-OES) method following the microwave digestion 
procedure with nitric acid and hydrochloric acid56. Additionally, to determine the water content of each animal 
dung, we recorded the volume (V) and weight (Wwet) of ten fresh samples. Afterwards, we determined the dry 
weight (Wdry) of the same samples by placing them in an oven at 100 °C and reweighing them several times until 
constant weight. We calculated the water content, and the proportion of dried matter of each animal dung using 
the formula54 (Wwet−Wdry)/ Wdry; and (Wwet−Wdry)/V.

Characterisation of semiochemicals emanating from oviposition substrates. Odour collec-
tion. Odours were collected from fresh dung samples from buffalo, camel, cow, donkey, elephant, giraffe, sheep, 
and zebra using a dynamic headspace apparatus57. In this setup, ambient air was passed through copper tubing to 
activated charcoal (for purification), then into a bubble humidifier containing double distilled water. The humid-
ified air was supplied by a vacuum at a flow rate of 150 ml air min−1 through multiple ports (manifolds) to the 
dung samples enclosed in glass jars, which were connected in parallel. Each glass jar had a port for a Super Q 
adsorbent, which trapped any volatile organic compounds from the vacuum air stream. For our collection, 500 g 
of each dung type (replicated five times) was introduced and sealed inside the glass jars (oven sterilised at 100 °C 
for 24 hours). Before use, each adsorbent was cleaned ten times with 200 µL hexane, followed by dichloromethane 
to avoid contamination. Volatiles were collected for 24 hours. Trapped volatile compounds were eluted by wash-
ing the adsorbent with 600 μl hexane and stored in air-tight glass vials at −20 °C until analysed by gas chromatog-
raphy linked with mass spectrometry.

Gas chromatography linked with mass spectrometry. The collected volatile compounds were ana-
lysed using a gas chromatograph coupled to a mass spectrometer (GC–MS; HP 6890 GC and 5975 MS; Agilent 
Technologies, Palo Alto, CA, USA) in the electron impact ionisation mode at 70 eV. Each sample (1 μL) was 
injected into the GC-MS with an autosampler (Agilent Technologies). Injections of the volatile extracts were 
conducted with a splitless injector at 220 °C. Compounds were separated on a nonpolar capillary HP column 
with helium as the carrier gas at an average linear flow rate of 35 cm s−1. The oven temperature was held at 35 °C 
for 5 min and then increased by 10 °C/min to a final temperature of 280 °C, which was held for 10 min. Volatiles 
were then identified by comparison of their mass spectra and retention times with those of commercial standards 
and library database spectra using the NIST mass spectral search program (ver. 2.0), Pherobase (http://www.
pherobase.com) and the NIST web book (http://webbook.nist.gov/chemistry). The identified chemicals were con-
firmed by co-injection with authentic standards and comparison with both the expected retention time and MS 
spectra.

Volatile chemical classification. To identify the volatiles that are abundant and permanently present 
across all the replicates of each herbivorous vertebrate dung (most important volatiles), we performed random 
forest (RF) analysis using the relative abundance of each identified volatile organic compound58 The RF analysis 
is a mathematical algorithm that uses results from several decisions trees to classify a large number of variables 
(chemical volatiles in our case)59. Compared to other classification methods such as principal component anal-
ysis (PCA), the RF analysis is advised for volatile importance classification. This is because (1) it allows for more 
variables; (2) it has a good classification efficiency; (3) it is capable of arriving at a minimal set of variables that can 
be used as predictors for a particular group; (4) it is robust to interactions and correlations among variables; (5) it 
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gives measures of relative variable importance; and (6) it can also be used to analyse time series data that record 
patterns in volatile emissions over time59–61

Multiple-choice oviposition bioassay with the most important dung volatiles. The RF analy-
sis identified carvone as the most important volatile of buffalo and sheep dung. On the other hand, p-cymene, 
limonene, β-citronellene, cyperene, m-cresol, and camphene were identified as the most important volatiles of 
camel, cow, donkey, elephant, giraffe, and zebra dung, respectively. Subsequently, we purchased the synthetic 
standards of the following compounds: (R)-(−)-carvone (98%), p-cymene (99%), (R)-(+)-limonene (93%), 
(+)-β-citronellene (analytical standard), m-cresol (98%), and camphene (95%) (Sigma-Aldrich Germany). 
Cyperene was not tested due to its unavailability of a commercial product.

The attractiveness of each volatile for S. calcitrans oviposition was tested using the concentration 10−2 v/v 
diluted in mineral oil. For the bioassay, seven Petri dishes containing wet sand as an oviposition medium were 
introduced to a cage (75 × 60 × 45 cm). We placed an Eppendorf tube lid loaded with 100 µl of each volatile solu-
tion on the wet sand. The control was wet sand with mineral oil. Thereafter, 30 gravid females of S. calcitrans were 
introduced to the cage. After 24 hours the total number of eggs deposited on each medium was counted. The 
experiment was replicated 15 times. Wet sand (control) was avoided by gravid females of S. calcitrans in our ear-
lier oviposition preference bioassays, so any enhancement of oviposition indicated a stimulant effect on females.

The results of this bioassay revealed that media containing carvone and β-citronellene from sheep and don-
key dung, respectively, attracted more gravid females of S. calcitrans for oviposition over the other volatiles. To 
appreciate the attractiveness effect of carvone and β-citronellene in gravid female S. calcitrans oviposition, we 
conducted another oviposition preference bioassay by replacing these two volatiles with β-caryophyllene and 
m-xylene. β-caryophyllene and m-xylene were present in donkey and sheep dung respectively but less important. 
The same methods were used for this bioassay, which was replicated 15 times, and the total number of eggs laid in 
each Petri dish of wet sand was counted after 24 hours.

Field trapping assay. Finally, we tested the attractiveness of carvone and β-citronellene to S. calcitrans 
(mainly gravid females) under field conditions. To do so, we conducted a field trapping study at Mpala Ranch 
located in Laikipia County in central Kenya (Fig. 5A; 00° 23′26.98″N, 036°52′14.98″E). This region is char-
acterised by semi-arid savannah vegetation in which S. calcitrans are associated with wild animals (elephant, 
zebra, impala, monkey, lion etc.) and domestic animals (mainly camel, cattle, goat and sheep). Vavoua traps21; 
(Fig. 5B) were baited with 2 ml of undiluted synthetic standards of β-citronellene, carvone, and m-cresol, which 
was a positive control, already known to attract S. calcitrans36. Blends of volatile chemicals were also tested. 
These were formulated using the mean decrease accuracy (MDA) value of their chemicals. Blend A comprised 
carvone +β-citronellene (3:2), Blend B comprised β-citronellene + valencene (1:1), and Blend C comprised 
carvone + valencene + γ-terpinene (3.5:3.5:3). Each compound or blend was transferred to a 4 ml glass vial. A 
cotton dental roll (10 × 38 mm; Shanghai Dochem Industries Co. Ltd.) was inserted inside the vial as a dispenser. 
The vial was closed with a perforated cap (5 holes of 2 mm diameter62) and gently tilted to soak the cotton dis-
penser (Fig. 5C). Traps with vials without chemicals were used as a negative control. Each vial was fixed on the 
pole of each trap with a metal wire, 0.5 m above the ground.

Traps were placed 150 m apart in a Latin square design. Trapping was carried out for 7 days with daily rotation 
of vials among the traps. Seven traps per lure were set before 09:00 h daily and checked twice per day at 13:00 h 
and 17:00 h. Stomoxys. calcitrans were identified based on the key of Zumpt63. Identified individuals were sorted 
by sex, blood-feeding status and egg development. Feeding status and egg development were established by gently 
piercing the abdomen of each captured female with a needle to verify the presence of blood and eggs, respectively. 
Three parameters were therefore recorded for each trap: (1) the number of males and females of S. calcitrans 
caught, (2) the number of fed flies caught and (3) the number of gravid females caught.

Data analysis. All analyses were performed using R software64 (version 3.5.1) and the R Studio graphical user 
interface (version 1.1.383). The data from the parameters we used to assess oviposition preference of gravid female 
S. calcitrans (number of batches deposited on each substrate, number of eggs per batch and the total number of 
eggs laid on each substrate) were subjected to the Shapiro-Wilk test of normality and Levene’s test of homosce-
dasticity. Data were not normally distributed, and variances were not homogeneous (p < 0.05). Therefore, we used 
the non-parametric Kruskal-Wallis test followed by Dunn’s post hoc test with Bonferroni’s adjustment (to avoid 
type I error) to determine whether S. calcitrans oviposition differed among the tested substrates65.

Immature performance parameters were analysed in relation to substrate as the dependent variable. Egg 
hatchability data were analysed using a generalised linear model (GLM) with binomial distribution due to the 
binary nature of this parameter (hatched vs unhatched)66. The number of hatched and unhatched eggs were 
taken as the response variable. Model significance was detected by analysis of deviance (with the chi-squared 
test). Tukey’s multiple comparisons tests were performed using the package ‘lsmeans’67 to identify differences in 
egg hatchability among substrates. Larval development and adult emergence time data were normally distrib-
uted (Shapiro-Wilk test: p > 0.05). so we used analysis of variance (ANOVA) followed by Student-Neuman-Keuls 
(SNK) post hoc multiple comparisons tests using the R software package called ‘Agricolae’68 to separate means 
from each substrate. Larval weight and larval growth rate data were analysed using the non-parametric 
Kruskal-Wallis test followed by post-hoc Dunn’s tests due to the non-normal distribution of the data and the 
disparity of their variance. For pupal weight, data were normally distributed, so we used ANOVA followed by the 
SNK post-hoc tests.

To compare the physicochemical composition of camel, cow, donkey, and sheep dung, we performed the 
multivariate analysis of variance (MANOVA) followed by SNK tests. To establish whether dung constituents were 
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correlated to S. calcitrans oviposition preference and the performance of their offspring, we performed principal 
components analysis (PCA) using two R packages called “FactoMineR” and “Factoextra”69.

We classified the chemical volatiles arising from the dung of each vertebrate herbivore, using the R software 
package “RandomForest”58, version 4.6–12. To execute the RF analysis, we ran 10000 iterations (ntree) with 11 
volatiles randomly selected at each split (mtry = √q, where q is the total number of volatiles (120)). Based on the 
function ‘importance ()” we generated the mean decrease in accuracy (MDA), which provides an importance 
score for each volatile. For each herbivore dung, the volatile with the highest MDA value was considered the most 
important32,61. To visualise the similarity of herbivore dung volatile composition, we generated a multidimen-
sional scaling (MDS) ordination plot70 using the function “MDSplot()”of the “RandomForest” package.

Data from multiple-choice oviposition with important volatiles were analysed with the non-parametric 
Kruskal –Wallis test followed by the post hoc Dunn’s test.

For the results from the field trapping assay, we used a generalised linear model with negative binomial error 
distribution and log-link to determine whether bait enhanced S. calcitrans catches (package ‘MASS’71, function 
‘glm.nb’). Post-hoc Dunnett’s tests (R function glht from the package multcomp) were used to compared the num-
ber of flies caught by each baited trap with the unbaited control trap72. We compared the following parameters: 
(1) the number of flies, (2) the number of fed flies, and (3) the number of gravid females caught by each trap. For 
the sex ratio parameter (female number/total number of flies), we used ANOVA followed by Dunnett’s test. All 
statistical results were considered significant when P < 0.05.

Data Availability
The raw data generated and analysed in the current study are available from the corresponding author on reason-
able request.
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Abstract 

Background: In insects, oviposition decisions may lead to egg deposition in substrates with different larval density 
and nutritional levels. Individuals developing in such substrates may present plasticity in their phenotype. Here, we 
investigated the effect of two factors related to oviposition decisions, namely larval density and substrate quality, on 
the wing size and wing shape of the stable fly, Stomoxys calcitrans L. (Diptera: Muscidae).

Methods: We reared S. calcitrans larvae at different densities (5, 15 and 25) and on different substrates (camel, cow, 
donkey and sheep dung). For each fly that emerged, we recorded body weight, and detached, slide-mounted and 
photographed the right wing. Next, we collected 15 landmarks on each photographed wing, and applied geometric 
morphometric analysis to assess variation in wing size and wing shape of S. calcitrans across the different larval densi-
ties and substrate types.

Results: We observed that wing size and wing shape of S. calcitrans were affected by larval density and the nature of 
the developmental substrate. Flies reared in a group of 5 had larger wing centroid size, wing length, wing width, wing 
area and wing loading compared with those reared in a group of 25. Also, flies developed in donkey and sheep dung 
had larger wing centroid size, wing length, wing width, wing area and wing loading in comparison with those grown 
in camel and cow dung. Canonical variate analysis followed by discriminant analysis revealed significant wing shape 
variation in S. calcitrans across the different densities and substrates. Wing size had a significant but weak positive 
effect on wing shape.

Conclusions: This study demonstrates the high sensitivity of S. calcitrans wings to variation in larval density and 
developmental substrate, and that use of landmark-based geometric morphometric analysis could improve our 
understanding of how flies of veterinary importance respond to environmental variability.

Keywords: Stomoxys calcitrans, Wing morphology, Larval density, Developmental substrate, Geometric 
morphometrics, Phenotypic plasticity
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Background
In holometabolous insects, individual fitness mostly 
relies on oviposition decisions by gravid females. When, 
where and how mothers deposit their eggs can affect the 
performance and phenotype of their progeny [1]. There-
fore, it is important for females to oviposit on a substrate 
that provides the best conditions for the next generation. 

However, a female may fail to make the seemingly opti-
mal choice to oviposit on an appropriate substrate that 
could enhance offspring fitness. For instance, Heard [2] 
found that in the pitcher plant mosquito, Wyeomyia 
smithii Coquillett, although larval fitness is better in 
pitchers with fewer conspecific and more midge larvae, 
gravid females did not deposit more eggs in such pitch-
ers. Instead, they laid more eggs in pitchers containing 
either midges or conspecific larvae. Wong et al. [3] found 
that larval survival and development of Aedes aegypti L. 
was poor in containers where gravid females laid more 
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eggs. This imperfection in oviposition decisions generally 
leads to phenotypic variation [4, 5], in which individu-
als react to the inputs of their breeding substrate with a 
change in their form, state, movement, or rate of activ-
ity [6]. These inputs include environmental factors such 
as the dietary value of the substrate and the number of 
individuals sharing the same substrate (density) [7]. In 
evolutionary ecology, understanding how these factors 
influence organism phenotype is a fundamental concern 
because such flexibility can affect fitness, generate nov-
elty, facilitate evolution, and structure ecological commu-
nities [8].

Insect wings are good indicators of population 
responses to changes that occur in their environment [9]. 
Lin et al. [10] demonstrated that variation in food nutri-
ent content and density are key ecological factors related 
to the expression of condition-dependent, adaptive phe-
notypes such as wing polyphenisms. They found that in 
the brown planthopper, Nilaparvata lugens Stål, a seri-
ous rice pest, an increase of long-winged N. lugens in a 
population is related to higher glucose levels in host rice 
plants. Conversely, the appearance of the short-winged 
form of N. lugens is linked to a reduction in host glucose 
level. Dipteran species are particularly well suited for 
studying phenotypic changes induced by the environ-
ment because their wings are highly plastic and wing 
landmarks are homologous across various species [11]. 
Variation in food quality and population density are key 
factors associated with fly wing polyphenisms. In Dros-
ophila buzzatii Patterson & Wheeler and Drosophila 
koepferae Soto et al. [12] detected significant differences 
in wing size and shape between flies that were reared on 
different cactus hosts. In Ae. aegypti, males and females 
have longer wings when developed in conditions of low 
larval density [13].

Changes in wing morphology are known to affect 
insect flight aerodynamics. Long and slender wings are 
optimal for long-duration flight, while short and broad 
wings are optimal for slow and agile flight [14]. Also, 
broad wing bases allow a wider range of speed and a nar-
row wing tip allows less costly, extensive flight [15]. As a 
consequence, wing morphology is closely related to sev-
eral insect behavioural activities including food search-
ing, location of breeding sites and sexual partners, and 
avoidance of natural enemies. In some mosquito species 
such as Anopheles gambiae Giles where wing size is posi-
tively correlated with body size, an increase in wing size 
augments the frequency of blood meals [16]. This then 
leads to an increase in the likelihood of pathogen dissem-
ination [16]. In Aedes albopictus Skuse, there is a positive 
correlation between wing length, larval diet quality, and 
the number of eggs laid [17]. It has been demonstrated 

that males of the olive fruit fly, Bactrocera oleae Rossi, 
with large wings (characterised by a high vibration fre-
quency) achieve higher mating success than males with 
smaller wings [18].

Fly wing vein networks are excellent models for statis-
tical analysis of size and shape variation [19]. In recent 
years, landmark-based geometric morphometric analy-
sis has been increasingly used to analyse insect wings 
to address intraspecific variation [20, 21], interspecific 
variation [22, 23], sexual dimorphism [24, 25], parasite 
detection [26, 27], laboratory strain separation [28] and 
phenotypic plasticity [12, 29, 30]. Geometric morpho-
metric techniques are potent tools to assess the cor-
relation between the size and shape of organisms and 
environmental variables. The approach uses coordinates 
of identified morphological “landmarks” to study the 
form of biological structures in two or three dimensions. 
It involves several statistical techniques that preserve 
shape information and detect even subtle morphologi-
cal variations [31]. Moreover, geometric morphometric 
techniques are cheap, simple and fast [32]. Using geo-
metric morphometric analysis, this study examined the 
changes that occur in the wings of the stable fly, Stomoxys 
calictrans L. (Diptera: Muscidae) reared on different sub-
strates and over a range of larval densities.

Stomoxys calcitrans is a cosmopolitan haematopha-
gous fly that mechanically transmits viruses (e.g. West 
Nile fever virus, Rift Valley fever virus), bacteria (e.g. 
Bacillus anthracis, Pasteurella multocida), protozoans 
(e.g. Trypanosoma evansi, Besnoitia besnoiti), and hel-
minths (e.g. Habronema microstoma, Dirofilaria repens) 
to their hosts, which include cattle, camels, horses, dogs, 
and humans [33–35]. During outbreaks, S. calcitrans can 
reduce weight gain in cattle by up to 19%, and lead to a 
40–60% reduction in milk yields [36, 37]. In the USA, 
Taylor et al. [38] estimated economic losses attributable 
to S. calcitrans infestation at around $2.211 billion per 
year. Gravid female S. calcitrans oviposit on vertebrate 
herbivore dung including that of camel, cow, donkey and 
sheep, with the latter two the most preferred [39]. It has 
already been demonstrated that the fitness of S. calcitrans 
immature stages (hatchability, developmental time, emer-
gence time, larval and pupal weight) varies across these 
substrates due to differences in their physicochemical 
composition [39]. However, the way in which preferred 
and non-preferred substrates affect S. calcitrans wing 
size and wing shape remains unclear. Furthermore, not 
only the substrate nutrient quality but also larval density 
should be assessed. We hypothesised that larval density 
and vertebrate herbivore dung type on which S. calci-
trans develop would affect wing size and shape.
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Methods
Biological material
Stomoxys calcitrans flies were obtained from a single 
culture that had been established for approximately 8 
months at the Duduville campus of the International 
Centre for Insect Physiology and Ecology (icipe) in Nai-
robi (1°13′12″S, 36°52′48″ E; c.1600 m above sea level). 
By sourcing experimental flies from a laboratory cul-
ture, we minimised potential variation between popu-
lations. Adults reared from rabbit faeces were kept in 
cages (75 × 60 × 45 cm) under conditions of 25 ± 5 °C and 
65 ± 5% relative humidity with a photoperiod of 12L:12D. 
Flies were fed twice per day (8:00 and 16:00 h) on defibri-
nated bovine blood poured on moistened cotton.

Density experiment
Gravid female S. calcitrans from the established colony 
were allowed to oviposit on donkey dung placed in plas-
tic containers (21.5 × 14.5 × 7.4 cm). Baleba et  al. [39] 
demonstrated that this dung is best for S. calcitrans 
development. To assess the effect of density of S. calci-
trans on wing size and shape, we reared S. calcitrans lar-
vae at varying densities by gently transferring (using soft 
forceps) 5, 15 and 25 first-instar larvae to plastic cups 
(200 ml) filled with 25 g of donkey dung. We replicated 
this process several times to obtain 30 emerged females 
and 30 emerged males. After emergence, each individual 
was weighed, killed in 70% ethanol, and its right wing 
was gently removed from the thorax using a fine clamp. 
The removed wings were slide-mounted (dorsally placed 
between two microscope slides) to avoid deformation 
and to enhance accuracy during photography and land-
mark collections [40]. We photographed the wings at 
16× magnification with a Leica DFC320 digital camera 
coupled to a Leica S6 microscope.

Substrate quality experiment
To test the effect of substrate on S. calcitrans wing size 
and shape, 10 first-instar larvae were transferred to and 
permitted to develop on 25 g of camel, cow, donkey or 
sheep dung. It has been shown that these substrates differ 
in their physico-chemical composition and affect devel-
opment and adult body weight [39]. We replicated the 
process several times to obtain 30 emerged females and 
30 emerged males. After emergence, each individual of S. 
calcitrans was weighed, killed in 70% ethanol, the right 
wing was removed and slide-mounted, and wings were 
photographed as described above.

Wing geometric morphometric analysis
To collect wing landmark coordinates, we opened the 
digital photographs in ImageJ software [41] and gen-
erated Cartesian coordinates for 15 wing landmarks 
(Fig.  1). To quantify measurement error relative to the 
landmark digitalisation, we collected landmarks for the 
wings of all 30 individuals reared from donkey dung three 
times. After executing the generalised Procrustes analysis 
to extract shape information from the data and eliminate 
differences in orientation, position and isometric size, we 
ran analysis of variance (ANOVA) and multivariate anal-
ysis of variance (MANOVA) tests to determine if wing 
size and the wing shape of S. calcitrans varied across the 
three landmark collections [42] (Table 1).

Four parameters were derived to describe wing size of 
S. calcitrans: (i) centroid size; (ii) wing length (distance 
between the 6th and 12th landmark); (iii) wing width 
(distance between the 3rd and 8th landmark) (Fig.  1); 
and (iv) wing area. The centroid size, also called the 
“configuration barycentre” is a global size (or multidi-
mensional measurement) calculated as the square root 
of the sum of squared Euclidean distances between each 
landmark and the wing centroid. We computed centroid 

Fig. 1 Dorsal view of the right wing of S. calcitrans. Numbers indicate the location of 15 selected landmarks (described in Table 1)
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size using PAST software V.3.09 [43]. Also, based on the 
adult weight parameter, we calculated wing loading (in 
kg/m2) using the formula: wl = mass/wing area [44]. To 
assess the effect of larval density (5, 15 and 25) and sub-
strate type (camel, cow, donkey and sheep dung) on the 
parameters described above, we ran analyses of variance 
(ANOVA) followed by post-hoc Student-Newman-Keuls 
(SNK) tests after checking the wing size parameters for 
normality using the Shapiro-Wilk test (P > 0.05). To iden-
tify correlations between centroid size, wing length, wing 
width, wing area, adult weight and wing loading, we per-
formed separate principal components analysis (PCA) 
for larval density and substrate type. We used R version 
3.5.1 software [45] to compute all statistical analyses.

To assess wing shape variation across the different 
densities and substrates, we imported the raw landmark 
Cartesian coordinates into MorphoJ software [46]. This 
software was first used to perform a generalised Pro-
crustes analysis to extract shape information from the 
data and eliminate differences in orientation, position and 
isometric size. Afterwards, we ran separate multivariate 
analyses of variance (MANOVA) to compare wing shapes 
across the different larval densities (5, 15 and 25) and sub-
strates (camel, cow, donkey and sheep dung). Using PAST 
software, we performed thin plate spline analysis to visu-
alise wing shape deformations. We used canonical variate 
analysis combined with discriminant analysis to analyse 
the relative similarities and dissimilarities of the different 

wing groups. To determine the significance of pairwise 
differences in mean shapes, we performed permutation 
tests (10,000 rounds) with Mahalanobis distances and 
Procrustes distances. To assess the effect of wing size on 
wing shape (allometry), we fit a linear regression between 
the Procrustes coordinates and the centroid size, using a 
permutation test with 10,000 randomisations. For all of 
these analyses, we excluded the effect of sex because pre-
liminary analyses indicated that wing shape of females 
and males did not differ.

Results
Measurement error test
The landmarks measured repeatedly on the same indi-
vidual wing (3 times) were not significantly different for 
both size (ANOVA, F(2,84) = 0.03; P = 0.97) and shape 
(MANOVA, F(48,2016) = 0.6; Pillai’s trace = 0.16; P = 0.99). 
Therefore, we ruled out error due to landmark digitalisa-
tion, and we considered that any differences found in the 
morphology of S. calcitrans wings resulted from the two 
factors manipulated in our study (larval density and sub-
strate type).

Effect of larval density on the wing geometry of S. 
calcitrans
Wing size parameters
Larval density significantly affected wing centroid size 
(F(2,84) = 104.1, P < 0.0001), wing length (F(2,84) = 97.91, 
P < 0.0001), wing width (F(2,84) = 85.63, P < 0.0001), 
wing area (F(2,84) = 22.67, P < 0.0001), adult weight 
(F(2,84) = 4.51, P = 0.014) and wing loading (F(2,84) = 14.35, 
P < 0.0001) of S. calcitrans. We obtained the largest wing 
centroid size (Fig.  2a.i), wing length (Fig.  2a.ii), wing 
width (Fig.  2a.iii), wing area (Fig.  2a.iv), adult weight 
(Fig.  2a.v) and wing loading (Fig.  2a.vi) in flies reared 
from a group of five larvae. The biplot from the principal 
component analysis separated flies reared in a group of 
five from those reared in a group of 25; flies reared in a 
group of 15 occupied an intermediate position (Fig. 2a). 
The two first dimensions accounted for 85.6% of the total 
wing size variation. Dimension 1 explained 60.6% of the 
total variation, with wing length as the major contribu-
tor. Dimension 2 accounted for 25% of the total variation, 
with wing loading as the major contributor. Except for 
an absence of correlation between adult weight and cen-
troid size (r = 0.18, P = 0.094), and adult weight and wing 
area (r = 0.02, P = 0.83), all other parameters were signifi-
cantly correlated either negatively or positively (Table 2). 
For instance, wing loading was positively correlated with 
adult weight (r = 0.50, P < 0.0001) and negatively cor-
related with wing width (r = − 0.43, P < 0.0001), wing 
length (r = − 0.46, P < 0.0001), centroid size (r = − 0.50, 
P < 0.0001), and wing area (r = − 0.60, P < 0.0001).

Table 1 Description of the 15 anatomical landmarks used to 
characterise S. calcitrans wing geometry. Numbers relate to 
landmarks shown in Fig. 1

Anatomic 
position of 
landmark

Description

1 Costal vein intersection with humeral vein

2 Costal vein intersection with subcosta vein

3 Costal vein intersection with radial vein 1

4 Costal vein intersection with radial vein 2+3

5 Costal vein intersection with radial vein 4+5

6 Costal vein intersection Medial vein

7 Basal median cubital vein intersection medial vein

8 Basal median cubital vein and anterior cubital 2

9 Radial vein 4+5 vein intersection with radial medial

10 Medial vein intersection with radial medial vein

11 Radial 2+3 vein intersection with radial 4+5 vein

12 Medial vein intersection with distal median cubital

13 Anterior cubital vein 1 intersection with distal median 
cubital

14 Anterior cubital vein 1 intersection with anterior cubital 
vein 2

15 Anal vein 1 intersection with anterior cubital vein 2
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Wing shape parameters
The wing shape of S. calcitrans significantly differed 
between the larval densities (MANOVA, F(52,1872) = 2.26; 
Pillai’s trace = 0.99; P = 0.0059). The thin plate spline 
(Fig.  3a) showed the variation in expansions and con-
tractions in wing vein intersections (landmarks) of flies 
emerged from densities of 5, 15 and 25. For instance, in 
flies from densities of 5 and 15, the landmarks 4, 5 and 6 

underwent expansion movement, while in the flies from 
a density of 25, the same landmarks contracted. Addi-
tionally, in flies from densities of 5 and 25, expansions in 
the landmarks 12, 13 and 14 were more pronounced (red 
coloured) compared to those of flies from a density of 15 
(yellow coloured). The landmarks 7, 8, 9 and 10 expanded 
in wings emerged from a density of 15, while in fly wings 
from densities of 5 and 25, these landmarks contracted.

Fig. 2 Wing size and adult weight of S. calcitrans is significantly affected by larval density. a Boxplots depicting variation in wing centroid size 
(i), wing length (ii), wing width (iii), wing area (iv), adult weight (v), and wing loading (vi) across the different larval densities. Boxplot whiskers 
indicate ± 1.5 interquartile range limits. Boxplots with different letters show significant differences as grouped by ANOVA tests followed by SNK 
post-hoc tests (P < 0.05, n = 30). b Principal components biplot showing the similarities (or dissimilarities) existing among flies reared at different 
densities (5, 15 and 25)

Table 2 Correlation matrix between body weight and wing size parameters of S. calcitrans reared at different densities. Values above 
the diagonal represent P-values from Pearson correlation tests; values below the diagonal represent correlation coefficient. P-value in 
bold is not significant

Wing area Adult weight Wing width Wing length Wing loading Centroid size

Wing area – 0.83 < 0.001 < 0.001 < 0.001 < 0.001

Adult weight 0.02 – 0.016 0.024 < 0.001 0.094
Wing width 0.54 0.25 – < 0.001 < 0.001 < 0.001

Wing length 0.57 0.24 0.97 – < 0.001 < 0.001

Wing loading − 0.6 0.49 − 0.43 − 0.46 – < 0.001

Centroid size 0.55 0.18 0.89 0.93 − 0.49 –
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Canonical variate analysis discriminated flies emerged 
from each density based on wing shape (Fig.  3b). The 
two first dimensions accounted for 100% of the total 
shape variation (CV1 = 82.56% and CV2 = 17.44%), and 
clustered wing shapes in three distinct groups based 
on the three larval densities. Pairwise comparisons 
using discriminant analysis with Mahalanobis distances 
revealed a highly significant difference in S. calcitrans 
wing shapes (Fig.  3c; Table  3; permutation test, 10000 
replicates, P < 0.0001). When Procrustes distances were 
used, we found that wing shape of flies reared from 
densities of 15 and 25 were similar (P = 0.16). Regres-
sion of Procrustes coordinates on centroid size between 
densities was significant (permutation test with 10000 
rounds, P = 0.008), with allometry explaining 2.97% of 
the total shape variation.

Effect of developmental substrate on the wing geometry 
of S. calcitrans
Wing size parameters
Wing centroid size (Fig. 4a.i; F(3,122) = 39.24, P < 0.0001), 
wing length (Fig.  4a.ii; F(3,122) = 34.9, P < 0.0001), wing 
width (Fig.  4a.iii; F(3,122) = 46.98, P < 0.0001), wing area 
(Fig.  4a.iv; F(3,122) = 31.02, P<0.0001), adult weight 
(Fig. 4a.v; F(3,122) = 140.4, P < 0.0001) and the wing load-
ing (Fig. 4a.vi; F(3,122) = 67.79, P < 0.0001) of S. calcitrans 
individuals reared from various animal dung differed 
significantly. All these parameters were highest in flies 
reared on donkey and sheep dung. The principal com-
ponents analysis differentiated flies emerged from the 
different herbivore dung (Fig.  4b). The first dimension 
accounted for 55.5% of the variation in wing shape and 
were highly correlated with adult weight. The second 

Fig. 3 Wing shape of S. calcitrans is significantly affected by larval density. a Thin plate spline deformation grids modelling the difference of 
S. calcitrans wing shape across the different larval densities. The number displayed on each grid represents the landmark positions. Yellow to 
orange-red colours indicate landmark expansions, light to dark-blue indicates landmark contraction. b Scatter plot showing the difference in wing 
shapes of S. calcitrans individuals reared at different larval densities along the first two canonical variate axes [CV1 (82.56%) and CV2 (17.44%)] with 
90% confidence ellipses. c Discrimination histograms comparing the S. calcitrans wing shape between pairs of larval densities

Table 3 Difference in the shape of right wings from S. calcitrans reared at a density 5, 15 and 25. P-values (above the diagonal); 
distances between populations (below the diagonal). P < 0.05 denotes a significant difference

Mahalanobis distances Procrustes distances

Density 5 Density 15 Density 25 Density 5 Density 15 Density 25

Density 5 – < 0.001 < 0.001 – 0.0471 < 0.001

Density 15 2.01 – < 0.001 0.0086 – 0.16

Density 25 3.38 2.23 – 0.0134 0.0083 –
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dimension explained 19.4% of the total variation and 
was highly associated with wing length. Other than 
a lack of correlation between wing loading and wing 
length (r = 0.16, P = 0.08), all wing size parameters were 
positively correlated (Table 4).

Wing shape parameter
Developmental substrate significantly affected the wing 
shape of S. calcitrans (MANOVA, F(78,3172) = 4.07, Pillai’s 
trace = 1.17, P < 0.0001). This is clearly illustrated in the 
thin plate spline deformation grid (Fig. 5a). For instance, 

in flies emerged from camel dung (Fig.  5a.i), landmarks 
12, 13, 14 and 15 underwent expansion movement, 
whereas in flies from cow (Fig.  5a.ii), donkey (Fig.  5a.
iii) and sheep (Fig.  5a.iv) dung, the same landmarks 
contracted. Canonical variate analysis (Fig.  5b) and dis-
criminant analysis (Fig.  5c) separated S. calcitrans wing 
shapes according to the dung in which flies developed. 
The first two dimensions of the canonical variate analy-
sis explained 85.06% of the total S. calcitrans wing shape 
variation (Fig.  5b; CV1 = 66.06% and CV2 = 16%). All 
pairwise permutation tests performed with Mahalanobis 

Fig. 4 Wing size and adult weight of S. calcitrans significantly varies across different developmental substrates. a Boxplots depicting variation in 
wing centroid size (i), wing length (ii), wing width (iii), wing area (iv), adult weight (v), and wing loading (vi) across the different dung substrates. The 
limit of each boxplot whiskers represents the minimum and maximum of all the data. Boxplots with different letters depict significant differences as 
grouped by ANOVA tests followed by SNK post-hoc tests (P < 0.05, n = 30). b Principal components biplot showing the similarities (or dissimilarities) 
existing among flies reared from different dung types

Table 4 Correlation matrix between body weight and wing size parameters of S. calcitrans reared from different developmental 
substrates. Values above the diagonal represent P-values from Pearson correlation tests; values below the diagonal represent 
correlation coefficient. P-value in bold is not significant

Centroid size Wing length Wing width Wing area Wing loading Wing mass

Centroid size 1 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001

Wing length 0.43 1 < 0.001 0.01 0.08 0.035

Wing width 0.66 0.52 1 < 0.001 < 0.001 < 0.001

Wing area 0.46 0.23 0.49 1 < 0.001 < 0.001

Wing loading 0.39 0.16 0.47 0.3 1 < 0.001

Wing mass 0.46 0.19 0.54 0.57 0.95 1
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distances revealed that the shape of S. calcitrans wings 
diverged significantly when reared from the different 
animal dung (Table  5; 10,000 rounds, P < 0.0001). With 
Procrustes distance estimators, we obtained a non-sig-
nificant difference in wing shapes only in flies emerged 
from camel and cow dung (P = 0.2). In the allometry test, 
the centroid size had a significant effect on wing shape 
(10,000 rounds of permutation tests, P = 0.0015), with a 
variance prediction of 2.45%.

Discussion
Our study showed that the size and shape of S. calcitrans 
wings exhibit a plastic response to larval density and the 
quality of the larval substrate. The study also demon-
strated the power of the wing landmark-based geometric 
approach for studying phenotypic plasticity.

We showed that S. calcitrans wing size parameters 
(centroid size, length, width, area, and loading) are 
affected by larval density (5, 15 and 25) and substrate 

Fig. 5 Wing shape in S. calcitrans is significantly affected by developmental substrate. a Thin plate spline (TPS) deformation grids modelling the 
difference of S. calcitrans wing shape across the different larval densities. The number displayed on each grid represents the landmark positions. 
Yellow to orange-red colours indicate landmark expansions, light to dark-blue indicates landmark contraction. b Scatter plot showing the difference 
in wing shapes of S. calcitrans individuals reared from different developmental substrates along the first two canonical variate axes [CV1 (66.06%) 
and CV2 (19)] with 90% confidence ellipses. c Discrimination histograms comparing S. calcitrans wing shape between developmental substrate 
pairs
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type (camel, cow, donkey and sheep dung). This indi-
cates the effect of larval developmental conditions on 
adult wing size. Our study is consistent with previous 
work on Ae. aegypti that revealed the influence of larval 
density and substrate quality on wing size [47, 48]. The 
wing size variation obtained in our study may be due 
to variability in nutrients. Baleba et  al. [39] previously 
determined that donkey and sheep dung, from which 
emerging flies had the largest wing size, had higher 
concentrations of specific micronutrients (nitrogen, 
phosphorous, potassium and zinc) in comparison with 
camel and cow dung. Furthermore, competition for 
limited nutrients by S. calcitrans larvae may also affect 
wing size. Dutra et  al. [49] found that under high lar-
val density, Wolbachia-uninfected Ae. aegypti presented 
reduced wing size (centroid size) and a lower body glu-
cose concentration.

Wing sizes are closely related to the flight capacity in 
insects. Individuals with longer wings are better at fly-
ing compared to those with shorter wings [14]. Long 
wings favour wider variation in speed and long flight 
duration [50]. We obtained longer wings in S. calcitrans 
reared in a group of five or when reared from donkey 
and sheep dung. Long wings allow insects to fly at a 
great speed for a long period of time and cover a large 
area [51, 52]. For instance, released Ae. aegypti with 
larger wings are more successful in host-seeking and 
oviposition site location [53–55]. We predict that S. cal-
citrans developed under lower density conditions are 
more likely to have good flight capacity. Also, develop-
mental substrates such as donkey and sheep dung may 
increase the efficiency of S. calcitrans flight. This result 
supports Baleba et  al. [39], who found that dung types 
preferred by female S. calcitrans for oviposition were 
best for offspring growth and development. In this case, 
preferred substrates lead to potential adult fitness ben-
efits associated with wing size. Low larval density leads 
to larger adults with long wings due to higher resource 
availability for growth and nutrient storage in the lar-
val stage. Similarly, development of larvae in preferred 
dung types would lead to larger adults with larger 
wings. Such changes may influence dispersal, mating, 

and vector competency of S. calcitrans, rendering this 
fly more capable of spreading pathogens.

Our study also showed that larval density and sub-
strate type affected S. calcitrans wing shape. The thin-
plate spline analyses showed that most of the shape 
changes (landmark movements) occurred on the radial 
(landmarks 11, 12, 13, 14 and 15) and medial (2, 3, 7, 8, 
9 and 10) portions of the S. calcitrans wing. Oguz et al. 
[56] observed the same variation in the radial portion of 
the wing of Phlebotomus tobbi Adler & Theodore. Piet-
erse et al. [59] found variation in wing landmarks located 
at the costal, sub-costal and radial veins of Bactrocera 
dorsalis (Hendel) and Ceratitis capitata (Wiedemann) 
reared from nectarine, plum, pear and apple. Accord-
ing to Wootton et  al. [57] and Shimmi et  al. [58], the 
radial and the medial portions of insect wings play a 
critical function in the aerodynamics of insect flight. 
Wootton [60] suggested such changes may influence the 
wing strength, beat pattern and ultimately the dispersal 
potential of a fly. Therefore, the wing shape deforma-
tion observed here may affect the flight performance of 
S. calcitrans, their ability to find a host for a blood meal, 
and consequently, vectorial capacity. Several studies with 
no emphasis on wing morphology have already demon-
strated the indirect effect of larval density and food qual-
ity on vector competence. For instance, in Ae. albopictus, 
a greater dissemination rate of Sindbis virus by the adult 
is the consequence of high levels of competition experi-
enced by the larvae [61]. In Anopheles stephensi Liston, 
larvae developed in a nutritious substrate are more likely 
to transmit the human malaria parasite, Plasmodium fal-
ciparum, than those developed in a substrate with a poor 
nutritional value [62]. The discriminant factors on which 
the differentiation between flies reared from different 
density or dung type was based were not free of some 
allometric effects. In other words, wing size contributed 
significantly to wing shape variation. However, in the 
case of both larval density and developmental substrate, 
less than 3% of variation in wing shape was attributed to 
size. Such low residual variation indicates that changes in 
the relative position of landmarks as wing size increases 
are minimal [63].

Table 5 Difference in the shape of right wings from S. calcitrans reared from various animal dung. P-values (above the diagonal); 
distances between populations (below the diagonal). P <  0.05 denotes significant difference

Mahalanobis distances Procrustes distances

Camel dung Cow dung Donkey dung Sheep dung Camel dung Cow dung Donkey dung Sheep dung

Camel dung – < 0.0001 < 0.0001 < 0.0001 – 0.20 0.0002 < 0.0001

Cow dung 1.7975 – < 0.0001 < 0.0001 0.0067 – < 0.0001 < 0.0001

Donkey dung 2.2631 2.3678 – < 0.0001 0.0109 0.0125 – 0.0476

Sheep dung 3.0651 3.1064 1.9544 – 0.0155 0.0153 0.0081 –
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Conclusions
This study highlights the effect of larval density and 
developmental substrate of wing size and wing shape 
of S. calcitrans using the landmark-based geometric 
morphometric method. The method satisfactorily dis-
criminated S. calcitrans emerged from different larval 
densities and substrates based on the size and the shape 
of their wings. While there was a significant effect of 
size variation on variation in shape, but this accounted 
for less than 3% of variation. Future studies on flight 
performance of S. calcitrans as well as their vectorial 
capacity in pathogen transmission when reared under 
different larval conditions are required. However, our 
results demonstrate a role for larval density and devel-
opmental substrate to influence wing size and to some 
extent wing shape, which might have a significant effect 
on flight and dispersal of adult S. calcitrans.
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Larval experience of stable fly, Stomoxys calcitrans
Linneaus, 1758 (Diptera: Muscidae) does not influence
oviposition preference in gravid females
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Abstract. 1. Hopkins’ host selection principle (HHSP) proposes that, in
holometabolous insects, gravid females prefer to oviposit on their developmental
substrate. This hypothesis is widely explored in phytophagous insects, but few studies
have considered blood-feeding insects. In this study, the HHSP was tested using the
haematophagous stable fly, Stomoxys calcitrans (Diptera: Muscidae). Using no-choice
and two-choice tests, the study first sought to demonstrate whether S. calcitrans larvae
recognise their rearing substrate.

2. It was found that when a rearing substrate is offered to S. calcitrans larvae singly
(no-choice) or associated with a non-rearing substrate (two-choice), they were able to
recognise the substrate in which they developed. This ability disappeared when larvae
were transferred to another substrate for 5 h.

3. Next, using oviposition bioassays, it was investigated whether information gathered
by pre-imaginal stages during their development can persist into the adult stages after
metamorphosis. It was hypothesised that gravid females emerging from clean and
uncleaned pupae reared on sheep and camel dung would still prefer to lay on their rearing
substrate. The results revealed that gravid females did not prefer to oviposit on their
developmental substrate. In addition, failure to recognise and prefer their developmental
substrate was found in gravid females that had emerged from puparia that were cleaned
as well as those contaminated with sheep dung.

4. It is concluded that S. calcitrans adult preference is not influenced by their
offspring’s experience. Overall, the HHSP was not supported by our study, suggesting
that this principle may not apply to generalist insects characterised by high plasticity in
oviposition substrate acceptance.

Key words. Hopkins’ host selection principle, larvae experience, oviposition, Stomoxys
calcitrans.

Introduction

In holometabolous insects, pre-imaginal stages (egg and larva)
and the adult stage are different in terms of their body form,
life style, and diet. However, it may be possible that informa-
tion gathered by pre-imaginal stages is retained during meta-
mophosis to be transferred to the adult. Several studies have
claimed a direct or indirect effect of larval experience on adult

Correspondence: Steve B.S. Baleba, International Centre of Insect
Physiology and Ecology (icipe), P.O. Box 30772-00100, Nairobi,
Kenya. E-mail: bbaleba@icipe.org

behaviour in different holometabolous groups such as Lepi-
doptera (Olsson et al., 2006; Proffit et al., 2015; Hu et al., 2018),
Diptera (Tully et al., 1994; Ray, 1999; Blackiston et al., 2008),
Coleoptera (Reh-Hamburg, 1924; Rietdorf & Steidle, 2002),
and Hymenoptera (Lecomte & Thibout, 1993; Gandolfi et al.,
2003), although others show no support for a connection (Rojas
& Wyatt, 1999; Kerpel & Moreira, 2005; Janz et al., 2008).
Three hypotheses have been raised to provide a functional mech-
anism for information retention across life stages: ‘Hopkins’
host selection principle’ (Hopkins, 1916), the ‘neo-Hopkins
principle’ (Jaenike, 1983) and the ‘chemical legacy hypothesis’
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(Corbet, 1985). Hopkins’ host selection principle (HHSP) refers
to the observation that, in insects, adult stage behaviour is con-
ditioned by experience during their pre-imaginal stages. For the
neo-Hopkins principle, adult behaviour is shaped by the expe-
rience gained during or shortly after emergence from pupae.
The chemical legacy hypothesis considers that the connection
between larval and adult behaviour is made by the chemical
cues bequeathed by the larval stage to the adult stage. In prac-
tice, when illustrating the link between larval and adult stage
memories, it is necessary to clean and physically separate pupae
from chemical cues associated with the larval environment to
eliminate the opportunity for habituation or sensitisation of the
emerging adults (Tully et al., 1994; Corbet, 1985; Rietdorf &
Steidle, 2002; Gandolfi et al., 2003). By doing so, a chemical
legacy can be ruled out. Thereafter, any connection between lar-
val and adult experience would result from the transmission of
neuronal information from the larva to the adult during meta-
morphosis, enabling persistence in the adult brain of memories
formed during the larval stage (Blackiston et al., 2008). Leimar
et al. (2006) suggested that biological functions such as oviposi-
tion rely on genetic and environmental cues and that organisms
will tend to use the cues that can most accurately predict the con-
ditions that organisms will encounter. Under most conditions,
genetic cues will be favoured due to their higher efficiency, but
environmental cues can be important under some conditions. In
general, it is also postulated that gravid females of insects are
genetically programmed to oviposit on substrates that guarantee
the fitness of their offspring (Jaenike, 1978; Thompson 1988).
Along these lines, Janz et al. (2008) argued that in conditions
where substrate suitability is unpredictable, selection of appro-
priate substrate by gravid females should be governed by genetic
cues. On the other hand, if temporal variation in substrate suit-
ability is high but predictable, gravid females may use larval
cues, especially if it is costly for adult females to gather infor-
mation on substrate availability and suitability. It is therefore
expected that the HHSP will be more beneficial in environments
lacking alternative oviposition substrates but where availability
can shift with time, e.g. due to agricultural practices.

The effect of pre-imaginal conditioning in adult behaviour is
well documented in phytophagous insects. Tully et al. (1994),
after electroshocking larvae of Drosophila in the presence of
ethyl acetate or isoamyl acetate, found that the conditional
odour avoidance observed in larvae was still present in adults
8 days later. In Musca domestica, Ray (1999) showed that adults
preferred specific odours to which they were exposed during
larval development. Host selection behaviour in adult granary
weevils, Sitophilus granarius, was shaped by their experience
during the immature stages (Rietdorf & Steidle, 2002). The
onion fly, Delia antiqua, preferred to oviposit on their natal
host (Ning et al., 2018). In haematophagous insects (mainly in
mosquitoes), learning in the larval (Ferrari et al., 2008; Baglan
et al., 2017) and adult stages (Menda et al., 2013; Roberts,
2014) has already been demonstrated. However, little is known
about the possible transmission of information from the larva
to adult in haematophagous insects. To our knowledge, only
McCall and Eaton (2001) explored this, by showing that females
of Culex quinquefasciatus reared in water containing skatole
(3-methylindole) preferred to oviposit on water containing that

compound. Therefore, in this study, we examine whether the
information gathered by larvae of a blood-feeding insect can
reach the adult stage through metamorphosis, using the stable
fly, Stomoxys calcitrans, as a model.

Stomoxys calcitrans is a cosmopolitan blood-feeding insect
that mechanically transmits viruses (e.g. West Nile fever virus,
Rift Valley fever virus), bacteria (e.g. Bacillus anthracis, Pas-
teurella multocida), protozoans (e.g. Trypanosoma evansi,
Besnoitia besnoit), and helminths (e.g. Habronema micros-
toma, Dirofilaria repens) to their adult hosts, which include
cattle, camels, horses, dogs, and humans (Lehane, 2005; Pitzer
et al., 2011; Baldacchino et al., 2013). During outbreaks, S.
calcitrans can reduce weight gain in cattle by up to 19%, and
lead to a 40–60% reduction in milk yield (Carn, 1996; Walker,
1990). In the U.S.A., Taylor et al. (2012) estimated economic
losses attributable to S. calcitrans infestation at around $2.2
billion year–1. Like all dipteran species, S. calcitrans has a
holometabolous life cycle. Eggs are laid and the larval stage
(with three instars) and pupal stage are completed in the dung of
herbivorous animals such as cows, donkeys, horses, goats, and
sheep (Hafez & Gamal-Eddin, 1959; Jeanbourquin & Guerin
2007; Cançado et al., 2013). Baleba et al. (2019) demonstrated
that gravid females of S. calcitrans preferred to oviposit on
donkey and sheep dung over camel and donkey, which led to
greater fitness in pre-imaginal stages. In this study, we inves-
tigated whether this preference–performance behaviour was
fixed or whether it was influenced by experience of S. calci-
trans larvae gained throughout their development. Specifically,
we determined the ability of S. calcitrans larvae to recognise
their rearing substrate and established whether recognition
of the rearing substrate was maintained for 5 h. Finally, we
assessed whether rearing substrate recognition persisted in
gravid females. Our results are important in the use of dung
chemical cues as attractants in surveillance and management of
S. calcitrans.

Materials and methods

Test insects

Stomoxys calcitrans flies were obtained from a culture estab-
lished at the Duduville campus of the International Centre of
Insect Physiology and Ecology (icipe) in Nairobi (1∘13′12′′S,
36∘52′48′′ E; c. 1600 m above sea level). Adults reared from
rabbit dung were kept in cages (75× 60× 45 cm) under buffered
conditions of 25± 5 ∘C, 65± 5% RH and LD 12:12 h. Flies
were fed twice per day (08.00 and 16.00 hours) on defibri-
nated bovine blood (from slaughter houses) poured on moist-
ened cotton. When adults were sexually mature, camel and
sheep dung placed in the plastic container (21.5× 14.5× 7.4 cm)
were presented to gravid females for oviposition. After a
period of 24 h, each substrate was removed and transferred to
another cage. Larval development was monitored daily until
the third larval instar (L3) was reached. This developmental
stage was identified by inspecting the posterior spiracles, which
are characterised by triangular discs with three sinuous slits
(Friesen et al., 2017).

© 2019 The Royal Entomological Society, Ecological Entomology, doi: 10.1111/een.12748
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Experience test

To establish whether S. calcitrans larvae change their
behaviour in relation to experience, we hypothesised that
L3 larvae of S. calcitrans reared on a specific substrate would
be attracted to the same substrate. To test this hypothesis, we
began with a ‘no-choice’ test (Fig. 1a) where L3 larvae reared
on camel dung (Fig. 1a,i) or sheep dung (Fig. 1a,ii) were gently
placed away from either substrate in an arena (described later)
using soft forceps. This was done to confirm that larvae were
capable of relocating the substrate within an arena. After-
wards, we performed a series of ‘two-choice’ tests. For the
first two-choice test (Fig. 1b), L3 larvae reared on camel dung
(Fig. 1b,i) or sheep dung (Fig. 1b,ii) were permitted to choose
between camel and sheep dung in an arena. We established
that L3 larvae preferred their rearing substrate over non-rearing
substrate. To elucidate whether this behaviour was the result of
innate preference for particular dung types, we hypothesised
that if L3 larvae were presented with two unfamiliar substrates,
they would exhibit no preference for either substrate. To test
this, we reared L3 larvae on camel dung and exposed them
to rabbit and sheep dung (Fig. 1c,i). We also reared L3 larvae
on sheep dung and exposed them to camel and rabbit dung
(Fig. 1c,ii).

For all tests, we used plastic containers (21.5× 14.5× 7.4 cm)
as a choice arena in which 80 larvae were released one by
one in the middle of the container (7.5 cm away from the
tested substrates). The amount of substrate in each test arena
was 50 g. At 10 min after setting up each replicate, larvae
found on a substrate were considered to have made a choice.
The duration of the tests was selected based on the results
of preliminary bioassays where larvae were given 5, 10, 15,
and 20 min to move to a substrate. The number of larvae
moving to a particular substrate did not improve significantly
[10 min, 57 (71.25%); 20 min, 62 (77.5%); n= 80, 𝜒2 = 0.21,
d.f= 1, P= 0.65] if larvae were given longer than 10 min (data
not presented). Larvae that were still in the middle of the
container were recorded as not having made a choice. The
substrate position was changed between replicates. All tests
were conducted in darkness because S. calcitrans larvae exhibit
negative phototaxis. After each test, containers were cleaned
with distilled water and tissue paper to avoid retention of
odour from dung. We did not use organic solvents because
they could be toxic to the larvae or represented a source of
contamination. During all the bioassays, we used camel and
sheep dung as rearing substrate based on the difference in their
physicochemical properties (Baleba et al., 2019)

Experience duration test

In the previous bioassays, we showed that S. calcitrans lar-
vae preferred their substrate of development. Here we sought to
determine how long this preference was retained. We hypothe-
sised that L3 larvae would progressively lose their aptitude to
recognise their rearing substrate when staying in another sub-
strate. To test this, we transferred L3 larvae reared on camel
dung to sheep dung for 1 h (Fig. 2a,i), 5 h (Fig. 2b,i), and 24 h

(Fig. 2c,i). Thereafter, we allowed individuals from each treat-
ment to choose between camel and sheep dung in two-choice
tests (as described earlier), to see if they still preferred their rear-
ing substrate. We did the same for L3 larvae reared on sheep
dung by transferring them to camel dung for 1 h (Fig. 2a,ii), 5 h
(Fig. 2b,ii), and 24 h (Fig. 2c,ii). We selected the different novel
dung exposure times based on the review by Margulies et al.
(2005), which differentiated among three types of memory in
Drosophila: short- (1 h), middle- (5 h) and long-term (24 h)
memory.

Experience recovery test

The preceding experiment revealed that sojourning in another
dung type for 5 and 24 h led to loss of S. calcitrans larval
preference for the initial rearing substrate. We aimed to test
if this loss of preference could be recovered. To do so, we
transferred L3 larvae reared on camel dung to sheep dung for 24
h, then returned them to camel dung for a further 24 h (Fig. 3a).
After returning larvae to their original substrate, we allowed
them to choose between camel and sheep dung in two-choice
tests. Again, the reciprocal procedure was applied to L3 larvae
reared on sheep dung (Fig. 3b). As in the previous experiment,
80 L3 larvae were released individually in the middle of the
arena, and their position was recorded after 10 min exposure in
darkness.

Hopkins’ host selection principle and chemical legacy
hypothesis tests

Hopkins’ host selection principle test. We demonstrated that
S. calcitrans larvae recognise their rearing substrate. Accord-
ing to the HHSP, this experience should persist in S. calcitrans
adults. Therefore, we predicted that gravid females of S. calci-
trans reared on sheep or camel dung would still prefer to lay on
their rearing substrate. To test this, we reared S. calcitrans sep-
arately on sheep and camel dung, but we treated their pupae in
two ways. In the first treatment (Fig. 4a), we left pupae in contact
with their rearing substrate so that emerging adults were exposed
to the chemical cues from the substrate. For the second treat-
ment (Fig. 4b), we prevented contact of emerging adults with
their substrate following the procedure described by Liu and Liu
(2006). Briefly, we removed pupae from the substrate, gently
cleaned them with distilled water and tissue paper, and trans-
ferred them to a sterilised cage (34× 34× 34 cm) for adult emer-
gence. Once emerged, adults were fed with defibrinated bovine
blood poured on wet cotton and kept on this feeding regime until
females were gravid (Fig. 4a,i, b,i). The obtained gravid females
were used in the oviposition tests (Fig. 4a,ii, b,ii) as follows.
Ten gravid females were transferred to a cage (34× 34× 34 cm)
before being presented with 30 g of oviposition substrate in a
Petri dish (diameter 5.5 cm). Gravid females from sheep dung
were presented with donkey and sheep dung, and gravid females
from camel dung where presented with camel and sheep dung.
The number of eggs deposited on each substrate was counted
after 24 h. Tests using each treatment were replicated 10 times
and a new group of flies was used in each replicate.

© 2019 The Royal Entomological Society, Ecological Entomology, doi: 10.1111/een.12748
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Fig. 1. Stomoxys calcitrans larvae recognise the substrate in which they developed. (a) No-choice test with third-instar (L3) larvae reared on camel
dung (i) or sheep dung (ii) (n= 80). (b) Two-choice test with reared and non-reared substrates of camel and sheep dung: L3 larvae reared on camel
dung (i) or sheep dung (ii) (n= 80). (c) Two-choice test with two non-reared substrates: (i) L3 larvae from camel dung given a choice between rabbit
and sheep dung; (ii) L3 larvae from sheep dung given a choice between rabbit and camel dung. Asterisks indicate proportions that differed significantly
from random (50%) determined by a two-tailed binomial test: *P< 0.05; **P< 0.01. [Colour figure can be viewed at wileyonlinelibrary.com].
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Fig. 2. Stomoxys calcitrans larval experience in locating their rearing substrate lasts for a short period (1 h). (a) Experience test with larvae left in a
non-rearing substrate for 1 h: (i) bioassay with third-instar (L3) larvae reared on camel dung; (ii) bioassay with L3 larvae reared on sheep dung. (b)
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test: *P< 0.05; **P< 0.01. The absence of asterisks indicates no significant preference by larvae for the substrates provided (two-tailed binomial test,
P> 0.05). [Colour figure can be viewed at wileyonlinelibrary.com].
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Chemical legacy hypothesis test. According to this hypothe-
sis, the traces of chemical cues on the surface of pupae could
influence adult oviposition substrate preference. To test this,
we reared S. calcitrans on rabbit dung until the pupal stage
(Fig. 5a,b) and we divided the obtained pupae into two groups.
We maintained the first group of pupae on rabbit dung until adult
emergence (Fig. 5a,i), while we cleaned the second group of
pupae as described earlier and transferred them to sheep dung for
contamination until adult emergence (Fig. 5b,i). Once emerged,
we fed adults with defibrinated bovine blood. Ten gravid females
were used in the oviposition bioassay (Fig. 5a,ii, b,ii) with a
choice of rabbit and sheep dung provided to them in separate
Petri dishes. The number of eggs laid on each substrate was
counted after 24 h. Each test was replicated 10 times and a new
group of flies was used in each replicate.

Data analysis

All statistical analyses were performed using r 3.5.0 (R Core
Team, 2018). For the no-choice test, we compared the proportion
of larvae found in dung with those that were unable to join
the dung after 10 min exposure. For choice tests, we compared
the proportion of larvae that had chosen between two types of
exposed dung. In both no-choice and choice tests, we used the
two-tailed binomial test (McDonald, 2009). For the oviposition
bioassay, as the collected data were not normally distributed,
we used the non-parametric Wilcoxon–Mann–Whitney test
to compare the number of eggs laid on different substrates
(Dalgaard, 2008).

All data collected during this study are archived in the Dryad
data repository.

Results

Experience test

In the ‘no-choice’ test, where 80 larvae were placed individ-
ually away from their rearing substrate (Fig. 1a), a significant
majority of larvae reared from camel dung (Fig. 1a,i) returned to
it (binomial test: 68.8% success, 31.2% failure, P= 0.001). Like-
wise, a significant majority of larvae from sheep dung (Fig. 1a,ii)
found their rearing substrate (binomial test: 62.5% success,
37.5% failure, P= 0.033). The remaining larvae from camel (25
larvae) and sheep (30 larvae) dung did not reach their substrate
after 10 min.

For the first ‘two-choice’ test (Fig. 1b), when offering a
choice to 80 larvae between their rearing substrate and a
non-rearing substrate, we found that in larvae reared on camel
dung (Fig. 1b,i), five larvae did not make a choice (6.35%
non-response). For the 75 remaining larvae, significantly more
selected their rearing substrate (camel dung) and the remainder
went to sheep dung (binomial test: 62.7% success, 37.3% failure,
P= 0.037). For the larvae reared on sheep dung (Fig. 1b,ii), all
80 tested larvae made a choice (0% non-response). We found
that a significant majority selected sheep dung over camel dung
(binomial test: 65% success, 35% failure, P= 0.010).

For the second ‘two-choice test’ bioassay (Fig. 1c) where
we provided larvae with a choice between two non-rearing
substrates, they did not exhibit any preference. Among the 80
larvae reared on camel dung and offered rabbit or sheep dung
(Fig. 1c,i), of those that reached either substrate, the proportion
of larvae in rabbit (42.5%) or sheep dung (31.3%) did not
differ from random (binomial test, P= 0.141). Also, for the
larvae reared on sheep dung (Fig. 1c,ii), the proportion of larvae
on rabbit dung (52.5%) or camel dung (42.5%) did not differ
significantly (binomial test, P= 0.26).

Experience duration test

Results from the experience duration test show that the abil-
ity of S. calcitrans larvae to recognise their rearing substrate
lasts for up to 1 h. Larvae reared on camel dung and transferred
to sheep dung for 1 h recognised their rearing substrate (bino-
mial calculation: 63.01% success, 36.99% success, P= 0.034;
Fig. 2a,i). Similar results were found for larvae reared on sheep
dung and transferred to camel dung for 1 h (binomial calcu-
lation: 71.4% success, 28.6% success, P< 0.001; Fig. 2a,ii).
After sojourning on another substrate for 5 h, larvae reared on
camel dung (binomial calculation: 55.4% success, 44.6% fail-
ure, P= 0.275; Fig. 2b,i) and sheep dung (binomial calcula-
tion: 55.4% success, 48.6% failure, P= 0.910; Fig. 2b,ii) did
not recognise their rearing substrate. This loss of experience
was also evident in larvae that spent 24 h in another substrate.
Larvae reared on camel dung after sojourning on sheep dung
for 24 h did not discriminate between camel or sheep dung
(binomial calculation: 53.9% success, 46.1% failure, P= 0.417;
Fig. 2c,i). Similarly, larvae from sheep dung that spent 24 h on
donkey dung did not differentiate between sheep or camel dung
(binomial calculation: 42.7% success, 57.3% failure, P= 0.103;
Fig. 2c,ii).

Experience recovery test

In the experience recovery test, we found that S. calcitrans
larvae, after being maintained in a novel substrate for 24 h
and transferred back to their original rearing substrate for 24 h,
did not recover a preference for their substrate of provenance.
Larvae reared on camel dung, transferred to sheep dung, then
put back on camel dung did not significantly prefer camel dung
as predicted (binomial calculation: 52.05% success, 47.95%
failure, P= 0.741; Fig. 3a). Also, larvae reared on sheep dung,
transferred to camel dung and returned to sheep dung did not
prefer their original rearing substrate (binomial calculation:
45.3% success, 54.7% failure, P= 0.327; Fig. 3b).

Hopkins’ host selection principle and chemical legacy
hypothesis tests

Hopkins’ host selection principle test. According to the result
of our oviposition bioassays, S. calcitrans gravid females reared
on sheep and camel dung did not lay more eggs on sheep
and camel dung, respectively, as predicted by the HHSP. The
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median number of eggs laid on sheep dung and donkey dung
by gravid females that emerged from cleaned pupae were not
significantly different (U = 49, d.f= 1, P= 0.97; Fig. 4c,i). Also,
gravid females from uncleaned pupae laid the same median
number of eggs on sheep dung and donkey dung (U = 45.5,
d.f.= 1, P= 0.762; Fig. 4c,ii). In the bioassays with females
reared on camel dung, gravid females from clean pupae laid
more eggs on sheep dung than camel dung (U = 15.5, d.f= 1,
P= 0.01; Fig. 4d,i). Similarly, gravid females from unclean
pupae laid more eggs on sheep dung than camel dung (U = 9,
d.f.= 1, P= 0.002; Fig. 4d,ii).

Chemical legacy hypothesis test. The chemical legacy
hypothesis proposes that chemical cues coating pupae can
influence adult oviposition substrate selection. Results of our
two oviposition bioassays indicated that gravid females from
non-contaminated and contaminated pupae did not exhibit
different oviposition behaviour. Gravid females emerged from
uncontaminated pupae (U = 40, d.f.= 1, P= 0.47; Fig. 5a,iii)
and pupae contaminated with sheep dung (U = 48.5, d.f.= 1,
P= 0.94; Fig. 5 a,iii) laid the same number of eggs on rabbit
and sheep dung.

Discussion

We demonstrated that S. calcitrans larval preference for rearing
substrate was not transferred to the adult stage during metamor-
phosis. When a rearing substrate was offered singly or paired
with another substrate, L3 larvae of S. calcitrans preferred the
substrate in which they had developed. That preference was dis-
rupted when larvae were exposed to a substrate for 5 h. The abil-
ity of larvae to distinguish their rearing substrate from other sub-
strates has also been observed in other holometabolous insects.
Durisko and Dukas (2013) found that D. melanogaster larvae
reared in a group are attracted by substrates that are occupied
or that have been used by other larvae; the same larvae exhibit
a significant aversion to fresh food. Similarly, larvae of Ascia
monuste orseis reared on kale or cabbage prefer the same plants
during their fourth and fifth instars when offered a choice includ-
ing different plants (Santana & Zucoloto, 2011). In general,
insects staying on a substrate for a period of time develop a pref-
erence for that substrate due to the adaptation of their olfactory
sensory neurons (Iyengar et al. 2010). The aptitude to recog-
nise their rearing substrate may prevent larvae of S. calcitrans
from the deleterious effect of leaving a substrate. This was found
in Schistocerca americana, where leaving one food source in
search of another decreases food consumption, increases devel-
opment time, suppresses growth rate, reduces larval weight, and
elevates mortality (Bernays & Bright, 2001).

We found that S. calcitrans larvae transferred to a new
substrate for 5 and 24 h tend to become adapted to this substrate
and lose their preference for the original rearing substrate,
even after having been returned to it. Neuser et al. (2005)
explained that experience duration in insects varies from minutes
to months, according to the species, age, and gender of the test
organism, the strength of the rewarding or aversive stimulus,
number of training repetitions, and type of bioassay. Dekker

et al. (2006), Linz et al. (2013), and Crowley-Gall et al. (2016)
all suggest that host shifts in insects presumably alter their
olfactory system and consequently modify their behaviour.

Larval experience did not affect adult oviposition preference
in S. calcitrans. Gravid females of S. calcitrans developed on
camel and sheep dung, and emerged from clean pupae did not
prefer to oviposit on their rearing substrate as hypothesised
by the HHSP. This was also observed in gravid females that
emerged from unwashed pupae, which contradicts the chemi-
cal legacy hypothesis. Consequently, our study found no evi-
dence in support of the HHSP. Other studies have also failed
to find an effect of larval experience on adult oviposition site
preference. Rojas and Wyatt (1999) demonstrated that experi-
ence of the cabbage moth caterpillar Mamestra brassicae (Lepi-
doptera: Noctuidae) did not affect oviposition behaviour of their
females. Oviposition preference in the milfoil weevil, Euhry-
chiopsis lecontei (Coleoptera: Curculionidae), is not an attribute
fixed by larval experience (Solarz & Newman, 2001). Kerpel
and Moreira (2005) did not find Hopkins’ effect in Helico-
nius erato (Lepidoptera: Nymphalidae). In Polygonia c-album
(Lepidoptera: Nymphalidae), larval diet also had no effect on
egg-laying decisions of the adult female (Janz et al., 2008). Our
results imply that preference for particular dung types by female
S. calcitrans for oviposition (Baleba et al., 2019) is an innate
rather than learned behaviour.

A possible explanation for a lack of connection between
the larval rearing substrate and adult female oviposition pref-
erence is offered by the neo-Hopkins principle developed by
Jaenike (1983), where host preference is determined by experi-
ence gained by the adult after emergence. The flight capability
of adult S. calcitrans is relatively high (5 km; see Taylor et al.,
2010). During the flying period, adult S. calcitrans experience
different kinds of visual and chemical cues that may shape adult
behavioural choice. Barron (2001) also implicates the influence
of genetic plasticity in insect host preference. Alternatively,
S. calcitrans larvae feed on dung while their adults consume
blood, which could also explain the absence of information
transmission from larvae to adults. Furthermore, larvae of S.
calcitrans are polyphagous; they feed and develop on a wide
range of substrates, including dung (from camel, cow, horse,
donkey and sheep), and decaying plant materials (such as hay,
alfalfa, silage, sugarcane and compost). This polyphagous status
is unfavourable for the HHSP. According to Janz et al. (2008),
larval experience can only influence adult behaviour when the
following conditions are fulfilled: low variation in substrate
quality, predictable and recurring temporal heterogeneity, high
spatial heterogeneity, and intermediate gene flow between spa-
tial patches. So, it is not surprising that we did not find for the
HHSP in S. calcitrans. Also, compared with specialist insects,
the olfactory system of generalist insects is less sensitive (Zhang
et al., 2013; Conchou et al., 2017), and according to the ‘neural
constraints hypothesis’, generalist insects make less accurate
decisions when selecting substrates (Sadtler et al., 2014; Wang,
2017). This may render their behaviour difficult to predict. It is
also important to note that where a positive influence of larval
experience has been found on adult behaviour, Petit et al. (2017)
proposed a role for insect phylogeny. Stomoxys calcitrans is
one of 18 species in the genus Stomoxys (Zumpt, 1973), all
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of which develop in animal dung (Hafez & Gamal-Eddin,
1959; Jeanbourquin & Guerin 2007; Cançado et al., 2013).
The wider subfamily Muscinae also rely on decaying plant
matter, including dung, to complete their development, with
few specific associations between Muscidae and other organ-
isms (Haseyama et al., 2015). Due to this genetic heritage,
S. calcitrans may not have the capacity to learn oviposition
preferences from an earlier life stage.

Overall, the current study has demonstrated that S. calcitrans
larval preference is not transferred to the adult during metamor-
phosis. Stomoxys calcitrans gravid females did not prefer to lay
eggs on the substrate in which they developed. Consequently,
our findings do not match the expectations of the Hopkins’s host
selection hypothesis. This implies that preference by females for
particular dung as an oviposition substrate is innate rather than
learned. However, we suggest that there is a need for additional
research on the applicability of the HHSP in generalist insects
characterised by a high capacity for adaptation and flexibility in
the use of substrates for development, as well assessment of dif-
ferent populations. Also, to better understand the lack of trans-
mission of information from larvae to adult S. calcitrans, we
recommend study of the development of the S. calcitrans mush-
room body (structure in the insect brain essential for olfactory
learning and memory). This will help to elucidate the changes
undergone by the neurons forming this structure during S. cal-
citrans development.
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