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ABSTRACT 

Robert H. Pau l 

Ef'fects of substrate characteristics on the vertical distribution of 
fou'rth instar larvae or Aedes aegyptl (D1pter~: Cul1cidae) 

Populations (n=25) of four th instar Aedes aegypt1 were 1ntroduced into 
observat i oln arenats that conta i ned one of 5 types of substrates, and were 
sUb-divided into :5 equal 1 cm horizontal zones. The larvae were videotaped 
to determi ne effects of food qUd l ity, food quanti ty t and nutrient 
Ideprivatir.tn on vertical distribution of larvae over time. At least two­
thirds, of the laT'vae cons i stent ly aggregated at the surface and on the 
bottom. lihe prop()rt ion depended on the nature of the substratum and was 
influenCE!d by nutr'ient deprivation. In contrast, density of larvae in the 
3 remaini'ng zones was consistently low and was unaffected by either of 
these variables. Larvae were typica lly very active during a 15 minute 
period ()f acclimation upon introduction into the observation arenai 
sUbsequently, levels of activity declined. Most starved larvae in the 
preSenCE! of a h1gh-quality food substrate fed to repletion faster than fed 
larvae, t-Ihereas in an arena devoid of food, they foraged on the bottom for 
a longe'r duration of t1me than the fed. With a substrate of a semi- or 
highly non-nutritive nature, foraging again appeared more intense among 
starvecl than fed individuals. Starved larvae consistentlly aggregated on 
the bo,ttom, in contrast to fed 1ndividuals that became more evenly 
distrilouted between the surface and the bottom • 
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RESUME 

Robert H. Paul 

L' 1nfluence de la qua11t6 et de la quant 1t6 de la nourr1ture, et de la 
restriction alimentaire sur la distribution verticale des larves de 41

-

stade d'Aedes ae?yptl 

Nous ,!vons 6tud'I6 l'influence de la qua1it6 et de la quantit6 de la 
nourriture, et de la restriction alimentaire des individus, sur la 
distribution verticale des larves de 4t~ stade d'Aedes aegypti. L'6tude 
s'est rtalis6e dans des enceintes subdivis.es en 5 zones horizontales 
contenant 25 larves d' Aedes aegypti et un des cinq types de nourriture. 
Nous avons observ6 qu'au moins les deux tiers des larves se regroupaient 
• la surface et au fond de l'enceinte, et que leur nombre d6pendait de la 
nature de la dhte et de 1 '6tat des individus, a lors que dans les trois 
zones m6dianes, le pourcentage de larves .tait faible et aucunement 
influenc6 par l'une ou l'autre des variables 6tudi.es. Les larvae ont 
d6lllontr6 une forte activit6 durant la p6riode d'acclimatation, soit 15 
minutes aprls l'introduction dans l'enceinte, suivit par la suite d'une 
diminution de l'activit6. En g6n6ra 1, les larves ayant 6t6 priv6es de 
nourriture avant leur introduction dans les enceintes, et en présence d'une 
ditte d'une va leur nutritive 61ev6e, s'a l imentaient jusqu '. sati6t6 plus 
rapidement Que celles n'ayant pas été priVées de nourriture avant le début 
de l'exp,rience, tandis que dans une enceinte sans nourriture, elles 
passaient plus de temps • creuser au fond comparativement aux larves 
n'ayant pas 6t6 priv.es de nourriture. En soumettant les larvae • des 
dhtes de nature semi ou trés faibles va leurs nutritives, nous avons not. 
une fois de plus Que le creusage 6tait plus intense chez les individus 
restreint que ceux qui n'ont pas 6t. restreint de nourriture. priori; 
ainsi les premiers se regroupaient au fond, tandis que les seconds se 
distribuaient 6galement dans la colonne entre la surface et le fond . 

ii 
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INTRODUCTION 

A1though studies examining the prev'a1ence and distribution of both 

larva1 and adu1t mosqu1toes over large geographic areas are abundant 

(e.g. t Kittayapong and Strickman 1993; Laird 1990; Toma and M1yagi 1992). 

those qualitatively examining 10cal1zed spatial distribution of larvae are 

few (e.g., Service 1971; Mogi and Wada 1973). In addition there is a 

paucity of published research specifically describing the vertical 

distribution of larvae within their environment in response to the 

presence of food. Food could be considered one of the most important 

determ1nants of habitat su1tabi l1ty. 

For Aedes aegypti (l.) 1arvae, the air-water interface and the 

substratum are the two most important regions of activity, del1miting both 

vertical distribution, and perhaps more significant1y, the zones where 

respiration and feed1ng occur (Christophers 1960). larval feeding rates 

are influenced by such physical characterist1cs of the substratum as 

diameter, concentration, and nutrit10nal quality of the constituent 

material (Aly 198&; Dadd 1971). Vertical distribution of Aedes aegyptl 

larvae in the water co1umn may a1so be governed by these same properties 

of the substratum. 

Mosqu1toes are the most signif1cant vectors of pathogens worldw1de, 

and consequent1y more research has been devoted to their control than any 

other group of med1ca lly importrnt arthropod~ (Harwood and James 1979). 

The problems of resistance and pollution, arising from widespread reliance 

on synthetic insecticides during the past severa 1 decades have 

necessitated the development of biological control progra\1llles as an 

1 
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alternative to chemicals (WHO 1992). Chemical control is density­

independent, inducin9 catastrophic mortality on the entire treated 

population, regardless of population number. Conversely, biologlcal 

control faci l1tates an advantageous distribution of parasites and 

predators introduced into larval habitats to maximize predator-prey 

encounters and reduce predator energy expenditures in searching for prey 

(Service 1981). The rationale behind studying how characteristics of the 

substratum influence the natural feeding behaviour and vertical 

distribution of Aedes aegypti larvae is that a greater understanding of 

how to enhance the probabi 1 ity of encounter between the host and the 

potential parasite or predator could be utilized to maximize the impact of 

biocontrol applications in the field. 

The primary objectives of this research were to examine the effects 

of larval food qual1ty and quant1ty, as well as nutr1ent depr1vation 

(i.e., starvatlon), on the vertical distribution of a population of 4th 

instar Aedes aegyptf, and how percentages of larvae within horizontal 

strata changed over time . 

2 
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UTERATURE REVIEW 

Introduction 

Mosquitoes have a cosmopolitan distribution ranging from temperate 

to tropical regions with the exception of Antarctica (Service 1980). Of 

the 300 described species of mosQuitoes, approx1mately 150 occur in 

tempera te North America (Harwood and James 1979), and of these at least 74 

are found in Canada (WOOd et al. 1979). There are 3 subfaml1ies: (1) 

AnopheJfnae: of the 3 genera in this subfami ly, Birone17a and Chagasia 

have a restricted distribution and are of little medical importance. 

However the third, Anopheles, 1s an important vector of diseases, 

including malaria (Harwood and James 1979). (11) Toxorhynchftln.e: only 

1 genus with 65 spec1es has been described. Because adults of th1s genus 

lack a p1ercing probosc1s and therefore cannot take blood meals, theyare 

not of medical importance (Harwood and James 1979). (111) CuJ1cfn.e: 

th1s, the largest group, contains 30 genera of mosquitoes of wh1ch Culer, 

Aedes, Hansonia, Sabethes, Haemogogus, and Psorophora are considered the 

most important as vectors of disease (Harwood and James 1979). 

Medical Importance of Mosgu1toes 

Species in the subfamily Cul1c1nae are particularly important 

because they are vectors of two widely disparate groups of pathogens that 

annually affect more than 200 million people worldwide: the filar1al 

worms which include the human fila.riae Wuchererfa bancrofti (CobbOld) and 

Brugyi ",alay1 (Brug), and viruses. The latter comprise at least 90 

3 



• organisms isolated from mosquitoes (Harwood and James 1979). Aedes 

aegypti is one of the most important vectors of Yellow Fever and Dengue, 

and has also been implicated in the transmission of Chikungunya and Zika 

viruses (WHO 1984). 

B1010qv of AIdes aegYDti 

Aedes aegyptf 1s widely distr~buted globally between latitudes 450 

north and 350 south, and is known tC'i exist, or to have existed, in a11 

countries or territories in the western hemisphere except Canada 

(An"nymous 1979). 

Females of Aedes aegypti oviposit readily in aquatic habitats, both 

natural basins such as ponds, puddles, and water filled tree holes, as 

• well as artificial containers, such as buckets, tires, and clogged roof 

gutters. The eggs are typically aggregated at or near the surface of the 

water, and attached to the sides of the container or basin. About 2 to 3 

days are required for the embryos to develop into fUlly formed larvae 

w1th1n the egg. Adverse environmental conditions, such as low humidity 

wh ich may lead to des iccat ion of the eggs, do not appear to affect the 

viability of the embryo within the egg, provided that it is fully 

developed. First 1nstars hatch when the eggs become submerged in the 

water and are consequent'ly subjected to decreased levels of oxygen 

(Anonymous 1979). The lit instar em~rges from the egg, and three 

successive moults give rise to 2nd
, 3rd

, and 4'h instars with a concomitant 

increase in length from 1 to 8 mm. The larvae are primarily filter 

• feeders and browsers, and under optimal conditions require 5 to 7 days to 
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develop to the pupal stage. The pupa does not feed. Adults emerge two to 

three days later. After emergence, adu1ts disperse no more than a few 

hundred meters, and mate wit~lin several hours. Whereas both males and 

females feed on nectar, females a1so require a bloodmeal for the 

production of eggs (Anonymous 1979). Two to three days after the 

bloodmeal, the eggs are ready to be laid and the female seeks an 

oviposition site. 

Behavioural Studies of Mosquito Laryae 

Shannon (1931) appears to have been the first to systematically 

classify larval mosquito habitats according to both physical and chemical 

characteristics. He noted the specificity of certain species to well­

defined habitat types (e.g., artificial containers vs. natural basins), 

but more important1y demonstrated that behavioura1 variation in response 

to physica1 stimuli can be used to distinguish between genera and some 

species of mosquitoes. 

Whi1e ethologica1 studies of mosquito larvae have been ongoing for 

at 1east 60 years, on 1y very recent 1y has a behav10ura 1 ca ta logue 

consisting of descriptions of position, posture, and movement of larval 

Aedes triseriatus (Say) been published (Walker and Merritt 1991). This 

1ist has standardized the use of terms, sorne of which were app1ied 

inconsistent1y in past behavioura1 studies, and has 1mparted new precision 

to the terms used to describe the behaviour of 1arvae. 

Detai1ed information describing food uti1izat10n by mosquito larvae, 

as well as the feeding behaviour of various species was published by 
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Nllsson (1987). This author calculated energy budgets for the 

assimilation of nutrients and, more importantly, differences in feeding 

t1me allocation. 

Wa ldbauer and Friedman (1991) proposed that self-selection of 

optimal diets by insects is governed by peripheral sensilla receptive to 

chemosensory stimuli and by toxins or lack of nutrients that cause 

metabolic disruptions in metabolic routes. They suggested that the 

feed1ng behaviour of an 1nsect can be variable as a consequence of self­

selection of an optimal diet. 

Mgythbrush MorDholoay and Methods of Feed1ng of AIdes aeqYDtf Larvae 

Recent studies 1nvestigating the mechanisms of partiele retention 

(Dahl et al. 1988; Rashad and Mulla 1990), feeding currents (laBarbera 

1984; Rashad and Mulla 1990) t and particle capture (Dahl et al. 1990; 

Merr1tt and Craig 1987) 1n mosquito larvae have eonfirmed earlier findings 

that feeding habits are determlned by morphologica 1 special ization of 

mouthparts (pucat 1965; Surtees 1959). 

According to Clements (1963) and Merritt and Wallace (1981), 

mosquito larvae as a group mè:y: (1) filter feed by extraet1ng 

mieroorganisms and particulate 'Jrganie debris suspended in the water 

eolumn, (11) browse using modified mouthparts allowlng them to serape food 

part1eles off the organic debrls on the bottom, (i11) feed on the layer of 

living and non-living material floating at the surface of the water, or 

(1v) be predaceous, and consume small aquatic organisms including other 

mosqulto larvae. Although specles can be characterized aecordlng to thelr 
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primary mode of feeding, most may seeondarily use any of the other 

methods. 

Aedes aegyptj larvae, whieh are primarily browsers, possess 

mouthparts that, relative to the mouthparts of filter feeders, have 

shorter labral brushes with some serrated thiek hairs, reetangular 

maxillae with shorter thicker brushes, and moderately sclerot1zed 

mandibles (Anonymous 1979). Because they are primari ly browsers, they 

normally feed on partieulate matter present in the sediment at the bottom 

of their habitat (Mclver and Siemick i 1977). When feeding, the larvae 

descend to and glide a10ng the bottom (or less conmonly the s1des). 

prope11ed by their feeding brushes which detaeh matter from the substrate 

(Christopl,ers 1960). The material is carried into the pharynx by the 

eurrents produced by the pharyngea1 brushes, then ingcsted (W1dahl 1992). 

Food Preference and Nutrit10na' Regu1rements of AIdes .egrptt Laryal 

Mosquito larvae survive in a wide variety of habitats whieh differ 

in pH, temperature, water depth, and surface area (Laird 198B). From 

these different types of habitats the 1arvae must aequire an abundant 

supp1y of microf10ra and fauna for their growth and development (Clements 

1963) • 

Investigations attempting to describe and identify the natural foods 

ingested by eulieid larvae date baek at least 60 years. Gut content 

analyses of 17 species of mosquito larvee, 1nclud1ng Aedes aegypt1, by 

authors such as Hinman (1930; 1933), Howland (1930), and Rozeboom (1935) 

revealed their diet to eonsist of a diversity of mater1al including 
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fl1amentous green a 19ae, unicellular green a1gae (inc1uding desmids), 

diatoms, blue green algae, green flagel lates , protozoans, rotifers, 

crustaceans, spores, and bacteria. Contemporary work by Ameen and Iversen 

(1978) has yielded s imi lar conclusions regarding the types of food 

ingested by severa 1 species of Aedes. The more recent studies have p laced 

less emphasis on larval gut content analyses, and more on ecological 

considerations such as feeding behaviour and mechanisms employed by 

larvae, including Aedes aegypti, to obtain food (Merritt et a7. 1992). 

The role of detritivory in the growth of lat'vae and yield of adults has 

a1so been stud1ed (Fish and Carpenter 1982). 

Most studies on the nutr1tional requirements of mosquito larvae have 

used Aedes aegypti as the exper1mental subject. Pre11minary biochemical 

studies by individuals like Trager (1935a; 1935b; 1936) attempted to 

ascertain the importance of certain growth-promot1ng accessory foods such 

as solutes (Hinman 1930) and sterile med1ums of yeast and liver (Trager 

1935a) to Aedes aegyptl larvae. Later studies by DeMe1110n et al. (1945) 

encompassed similar objectives but with a different approach: growth 

promoting foods were replaced with known substances, provid1ng a 

completely synthetic diet for Aedes aegypt1 larvae. In an approach 

s1milar to Trager (1935a; 1935b; 1936) observations on Aedes aegypti were 

made to gauge the importance of d1etary components such as essentia1 water 

soluble factors from yeast (Golberg et a1. 1945), lipids (Golberg and 

DeMeillon 1948a), proteins (Golberg and DeMe1110n 1948b), and amino acids 

(Golberg and DeMeillon 1947) on growth and development. Subsequent 

research coa lesced these findi ngs by attempting to develop the best 

possible chem1ca11y-def1ned d1et consisting of only necessary ingredients 
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in optimal amounts. This research was important because Akov (1962) and 

Lea and De Long (1958) subsequently discovered that when the larval diet 

was suboptima1, resu1ts of experiments testing the effects of, e.g., 

chemica1s, were characteristically highly variable. Furthermore, being 

able to manipulate larval diet was important in studies that examined the 

correlation of nutritional reserves with critical weight for pupation in 

larval mosquitoes (Chambers and Klowden 1990). 

Factors Affecting Feeding Rates of Mosquito Laryae 

Factors inf1uencing the feeding rate of mosquito larvae have been 

extensive1y investigated using Culex pipiens L •. Ingestion rates of non­

predaceous omnivorous mosquito larvae are governed by a complex of factors 

(Rashad and Mulla 1989). Rates are easily measured by al10wing larvae to 

fil1 their gut with readily identifiable inert materia1 and comparing this 

with rates at which it is displaced upon transfer of the larvae to media 

containing more suitable nutrients (Dadd 1968; Dadd 1970a). 

As with terrestrial 1arval insects (Mellanby and French 1958), 

mosquito larvae normally ingest sma 11 volumes of water at a "baseline" 

rate, and consequently displace material present in the per1trophic 

membrane usually in about 1 ho ur (Dadd 1968; 1970a). This "baseline" rate 

of ingestion is inf1uenced by: phagostimulants, qua11ty of particu1ate 

matter, and size and concentration of particles. 
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Phagostl.l.nts 

The presence of solutes such as the metabolites in "larval water" 

(water ln which larvae were held overnight) (Dadd 1973), viscous colloid 

solutions (Oadd 1975), and water soluble yeast extracts (Dadd 1970b) 

mOdify this baseline rate in Culex pipiens larvae. For Aedes vexans 

(Meigen) the rate is influenced by the presence of fishmeal extracts (Aly 

1985). Dadd et al. (1982) have suggested that strong stimulation by 

organic solute mixtures are an additive effect of several individually 

moaerate and weak phago!;timulants in mixture: in other words, no one 

phagostimulant aloi' will adequately elicit a strong stimulatory response. 

Qu.lity of P,rtlcul.te I.teri.l 

Whl1e non-selective ingestion of food may occur in some species of 

mosquitoes, larvae of Culex pipiens and Aedes verans have been shown to 

select nutritive particulate materials for ingestion more readily than 

inert part 1cles (Rashad and Mulla 1989). For example, larvae of Aedes 

vexans offered food items such as wheat f10ur, yeast, and lïshmea1 

1ngested these food particles on average 3 times faster than those offered 

inert particulates such as kaolin, pumice, or synthetic cellulose (Aly 

1985). Simi lar1y, larvae of Anopheles albi"anus Wiedemann offered food 

items such as blood meal, liver powder, alfa1fa f1our, and wheat f10ur 

ingested these materia 1s 6 to 9 times faster than those offered inert 

particulates such as kaolin, chalk, and charcoal (Aly and Mulla 1986). 
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Size and Concentration of Particles 

Dadd (1971) found that larvle of Culex pipiens discriminate between 

food particles of varying sizes: optimal ingec;t10n occurred with particles 

ranging in diameter from 0.71 J.J11l to 1.86 JJf11 for the first instar, and 

averaging 7.6 JAl1 for the second and third instars, and 26 JJf1I for the 

fourth instar. For all instars, ingestion rates declined noticeably with 

decreasing mean particulate diameter below 0.71~. Similarly, particles 

larger than those associated with optimal ingestion rates for each instar 

decreased ingestion rates. Later work on Aed6s tri seriatus by Merritt 

(1987) confirmed the findings of Dadd (1971), in that particulate material 

size affected larval ability to ingest nutrients. Using latex particles 

with a me~n diameter of 1.01 ~, Dadd (1971) found that ingestion rates 

for Cu7ex pipiens larvae decreased rapidly with suspensions less than or 

equal to 0.03% solids by weight. Dadd (1971) suggested that this 

threshold concentration represents a point where as ingestion proceeds, 

depletion lowers particle concentrations sufficiently to decrease 

ingestion rates. Dadd (1971) also found that ingestion rates plateaued at 

food concentrations equal to or higher than 0.06% solids by we1ght, and 

concluded that the presence of fi ltering lélrvae did not effectively 

deplete or alter food availability at higher concentrations. 

Reaction of Mosquito Larvae to Phys1eal VAriAbles such as Shodows. 

Changes in L1ght Intens1ty. Mechaniea1 D1sturbonce. and Paras1Çes 

Apart from feeding, groom1ng, and switmling, l~rvae exhib1t the 

diving response when disturbed. They dive by actively swillll1ing (Aedes) or 
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pass1vely s1nk1ng (Culex and Anophe7es) to the bottom of the habitat 

(Mellanby 1958). After being disturbed, i '1dividua 1 larvae of Aedes 

aegypti return to the surface after approximately 21.4 seconds (Duhrkopf 

and Benney 1990), but take about 4 minutes when part of a group (Mellanby 

1958) . 

Repetitions of shadows (Thomas 1950) and mechanical disturbances of 

the habitat (Folger 1946) elicit the diving response in Cu1ex fatigans 

(W'ledemann) and Culex pipiens, respectively. In addition to these two 

stimuli, sudden changes in light intensity (Christophers 1960) elicit the 

diving response in Aedes aegypti, as well as exposure to parasites such as 

P7agiorchis noblei (Park) (Trematoda: Plagiorchiidae) (Dempster and Rau 

1987; Webber and Rau 1987) 

Response of Aedes aeaYDti to IntrasDec1f1c Competition 

In Aedes aegypti, as well as other species of mosquitoes" mortality 

1s higher in overcrowded populations resulting in densities approaching 

optimal, i.e., those l~vels afford1ng least impediment to the survival of 

the p~pulation (Barbosa et al. 1972). 

Sorne of the manifestations of overcrowding for Aedes aegypti 

1nclude: (1) growth inhibition, increased larval mortality, and decreased 

adult size and fecundity (Bar-Zeev 1957; Wada 1965), (11) significant 

drops in the metabol1c activity of the mosquito larvae (Barbosa and Peters 

1973), (111) the production of growth retardant factors (GRF) - heat 

stable metabolites - which g1ve the larva~ a competitive advantage over 

riva 1 species in habitats where they co-exist (Moore and Fisher 1969; 
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Bickley 1972), and (iv) distortions of the sex ratio, resulting in more 

males. This last effect of overcrowding was originally attributed to 

genet ics (Hickey 1970). However, Barbosa et a 7. (1972) subsequent ly 

proved that as the dens ity of Aedes aegypti larvae increased, the 

percentage of females produced moved closer to cqualling the male 

perc~ntage, suggesting that sex ratios could be dependent upon changes in 

stress produced by overcrowding. 

Observational Techniques for Larval Mosquito Behav10ur 

Early studies examining larval behaviour in response to physical 

stimul i yielded data through qua l itative and direct observation of the 

larvae (e.g., Folger 1946; Hocking 1953; Thomas 1950). The recent 

development of lightweight and reliable videocassette recorders has solved 

one of the most important problems in observational studies: researchers 

cannot continuously observe and record all the behaviour of all the 

members of a group, and therefore obtain only a partial record {Altmann 

1974). Videotapes provide a permanent record that can be reviewed 

repeatedly, and allow the researcher to obtain a more complete picture of 

the behavioural profile. The use of videotapes for documenting larval 

Mosquito behaviour, e.g. Aedes triseriatus (Walker and Merritt 1991), 

Aedes aegypti (Webber and Rau 1987), and Cu7iseta morsitans (Theobald) 

and Aedes communis (De Geer) (Widahl 1992), has become more commonplace. 
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Mosquito Control 

Biological control of mosquitoes uses alternative strategies that 

seek to el1minate the problems of pesticide resistance, pollution, and 

research and development costs. Natura l enemies such as predators, 

parasites, and pathogens act in a density dependent manner, in contrast to 

insecticides which cause catastrophie density independent mortal1ty. 

Successful biologieal control of mosquitoes requires more detailed 

knowledge, espeeially quantitative data, than is required for insecticidal 

measures (Service 1981). 

ln either case (insecticides or biological control) mosquito control 

agencies must continuous ly monitor the abundance and distribution of 

mosqu1to larvae t e.g., Aedes aegypt1 (Sheppard et al. 1969) as indicators 

of when treatments are required (Wa1ton et al. 1990). 

Chelle.l Control 

Prior to World War Il, adult mosquito control was confined to indoor 

space-spraying with pyrethrum for malaria control (Fontaine 1983). The 

successes achieved by this approach in controlling malar1a-transmitt1ng 

AnopheJes spp. effectively spurred further research which eventual1y led 

to the development of more toxic and persistent insecticides such as DDT. 

Because of the medical importance of mosquitoes in vectoring several 

major diseases, and the considerable discomfort caused by their bites 

(Harwood and James 1979; Burgess 1990), 11terature concern1ng methods of 

chemical control of this species abounds. 

(1) AdulUcldes: because mosqu1toes undergo complete metamorphos1s, 
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control procedures can be d1rected separately at larvae or adults. As 

only adult Culicidae pose problems to humans, control measures d1rected 

aga1nst the1r immature stages tend to be more desirable. The relat10nship 

between the initial number of larvae and the number of resultant adults is 

proportiona 1: in other words, the larger the number of larvae, the greater 

the adult population (Mogi 1981). 

The major groups of adulticides recommended by the United States 

Department of Health, Education, and We1fare (Anonymous 1979), and the 

World Health Organ1zat1on (1984) were organophosphates such as malathion, 

fenth1on, chlorpyrifos. and temephos, a10ng with carbamates such as 

propoxur, and pyrethroids such as permethr1n. The organoch10r1nes such as 

DDT, though banned from North America in the early 1970's and consequently 

omitted from the list, are still used for mosquito control in develop1ng 

countries (Brown 1986). Recent work has, however, recorded extens ive 

res1stance in populations of mosqu1toes to the organophosphates (Gratz 

1991; Reyes-Yillanueva et a7. 1990; WHO 1992), carbamates (Mekuria et .7. 
1991), and pyrethroids (Miller 1988) mentioned above. 

(ff) larvfcfdes: organophosphates such as chlorpyr1fos, fenth10n, 

malathion, and temephos and the organochlorine methoxychlor were a1so 

recommended as effective larvicides (Anonymous 1979; WHO 1992). 

Present1y, one of the more promising groups of larvic1des are insect 

growth regulators (lGR's), such as methoprene (WHO 1992), because of the1r 

high level of act1vity and efficacy against mosquitoes, 1nclud1ng Aedes 

aegypti, and good margin of safety to non-target b10ta (Mulla et .7. 

1989). Unfortunately, as with the adulticides, recent research by Mekur1a 
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et .7. (1991) w1th chlorpyr1fos, fenthion, ma lathion, and temephos has 

demonstrated a noticeable resistance to these compounds in populations of 

mosqu1toes wherever they have been used extensively. Mekuria et al. 

(1991) concluded that the problem of resistance at their study site (Santa 

Domingo, Dominican Republic) warranted consideration of control measures 

other than the continued use of residual insecticides. 

BloJogle.J ControJ 

Investigation of biological control measures gained early popularity 

in the 1930's, but was largely abandoned when cheaper and more effective 

synthetic pesticides were developed and became avai1ab1e for widespread 

use. The ensuing total reliance on chemical pesticides produced numerous 

unexpected, deleterious side effects such as environmental contamination 

with extremely persistent chemicals, evolution of insecticide resistance 

in mosquitoes, increases in numbers of both old and new pests, and the 

exceptionally high cost of continual development of these chemicals (WHO 

1992). Faced with these problems, many entomologists in the 1960's 

recons1dered b10control as a mtans not of eradicating target arthropods 

(such as mosquitoes and b1ackflies) but of reducing their populations to 

1evels at which they no longer const1tute a biting nuisance or pose a 

major health prob1em (Service 1981; 1983). 

Biologica' control utilizes natural enemies (predators, parasites, or 

pathogens) to suppress target insect pest populations to 1eve1s assuring 

the minimizat10n of pest/vector problems. D1sadvantages associated w1th 

this approach (I.e., the 1ack of marketabi1ity, difficu1ty in est1mating 

reliabi1ity, and problems with the rearing, maintenance, and transport of 
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the bioeontrol agents) are more than offset by the advantages (i.e., high 

host speeificity consequent ly reducing los ses of beneficia 1 insects. 

sustained control over a prolonged period of time, and natural recycling 

of the parasite). Consequently the development of biological control 

programs for pests, especially mosquitoes, has become desirable (Service 

1981; 1983). Some of the biologieal control agents of mosquito larvae 

that have been studied for their practica11ty and feasibility include 

mermithid nematodes (Bai1ey and Gordon 1973; Hominiek and Ting1ey 1984), 

digenean trematodes (Dempster and Rau 1987; Dempster et aJ. 1986; Rau et 

al. 1991; Webber et a7. 1987), copepods (Brown et a7. 1991, Rivière et al. 

1987), fungi (Frederic1 1981), ciliated Protozoa (Barrett 1968; Grassm1ck 

and Row1ey 1973), larvivorous fish (Gerberich and laird 1985; lardeux 

1992), predatory mosquito 1arvae (Gerberg 1985), and bacter1a particularly 

BacilJus thuringlensis var. 1sraeJensis (Ali et a7. 1981; Khawa1ed et aJ. 

1988; Becker and Margalit 1993; Becker et a7. 1992). Chemical derivat1ves 

from plants, otherwise known as botanicals, a1so show great promise for 

the control of both larva1 and adu1t mosquitoes because their novel modes 

of bioactivity act as ovipositiona l deterrents, repellents, growth 

inhibitors, or general toxicants (Green et al. 1991; Sukumar et al. 1991) • 
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MATERIALS AND METHODS 

Rear1ng Aedes aegypti 

A colony of Aedes aegypti mosquitoes was lIIalntalned at 27°C, wlth a 

14: 10hr (light :dark) photoperiod, at the McGill University Inst itute of 

Parasltology. Because females of Aedes aegypti are anautogenous, a blood 

meal was provlded at least once a week. Adults were provided with a 10% 

sucrose solution as a supplemental source of nutrients. 

Oviposition sites were plastic containers (15 cm x 15 cm x 8.5 cm) 

11ned with fi lter paper and f11led with disti lled water to a depth of 6.5 

cm. Fl1ter papers conta1ning eggs were removed from the colony weekly, 

allowed to air dry, and stored in a sealed container at 4°C. 

To deoxygenate the water, approximately 200ml of distilled water was 

placed 1n a 500lnl Erlenmeyer flask, bol1ed for 30 minutes, stoppered 

111111ed1ately after removal from the heat, and allowed to cool to room 

temperature. The stopper was then removed, a sect ion of fllter paper w1th 

adher1ng eggs placed 1n the flask, and then the flask resea led. The 

contents were sw1rled to ensure that a11 eggs were m01stened. 

Eggs hatched approximately 2 to 4 h later. The f1ask containing 

f1rst instar Aedes aegypti larvae ("rear~,g f1ask") was placed in an 

1ncubator at 25°C w1th a 14:10hr (light:dark) photoperiod. Fish food 

(Nutra Fin™ livebearer Food for Guppies, Mollies and Swordtalls) (refer 

to Appendix 1 for 1ngred1ents and composition) was finely pulverized in a 

mortar. and provided ad libitu. in the rearing flask as a source of 

nutrients until the larvae reached the fourth instar . 
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De~cr1ption of Experimental Apparatus 

A Plexiglass arena (l0.0 cm )( 10.0 cm )( 1.5 cm) was used to observe 

the behaviour and assess the pattern of vertical distribution of the 

Introduced larvae (Fig. 1). The arena was filled to a depth of 5 cm with 

dh:tl1led water (25°C), and secured to a base sitting on a layer of 

polyethylene foam. The observation arena was d1v1ded into five hor1zontal 

1 cm zones with zone 1 corresponding to the surface zone, zones 2. 3, and 

4 in the middle 01 the water column, and zone 5 corresponding to the 

bot tom zone. A Javelin Electronics Colour Television Camera (Model 

#:JE3012) with a 18-108/2.5 Japan Lens NO.4511719 zoom lens was mounted 

opposite the observation arena, and adjusted until the image of the arena 

filled the entire screen. The camera was connected to an external 

Panasonic Time Lapse Videocassette Recorder (Model ':AG-6720) and black 

and white video monitor. The base with the mounted camera and observation 

arena were placed in an incubator set at 2S·C, and illuminated with 

fluorescent light tubes (Fig. 2). The videotapes of data were viewed on 

a Hitachi Colour Display Monitor (Mode l Il: CM-1481) using a General 

Electric Video Cassette Recorder (Model *:lCVDS025). 

Descr1ption of Treatments and Introduttion of Larvae 1nto the Observat1on 

Arena 

For the treatments, commercially avai lable fish food (Nutra F1n™) 

and aquarium charcoal (HagenTN Activated Carbon) were used in various 

mixtures or quantities as constituents of the foraging substratum 1n the 

observation arena. Fish food and aquarium charcoal were 
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F1gure 1. Frontal v1ew of the observation arena containing water to a 

depth of 5 cm, and 25 4'" instar Aedes aegypti. 
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Figure 2. S1de v1ew of the exper1mental apparatus used for f11ming the 

larvae . 
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fine1y ground in separate mortars for about 10 minutes to produce the 

part1cu1ate materia 1 that was used to form these d1fferent substrates. To 

ensure the consistency of the treatments among replieates and netween the 

starved and fed 1arvae, quantities of substrate materia1 sufficient to 

repeat any treatment 15 times was prepare~ and used. To determine the 

abundanee of the various sizes of resulting particles, approximate1y 0.5g 

each of the fish food and inert eharcoa1 were first p1aced in separate 

stopper'ed vials which were then topped off with distilled water and 

a110wed to sit for 2 hours. Subsequently, a pipette was used to agitate 

the contents of eaCh vial, and a O.05ml samp1e was aspirated, placed on a 

slide, and covered with a covers1ip. The slide was examined under 400x 

magnification on a Wild Heerbrugg stereoscopie compound microscope. using 

an ocu1ar micrometer, a11 the particulate matarial present in a transect 

l353.6~ long by 42.3~ wide (corresponding respectively to the diameter 

of the field of view and the length of the hash marks on the micrometer) 

was measured (refer to Appendix 2 for dimensions of partic1e sizes); a 

total of 10 samples was used. For a comparison of the mean diameter and 

the range of particle sizes between the two types of ground material, see 

Appendix 3. 

Approximate1y 25 fourth instars were aspirated from their rearing 

flask into a plastic isolation c~amber (15 cm x 15 cm x 8.5 cm) filled to 

a depth of 5 cm with distilled water at 25°C. Flshfood was either present 

to exeess 0\' absent in the isolation chamber. Larvae kept in the 

isolation chamber in the absence of ground food for 1 hour before being 

introduced into the obseY'vation arena were considered "starved"; 

converse1y those kept in the presence of an excess amount of food for 1 
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hour prior to introduction were considered "fed". 

Both the "fed" and "starved" groups of larvae were placed into 

observation arenas where treatments consisted of allowing the larvae to 

"feed" on substrates of varying food qualities and quantitles as follows: 

~ Treatment OF: Overabundance (j.e., high denslty) of highly nutritious 

~ Treatment RE: 

~ Treatment NF: 

~ Treatment MX: 

particulate material (0.35g of food). 

Reduced quantity (i .e., 10w density) of h1ghly 

nutritious particulate material (O.Olg of food). 

Particulate material absent from the observation arena. 

A mixture of equal volumes of highly nutr1t10us 

particulate material and inert carbon present to excess 

(1.e., high density) (0.35g mixture of food and charcoal 

in total), providing a substrate of mediocre nutritional 

• qua11ty present to overabundance. 

• 

~ Treatment CH: Substrate consisting of particulate material of low 

nutritional quality, but at an overabundance (i.e., high 

denslty) (0.35g of charcoal). 

The particulate materials used in treatments OF, RE, MX, and CH 

were introduced into the observation arena 2 hours before the start of 

videotaping, to al10w the material to become saturated and to settle to 

the bottom. After this Z hour period, either 25 "fed" or "starved" fourth 

instar Aedes aegypt1 were transferred from their isolation chamber to an 

observation arena. Five replicates of each treatment were performed for 

both the fed and starved larvae. 
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Methods of Data Collect10n 

After transferral from the isolation chamber to the observation 

arena, the larvae were videotaped for 2 hours. To eliminate any diurnal 

variation in larval behaviour, videotaping was consistently started at 

J4hOO. Observations were taken over the first hou,- of each 2 hour 

videotaping period as follows: 

Four minutes after the videotaping had begun, and at each subsequent two 

minute interval, the videotape was stopped and the vertical distribution 

of the population was dete,-mined by counting the larvae present (1) at the 

surface (zone 1) of the water in the uppermost 1 cm zone of the water 

column, (11) in the niiddle three 1 cm zones (Zones 2, 3, and 4) of the 

observation arena, and (i11) in the bottom 1 cm zone (zone 5) foraging on 

part1culate material present there . 

The data that wer~ collected over the full 1 hour observation period 

were d1v1ded into 4 time intervals of approximately 15 minutes each, to 

simp11fy the analysis. Each one of these "time intervals" consequently 

consisted of eight observations taken within this quarter-hour time frame. 

The observations, as previously mentioned, were made two minutes apart. 

Stat1st1cal Analyses 

The data were analyzed using the following statistical procedure: 

the number of larvae counted in a zone for any combination of time, 

treatment, and pretreatment conditions were divided by the total number of 

larvae in the observation arena, to obtain the percentage of larvae 

present 1n a specifie zone for specifie conditions. Arcsine 

transformations were then used to transform these percentage values. A 
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multivariate repeated measures analysis of variance (MANOVAR) was 

performed as an overall analysis on the entire set of data to identify the 

overall trends or specifie highly significant effects at the 0.05 level of 

statistical significance. To examine more closely the patterns of 

significant effects, means were compared using Tukey's Studentized Range 

Test. The analyses were performed IJsing SAS (ver. 6.03) (SAS/STAT User's 

Guide 1988) . 
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RESlLTS 

The introduction of fourth instar Aedes aegyptl into the observation 

arena typically elicited the div1ng response: 1arvae rapidly wriggled to 

the bottom of the chamber. larva 1 movement a long the bottom substrate 

appeared to be random for approximate1y 1 minute fol10wing introduction. 

Act1vity was genera11y vigorous, with periodic accumulation in the corners 

of the arena. Thereafter, larva1 activity gradually diminished, and 

ind1v1duals began slowly float1ng to the surface. A proportion of the 

population, however, was consistently found at the bottom. larvae at the 

surface were mot10n1ess for intervals of severa 1 seconds to minutes. 

Periodical1y 1ndividual larvae would sw1m to the bottom and s1ft through 

part1culate mater1a1 for short per10ds of t1me. Dur1ng the1r descent, 

larvae at t1mes momentarily ceased wriggl1ng for 1 to 2 seconds, on1y to 

resume and continue downwards. Simi1ar1y, while some 1arvae f10ated 

direct1y from the bottom to the surface, others exhibited brief episodes 

of downward sw1nmi ng that de layed the1r ascent. No fi lter feeding. 

grooming, or exploratory behaviours were evident dur1ng these pauses which 

occurred pr1marily in the mid-regions of the water co1umn (zones 2. 3, and 

4). The data obtained are presented in Tables 1 through 7. as fol10ws. 

DISTRIBUTION OF LARVAE BETWEEN ZONES 

Differences between zones in the abundance of larvae was high1y 

sign1ficant (MANOVAR. F=684.630, df=4.160 p<O.05), regardless 
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TABLE 1. Effeets of treatments OF, RE, NF, MX and CH on the distribution 

of fed larvae between zones l, 2, 3, 4 and 5. 

Ti me OF RE NF MX CH 
1 nterva 1 Zone Mean % Mean % Mean % Mean % Mean % 

Larvae Larvae Larvcle Larvae Larvae 

1 1 30.49a 30.98a 25.10b 25.23b 28.33b 
2 5.71b 10.88b IO.24e 7.9OC 7.38e 
3 11.79b 11.96b 8.B3e 9.03e 9.69c 
4 lO.90b Il.92b 15.71e 12.06e 10.52e 
5 41.12a 34.26a 40.13a 45.79a 44.08a 

2 1 43.84a 36.ooa 32.82a 27.04b 30. lOb 
2 7.97 e Il.llb 9.39b 8.61e ID.Ole 
3 9.02 e 10.74b 10.82b Il.69c 8.44e 
4 14.44be ll.28b 13.53b 13.41c 11.02e 

N 5 24.73b 
" 

30.88a 33.44a 39.25a 40.43a 

3 1 46.58a 40.09a 32.41a 30.31a 34.61a 
2 8.94e 1l.95e 9.57b 9.09b 8.61b 
3 9.41e 7.46c 10.03b 9.99b 10.32b 
4 Il.86c g.37e 1l.22b 12.73b 1l.l1b 
5 23.20b 31.13b 36.76a 37.89a 35.35a 

4 1 52.00a 43.23a 35.10a 31.02a 31.94a 
2 8.41e 8.31e 10.29b 8.43b 10.12b 
3 9.43c 8.3De 10.17b 9.31b 8.97b 
4 S.61e 8.l7e 9.67b 13.78b 10.57b 
5 21.55b 31.99b 34.78a 37.46a 38.41a 

....,. vithin the __ col ..... lInd the __ ti. interval heving tM __ lette!" ere not significently 
diffennt p>O.05 -
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TABLE 2. Effeets of treatlents OF, RE, NF, MX and CH on the distribution 

of starved larvae between zones 1, 2, 3, 4 and 5. 

Time OF RE NF MX CH 
Interval Zone Mean 1 Mean 1 Mean 1 Mean 1 Mean 1 

larvae larvae larvae larvae larvae 

1 1 30.29a 35.85a 23.19b 16.93b 17 .55b 
2 7.19b 10.96b 7.49c 4.85e 5.66e 
3 9.47b 12.41b 1l.DOc 7.96c 8.7le 
4 12.07b 10.67b l2.88c l4.37b lO.75e 
5 40.9Ba 30.12a 45.44a 55.B3a 57.33a 

2 1 44.16a 42.22a 27.17b 2J.55b 25.J2b 
2 9.84e 9.93e 8.46e 6.8le 7.97e 
3 9.7Je 10.7Be IO.6te S.17e 9.63e 
4 8.45e 9.45c 10.97e Il.83e 9.62e 

'" 
5 27.82b 27.62b 42.80a 49.64a 47.45a 

00 

3 1 42.35a 43.56a Jl.07b Z4.93b 26.84b 
2 9.62e 9.15e B.JBe 7.4Be 6.BOe 
3 9.04e 9.42e 7.44e 8.7Be 7.13e 
4 IO.9Be 9.42e 8.41e IO.65e 1l.57e 
5 28.00b 28.45b 44.70a 48.l7a 47.66a 

4 1 45.46a 46.37a 30.46b 23.84b 23.50b 
2 1.8Oe 8.08e 7.15e 7.72e 6.81e 
J lO.28e 6.6Se 8.89c 7.92e 9.28e 
4 8.6Se 9.6Se 11.65e IO.37e 7.8ge 
5 27.79b 29.19b 41.85a 50.16a 52.53a 

lleens witMn the selle col~ n the ... ti. interval having the SIl. letter are not significantly 
different p>O.OS 
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TABLE 3. Changes over time in fed larvae in zones l, 2, 3, 4 and 5 in 

response to treatments OF, RE, NF, MX and CH. 

OF RE NF MX CH 
Zone lime Mean 1 Mean 1 Mean 1 Mean ~ Mean ~ 

Int. Larvae Larvae Larvae larvae Larvae 

1 1 30.49b 30.98 b 25.10 b 25.23a 28.33 b 
2 43.84a 36.00ab 32.82ab 27.04a 30.10ab 
3 46.58a 40.09a 32.41ab 30.31a 34.61a 
4 52.00a 43.23a 35.10a 31.02a 31.94ab 

2 1 5.71a 10.88a 10.24a 7.90a 7.38a 
2 7.97a 11.11a 9.39a 8.61a 10.01a 
3 8.94a 11.95a 9.57a 9.09a 8.61a 
4 8.41a 8.31a 10.29a 8.43a 10.12a 

N :3 1 11.79a 11.96a 8.83a 9.03a 9.69a 
\0 2 9.02a 10.74ab 10.82a . 11.69a 8.44a 

3 9.41a 7.46c 10.03a ~.99a 10.32a 
4 9.43a 8.3OCb 10.17a 9.31a 8.97a 

4 1 10.90ab 11.92a 15.7la 12.06a 10.52a 
2 14.44a 11. 28ab 13.53ab 13.41a 11.02a 
3 11.86ab 9.37ab 11.22 b 12.73a 11.11a 
4 8.61 b 8.17 b 9.67 b 13.78a lO.57a 

5 1 41.12a 34.26a 40.13a 45.79a 44.08a 
2 24.73b 30.88a 33.44a 39.25a 40.43ab 
3 23.2Ob 31.13a 36.76a 37.89a 35.35 b 
4 21.55b 31.99a 34.78a 37.46a 38.41ab 

...... vithin the ... col~ .net the ... zone having the sa. letter are IlOt significently 
different p>O.05 
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TABLE 4. Changes over t1œe in starved larvae in zones l, 2, 3, 4 and 

5 ;n response to treatments OF, RE, NF, MX and CH. 

OF RE NF MX CH 
Zone lime Mean 1 Mean 1 Mean 1 Mean 1 Mean X 

Int. Larvae Larvae Larvae Larvae Larvae 

1 1 30.29b 35.85 b 23.19 b 16.93b 17.55 b 
2 44.16a 42.22ab 27.17ab 23.55a 25.32a 
3 42.35a 43.56a 31.07a 24.93a 26.84a 
4 45.46a 46.37a 30.46a 23.84a 23.50ab 

2 1 7.19a 10.96a 7.49a 4.85a 5.66a 
2 9.84a 9.93a 8.38a 6.81a 7.97a 
3 9.62a 9.15a 8.46a 7.48a 6.80a 
4 7.80a 8.08a 7.15a 7.72a 6.8la 

w 3 1 9.47a 12.41a 11.00a 7.9Oa 8.71a 
0 2 9.73a 10.78ab 10.61a 8.17a 9.63a 

3 9.04a 9.42 b 7.44 b 8.78a 7.13a 
4 10.28a 6.68c 8.89ab 7.92a 9.28a 

4 1 12.07a 10.67a 12.88a 14.37a 10.75ab 
2 8.45a 9.45a lU.97ab 11.83a 9.62ab 
3 10.98a 9.42a 8.41 b 10.65a 11.57a 
4 8.66a 9.68a 11.65ab 10.37a 7.89 b 

5 1 40.98a 30.12a 45.44a 55.83a 57.33a 
2 27.82b 27.62a 42.80a 49.64a 47.45 b 
3 28.00b 28.45a 44.70a 48.17a 47.66 b 
4 27.79b 29.19a 41.85a 50.16a 52.53ab 

"uns w;thin the sa. colu .. and the _ zme hav;'1g the _ lette,. .,.e not s;grdfü:antly 
d;fferent p>O.05 
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TABLE 5. Comparison between the effects of treatments OF, RE, NF, MX and 

CH on mean percentage of fed larvae in zones l, 2, 3, 4 and 5. 

Time Zone 1 Zone 2 Zone 3 Zone 4 Zone 5 
Interval Treat. Mean % Mean % Mean % Mean % Mean % 

Larvae Larvae Larvae Larvae Larvae 

1 OF 30.49a 5.71 b 11.79a 10.90a 41.12a 
RE 30.98a 10.88a 11.96a 11.92a 34.26a 
NF 25.10a 10.24a 8.83a 15.7la 40.13a 
MX 25.23a 7.90ab 9.03a 12.06a 45.79a 
CH 28.33a 7.38ab 9.69a 10.52a 44.08a 

2 OF 43.84a 7.97a 9.02a 14.44a 24.73 b 
RE 36.00ab 11.11a 10.74a 11.28a 30.88ab 
NF 32.82ab 9.39a 10.82a 13.53a 33.44ab 
MX 27.04 b 8.61a 11.69a 13.41a 39.25a 

w CH 30.10ab 10.01a 8.44a 11.02a 40.43a 
-

3 OF 46.58a 8.94a 9.41a 11.86a 23.20 b 
RE 40.09ab 11.95a 7.46a 9.37a 31. 13ab 
NF 32.41 b 9.57a 10.03a 11.22a 36.76a 
MX 30.31 b 9.09a 9.99a 12.73a 37.89a 
CH 34.61ab 8.61a 10.32a 11.11a 35.35a 

4 OF 52.00a 8.41a 9.43a 8.61 b 21.55 b 
RE 43.23ab 8.31a 8.30a 8.17 b 31.19ab 
NF 35.1OCb 10.29a 10.17a 9.67ab 34.78a 
MX 31.02c 8.43a 9.31a 13.78a 37.46a 
CH 31.94cb 10.12a 8.97a 10.57ab 38.41a 

Neens vithin the ... colu.\ end the ... ti_ interval having the Mlle letter are not signifiCMtly 
different p>O.05 
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TABLE 6. Comparison between effects of treatments OF, RE, NF, MX and CH 

on mean pereentage of staryed laryae in zones l, 2, 3, 4 and 5. 

Time Zone 1 Zone 2 Zone 3 Zone 4 Zone 5 
1 nterya 1 Treat. Mean 1 Mean 1 Mean 1 Mean 1 Mean 1 

Laryae Laryae Laryae Laryae Laryae 

1 OF 3~.29ab 7.19ab 9.47a 12.07a 40.98cb 
RE 35.35a 10.96a 12.4la 10.67a 30.I2e 
NF 23.19cb 1.49ab 11.00a 12.88a 45.44ab 
MX 16.98c 4.85 b 7.96a 14.37a 55.83ab 
CH 17.55e 5.66ab 8.71a 10.75a 57.33a 

2 OF 44.16a 9.84a 9.13a 8.45 b 27.82b 
RE 42.22a 9.93a 10.78a 9.45ab 27.62b 
NF 27.17b 8.46a 10.61a 10.97ab 42.80a 
MX 23.55b 6.Bla B.l7a 1l.B3a 49.64a 

w CH 25.32b 7.97a 9.63a 9.62ab 47.45a ...., 

3 OF 42.35a 9.62a 9.04a 10.98a 28.00b 
RE 43.56a 9.15a 9.42a 9.42a 28.45b 
NF 31.07b S.3Ba 7.44a B.41a 44.70a 
MX Z4.93b 7.48a 8.78a 10.65a 48.17a 
CH 26.84b 6.80a 7.13a 11.57a 47.66a 

4 OF 45.46a 7.BOa 10.2aa B.66a 27.79b 
RE 46.37a S.OBa 6.6Ba 9.68a 29.19b 
NF 30.46b 7.15a 8.89a 11.65a 41.85a 
MX 23.84b 7.72a ;.92a 10.37a 50.16a 
CH 23.50b 6.81a 9.28a 7.89a 52.53a 

Meens within the S8IIe eolu.'l end the salle tille interval having the sue letter are not slgnificantly 
different p,'O.05 



TABLE 7. Effects of pretreatment conditions (starved vs. fed) on the 

• mean percentage of larvae in zones 1, 2, 3, 4 and 5 . 

Treatment Zone Pre- lime lime lime Time 
Treatment Int. 1 Int. 2 Int. 3 Int. 4 

OF 1 starved 30.29a 44.16a 42.35a 45.46a 
fed 30. 49a. 43.84a 46.58a 52.00a 

2 starved 7.19a 9.84a 9.62a 7.80a 
fed 5.7la 7.97a 8.94a 8.41a 

3 starved 9.47a 9.73a 9.04a 10.28a 
fed 11. 79a 9.02a 9.41a 9.43a 

4 starved 12.07a 8.45b 10.98a 8.66a 
fed 10.90a 14.44. 11.86a 8.61a 

5 starved 40.98a 27.82a 2B.00. 21.19. 
fed 41.12a 24.73a 23. lOb 21.5Sb 

RE 1 starved 35.85a 42.22a 43.56a 46.37a 
fed 30.98a 36.00a 40.09a 43.23a 

2 ~tarved 10.96a 9.93a 9.1511 8.08a 
fed 10.88a 11.11a 1l.9S. 8.31a 

• 3 starved 12.41a 10.78a 9.42a 6.68a 
fed 11.96a 10.74a 7.46a 8.30a 

4 starved 10.67a 9.45a 9.42a 9.68a 
fed 11.92a 11.28a 9.37a 8.17a 

5 starved 30.12a 27.62a 28.45a 29.19a 
fed 34.26a 30.88a 31.13a 31.99a 

NF 1 starved 23.19a 27,.17a 31.07a 30.46a 
fed 25.10a 32.82a 32.41a 35.10a 

2 starved 7.49a 8.46a 8.38a 7.1Sb 
fed 10.24a 9.39a 9.57a 10.291 

3 starved 11.00a 10.61a 7."b 8.89a 
fed 8.83a 10.82a 10.03. 10.17a 

4 starved 12.88a 10.97a 8.41a 11.65a 
fed 15.71a 13.53a 11.22a 9.67a 

5 starved 45.44a 42.80a 44.70a 41.85a 
fed 40.13a 33.44a 36.76a 34.78a 

• -P.ired ... ns wlthin the .a. colu., .nd the ... tr •• t.ent having the .... letter .re not .1gn1ficantly 
different p>O.05 
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• TABLE 7. (contfnued) Effects of pretreatment conditions (starved vs. fed) 
on the mean percentage of larvae in zones 1, 2, 3, 4 
and 5. 

Pre-
Treatment Zone Treatment Ti me Time Time Time 

Conditions Int. 1 Int. 2 Int. 3 Int. 4 

MX 1 starved 16.93b 23.55a 24.93a 23.84a 
fed 25.23. 27.04a 30.31a 31.02a 

2 starved 4.8511 6.81a 7.48a 7.72a 
fed 7.90. 8.61a 9.09a 8.43a 

3 starved 7.96a 8.11b 8.78a 7.92a 
fed 9.03a 11.69. 9.99a 9.31a 

4 starved 14.37a 11.83a 10.65a 10.37a 
fed 12.06a 13.41a 12.73a 13.78a 

5 starved 55.83a 49.64. 48.17. 5O.J6. 
fed 45.79a 39.256 31.89b 37.46b 

CH 1 starved 17.55b 25.32a 26.1Mb 23.5Ob 

• fed 28.33. 30.10a 34.61. 31.94. 

2 starved 5.66a 7.97a 6.80a 6.81b 
fed 7.38a 10.01a 8.6la 10.12. 

3 starved 8.71a 9.63a 7.13b 9.28a 
fpo 9.69a 8.44a 10.32. 8.97a 

4 starved 10.75a 9.62a 11.57a 7.89a 
fed 10.52a 11.02a 11.11a 10.57a 

5 starved 57.33a 47.46a 47.66. 52.53. 
fed 44.08a 40.43a 35.3511 38.41b 

,.1rld _na w1thin the ... col.., .nd the .... tr .. teent IMIving the .... letter are IlOt a;gn;f;cently 
d1ffertnt ~.05 
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Concomitant ly, significant changes over time in abundance with1n zones 

occurred (MANOVAR, F=25.330, df=12,480. p<0.05). 

Regardless of the pre-treatment or type of substratum offered, two­

thirds to s l ight ly more than three-quarters of the larvae consistently 

occupied regions both at the surface (zone 1) of the water column and on 

the bottom of the observation arena (zone 5) (Tabl. 1 and Tabl. 2). As a 

consequence, larvae found within the three m1ddle zones generally 

comprised less than one-th1rd of the total population. Not only were the 

larval numbers relatively un1form between these zones throughout the 

ent1re per10d of observation, but the1r abundance w1th1n them was 

essent1ally stat1c over time, and averaged 10.2% per zone (I.e., less tnan 

3 larvae) (Tabl. 3 and Tabl. 4). 

An overabundance of high-qual1ty food (Tre.t_nt OF) produced no 

significant differences between the percentage of larvae at the surface 

and on the bottom during the first 15 minutes of observation (time 

interval 1), for either of the pre-treated (Table 1 and Tabl. 2) groups. 

Subsequent 1y (t ime i nterva l s 2, 3, and 4), there was a s 1 gn 1 f 1cant 

accumulation of both starved as well as fed larvae at the surface; dur1ng 

this time, there were no significant fluctuations in the proportions of 

larvae present at the surface (Tabl. 3 a~d Tabl. 4). 

When starved larvae were subjected to small amounts of h1gh-qua11ty 

food (Tre.t.ent RE) the pattern of distribution over time was sim11ar to 

that el1cited by treatment OF (Table 1 and Tabl. 2), except that the sh1ft 

of fed larvae to the surface was s11ghtly delayed (Tabl. 3 and Tabl. 4). 

In the absence of food (Tra.t.nt IF), both starved (Tabl. 2) and 

fed (Table 1) larvae were found on the bottom in s1gn1f1cantly h1gher 
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numbers than at the surface during the first 15 minutes of observation. 

Thereafter, the fed larvae became more uniformly distributed between these 

two zones even though their numbers increased and peaked at the surface 

during time interval 4 (Tab'e 3). conversely, the starved larvae occupied 

the bottom in significantly higher numbers during the corresponding 

per10d; nevertheless, their abundance at the surface increased over time 

and plateaued during the second half of the observation period (Table 4). 

In the presence of e1ther a high-density but med10cre (Treatlent NX) 

or 10w-qual1ty (Treat.nt CH) substrates, signif1cant,y higher percentages 

of starved larvae were found on the bottom than at the surface (Table 2) 

throughout the observation per10d. Nevertheless, for both treatments, 

proportions at the surface increased sign1ficantly after time interval 1 

and subsequent ly plateaued, wh11e 1t concom1tantly decreased and 

eventually stabilized on the bottom (Tab'. 4). Fed larvae responded 

sim1la"ly to treatments MX and CH and although a significantly higher 

percentage foraged on the bottom than were found at the surface dur1ng 

t1me 1ntervals 1 and Z (Table 1); subsequent observations showed no 

s1gn1f1cant d1fferences. This coincides with changes ln their proportions 

at the bottom over t1me, i.e., it was highest during t1me intervals 1 and 

2, but generally dec11ned over the follow1ng 2 intervals (Table 3). 

PERCENTAGE OF LARVAE WITHIN ZONES 

In general, both pre-treatment (MANOVAR, F=8.063, df=4,160, p<O.O~) 

and treatments (MANOVAR, F=15.092, df=16,160, p<O.05) signif1cantly 

affected the percentage of larvae present w1thin the zones. 
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Although no s1gn1ficant differences between proportions of fed and 

starved larvae occurred in an env1ronment that conta1ned e1ther little 

(Treat.ent RE) or no 'food (Treat.nt NF), s ignificant differences fo~' the 

remaining treatments (OF, IIX J and CH) were evident (primarily on the 

bottom) during the second half-hour of observation and were marked by 

consistently higher percentages of starved than fed larvae (Table 7). 

W1th respect to treatments, fed larvae were found at the surface in 

similar proportions (Table 5) during t1me interval l, regardless of 

substrate type. During subsequent observations, s1gn1ficantly greater 

proportions of larvae occup1ed the surface zone in the presence of an 

overabundance of high-qua lit Y food (Treat.ent OF), than for any other 

treatment. Any differences between treatments on the percent age of larvae 

at the bottom in1tially mirrored those occurring at the surface (Tabl. 5); 

during the subsequent three intervals, however, abundance was lowest in 

treatment OF, and generally higher for treatments NF, MX, and CH. 

Starved larvae provided with high quality food, either in a surfeit 

(Treat.ent OF) or reduced quantity (Treat_nt RE), were consistently 

abundant in similar proportions in the surface and bottom zones (Tabl. 6). 

Similarly, larvae not prov1ded with food in the arena (Treatlent NF), or 

provided with food that was overabundant but mediocre (Treat_nt IIX) or 

poor (Treat.ent CH) in quality aggregated in the same zones, in similar 

proportions. Nevertheless, starved individuals treated with high qua11ty 

food (Treatlent OF and RE) were consistently present in smaller 

proportions at the bottom than those exposed to low quality food 

(Treat.ents NF, IIX, CH) (Table 6). With few exceptions, proportions of 

starved (Table 6) or fed (Table 5) larvae in the mid-region zones 2, 3, 

and 4 generally showed no significant variation. 
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DISCUSSION 

A lthough tne larvae typica lly accumulated at the surface of the 

water column and on the bottom of the observation arena, their abundance 

w1thin these zones was influenced by the nature of the substratum. 

Changes over time in the percentage of larvae within the zones was not as 

important as fluctuations in their relative proportions between the zones, 

as the percentage of larvae in the former generally was static during the 

last 45 minutes of observation. The effects of food deprivation on larval 

distribution were most Obv10US within the bot tom 1 cm region of the 

observation chamber, and were evident even 1 hour after the larvae had 

been introduced. 

Because Aedes aegypti larvae breathe at the air-water interface and 

feed on part iculate matter on the bottom (Christophers 1960), these 

regions are consequently natural foci of activity, explaining why at least 

'two-thirds of the larvae cons i stent ly occupied the surface or bottom 

regions. Therefore, larval abundance in the three middle zones was 

characterized by consistently low percentages within the zones and uniform 

proportions between the zones. Direct observation confirmed that the 

larvae were primarily in transit between the surface and bottom zones; 

consequently, shifts 'In larval distribution as a function of varying 

conditions characteristic~lly involved only these zones i.e., surface and 

bottom. Generally, within each of the mid-region zones, no significant 

changes over t ime 1 n abundance, or di fferences between dens i t i es of 

starved and fed individuals in response to the treatments were observed. 

Any dev1ations from th1s pattern 1s suggestive of sl1ght individual 
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variation in larval response to the different substrates. Because, on 

average, fewer th an 3 individuals were present per m'Id-region zone, any 

such variation in behaviour between larvae would consequently become 

conspicuous. Consequently, no biological significance should be 

associated with these fluctuations since only a small proportion of the 

population ever occupied these zones. 

Differences between zones 

TREATNENT OF. Access to an abundance of highly nutritious food may 

have provided ideal conditions for larval feeding and consequently, 

growth. Indeed, within 15 minutes after their introduction, a majcrity of 

both starved and fed groups of larvae shifted from (a) being equally 

distributed between the surface and bot tom (b) to accumulation at the 

surface. This rapid re-distribution and subsequent stabilization suggests 

that they fed to repletion in less than 15 minutes, and consequently spent 

minimal time foraging. In spite of this similarity, significantly more 

starved than fed individuals aggregated on the bottom towards the end of 

the observation period, perhaps indicative of their requirement for 

slightly more time to feed to satiation. Dadd (1968) found that Aedes 

aegypti larvae readily displaced material from their gut in less than one 

hour by ingestion of particles of broadly nutritive values; consequently, 

di fferences between starved and fed groups of larvae should have been 

evident during the first half-hour of observation, and not the last, since 

under conditions of food overabundance a "starved" larva could easl1y 

become "fed" , unless the starved larvae are too weak to ingest. Larvae 

deprived of nutrients for extended periods apparent ly feed more s lowly 
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than fed individuals, even after prolonged exposure to an overabundance of 

h1ghly nutr1tious food. Ultimately, these different reactions may 

represent some compensa tory react ion of the larvae to the effects of 

nutritional deprivation, possibly a mechanism allowing them to take 

~~~antage of their nutrient-rich environment. 

TRfAl.ENT RE. The second treatment differed from the previous one 

1n that a reduced quant1ty rather than an overabundance of food was 

offered to the larvae. Nevertheless, a similar pattern of dispersal over 

t1me (f .e., the 1arvae were evenly d1stributed betweell the surface and the 

bOttOM during the first 15 minutes of observation, but subsequently 

aggregated at the surface) was observed between starved larvae exposed to 

e1ther a low abundance or an overabundance of food, again suggesting that 

even when nutr1ents were scarce, feeding to satiation occurred rapidly. 

This overal1 shi ft towards the surface might a1so have resulted from the 

gradual dep1etion of the small quant1ty of food present in the observation 

arena through continuous larval feeding: as the amounts decreased, the 

1ncentive to forage dec11ned since the energy expenditure required to 

forage may have eventually superseded the energy obta1ned through feeding. 

consequent ly, greater proport 10ns of 1arvae eventua 11y occupled the 

surface zone. 

The fed larvae, like the starved, were initially equally numerous at 

the surface and on the bot tom when offered reduced amounts of food; 

however, their subsequent aggregation at the surface occurred later than 

with the starved 1ndlviduals, suggestlng that thelr feedlng rates were 

slower or s1mp1y more prolonged and copious. 

Larvae wou1d conceivably spend more t1me searchlng ln an environment 
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where food is sparse than in one where it is overabundant, because feed1ng 

to satiation under impoverished conditions would presumably take longer. 

This behaviour was observed, but exhibited only by the feG individuals. 

If one considers that a minimum critical weight must be attained dur1ng 

the larval stage for pupat10n to occur (Chambers and Klowden 1990). and 

that adults from pupae w1th low nutrient reserves need to locate a food 

source sooner upon emergence than those with adequate reserves (suggest1ng 

some type of competitive advantage) (van Handel 1988), then one would 

expect the contrary to occur, since starved larvae theoretically carry 

reduced nutrient reserves. It may simply be that the fed larvae w1th 

larger corporeal reserves of nutrients were able to allocate more time and 

energy for foraging. 

T'EnliENT NF. For the starved larvae, the lack of ingest1ble 

material in the observation arena along with the complete deprivation of 

food prior to introduction probably constituted a "worst-case scenario", 

because not only would their nutrient reserves have been depleted, but 

their foraging efforts would have been fruitless. Nevertheless, 

s ignificant ly more starved than fed larvae aggregated on the bottom 

throughout the duration of the observation period, suggesting that a 

relatively high level of foraging activity was sustained among the starved 

1ndividuals even under these adverse conditions. Ultimately, the complete 

absence of particulate matter in any environment makes the presence of 

mature mosquito larvae in that habitat unl1kely because the1r growth 

depends on the availability of nutrients. Although part1culates are, 1n 

nature, the major food source of many mosquito larvae (Merritt 1987), some 

species will develop to adulthood in sterile synthet1c media conta1n1ng 
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most of the essent1al nutrients (Akov 1962; Nayar 1966). The absence of 

so11ds in the 1arval diet has however been demonstrated to reduce feeding 

and growth rates (Dadd 1975; Nayar 1966) unless low concentrat1ons of 

collo1ds are 1ncorporated 1nto the dietary medium (Dadd and Kleinjan 

1976). Therefore, if the feeding rate of the starved larvae was reduced 

by the absence of part1culate material in the arena, perhaps accumulation 

of the starved larvae near the bottom was a function of "searching by 

expectat1on" whereby they relled on1y on innate responses to f1nd optimal 

reglons of exploitation in their habitat, and thus were not necessar11y 

dependent upon information ga1ned from previous experience (Bell 1990). 

The major1ty of fed 1nd1v1dua1s a1so 1n1t1a11y aggregated on the 

bottom. However, unlike the starved 1arvae, they subsequently became 

equally abundant at the surface and on the bottom, suggest1ng that the 

overal1 1ntensityof feeding w1thin the popu1at10n d1m1n1shed qu1ckly w1th 

t1me. Deth1er (1976) found that search1ng behav10ur for food in the 

b10wfly Phor.1. regin. (Meigen) was probably regulated by the animal's 

"physio10g1cal state", i.e., the quantity 1ngested is affected by the t1me 

s1nce the previous meal, the quantity and qua11ty of the previous mea1, 

and the amount of energy expended in the interim. Assuming the same 

princ1p1es are applicable to mosquito 1arvae as a mechanism of nutr1ent 

regu1ation, the fed larvae would not be expected to accumulate (nor, in 

th1s study, were they actually observed to accumu1ate) near the bottom for 

as long as the starved 1ndividua1s, because presumab1y they had greater 

nutr1ent reserves. 

TRE.IlEITS III and CH. It is un11ke1y that Aedes aegypti 1arvae wou1d 

encounter food sources as homogeneous as those presented 1 n these 
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experiments under normal field conditions. Laird (1988) observed that 

both artificial and natural containers provide highly heterogeneous 

environments containing a wide variety of taxa and organic mater1al which 

the larvae may potentially ingest. A mixture of highly-nutritious food 

and inert charcoa1 particles (Treatment MX) might therefore more closely 

approximate a mixed-type substrate that the larvae would typically 

encounter in the field. When food was mixed w1th charcoal particles, fed 

and starved larvae reacted similarly to this mixture and charcoal alone: 

in the presence of either substrate, starved larvae consistently 

aggregated at the bottom whereas the fed only occupied this zone during 

the first half-hour, and subsequently dispersed. 

Response to the first three treatments (OF, RE, and NF) i ndicates 

that the presence or absence of food influenced the vertical distribution 

of fed and starved larvae within the arena. Thus, the response of the 

larvae to the remaining two treatments (MX and CH) should have d1ffered 

because only one contaïned food particles. Charcoal part1cles, of 

negligible nutritional value (Aly and Mulla 1986), appeared to serve 

primarily as a phagostimulant, because starved larvae in an environment 

containing a high-density, high-qua lit Y substrate (treatment OF) soon 

aggregated at the surface, whereas in the presence of a substrate of 

similar density, but of Mediocre (MX) or po or nutritional quality (CH), 

they continuously foraged on the bottom. This pattern suggests that the 

high-quality food items were ingested faster than those of lesser qua11ty: 

these results support the f1nd1ngs of Aly (1985) and Aly and Mulla (1986) 

who found that larvae of Aedes vexans and Anopheles albi.anus 1ngested 

food 1tems (e.g., yeast, wheat flour, and f1shmeal) between 3 to 9 t1mes 
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faster than inert particulates (e.g., kaolin, chalk, and charcoal). 

Apparently ingesting poor quality food does not diminish larval drive to 

forage, but it does affect vertical d1str1~ution in the environment. 

Acquiring food would presumably be more critical for starved 1arvae 

than fed; consequent1y, foraging by the latter may be expected to cease 

ear1ier in situations where nutritive material is not readi1y avai1able 

(i.e., treatments NF, MX, and CH). The data support this hypothesis since 

a major1ty of starved larvae continuously foraged on the bottom regard1ess 

of the treatments (NF, MX, and CH), whereas the fed 1ndiv1dua1s, a1so 

1n1t1al1yaggregated in this region, eventua11y became equally abundant at 

the surface and the bottom. If as Dadd (1971) stated, ingestion rate is 

regu1ated by an endogenous feedback mechanism dependent upon the degree of 

nutr1t1ona1 replet ion brought about by feeding (Rnutrient dependent 

regulation"), then a threshold of nutritiona1 repletion may stimu1ate an 

"on/off" feeding switch in the 1arvae. More effort is required by starved 

individua1s than fed which resu1ts in pro10nged and more 1ntpnse foraging 

by the former. Although treatment MX was defined as a mixture, by 

we1ght, of ground food and charcoal, treatment CH was different because it 

consisted of ground charcoa1 alone. Regardless of the distinct 

differences between these two treatments t a 11 1arvae responded 

consistent1y to either substrate, possib1y because differentia1 rates of 

dissolution of the two constituents increased the relative proport.;on of 

one in the mixture, or because differentia1 sedimentation rates of ground 

food and charcoa l occurred because a 1 arger proportion of the ground 

charcoal (45~) than ground food (30%) consisted of partic1es 1ess than 

14.1 ~ in diameter. Assuming that sma11er particles rema1n in suspension 
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for a longer periods of t ime than the larger, heavier ones, the food would 

presumably settle to the bottom more rapidly and in greater quantities 

than the charcoal. Subsequently, the food may have become covered by a 

thin layer of eharcoal, rendering it almost indist inguishable to the 

foraging larvae from a substrate ent1rely of ground charcoal. Merritt 

(1987) and Dadd (1971) found w1th Aedes tri seriatus and Culex pipiens, 

respectively, that partiele s1zes larger or smaller than those assoc1ated 

with optimal ingestion rates for eaeh instar (e.g., particles averaging 

26JJ11' for 4th instar Culex p1p1ens larvae) clearly decreased ingestion 

rates. It is possible that the slightly larger average diameter of the 

food particles may have put them beyond the optimal food size range for 4'" 

instar Aedes aegypt1. 1 nappropriate food partiele size may have 

ultimately influeneed larval selection for ground charcoal particles only, 

th us resulting in a response to the mixed substrate as if it were charcoal 

alone, I.e., both substances equally nutritionally insubstantive. 

Changes Over 11_ 

The largest fluctuations over time in larval abundance, either at 

the surface or on the bottom, were observed in transition from the first 

to the second observation interval, each interval being 15 minutes in 

duration. Subsequently, because larva 1 abundance rema1ned virtually 

static regardless of the type of substrate or pre-treatment conditions 

they were provided with, overall act1vity was most vigorous within the 

first 15 minutes after the larvae were introduced into their new 

environment. The transfer of the larvae from the isolation chamber to the 

observation arena was performed usil , ., pipette allowing rap1d withdrawal 
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of larvae from one habitat and their discharge into another. This mode of 

transferral appears to have elicited the diving response among the larvae, 

and may have in1tially increased their levels of activity. as well as 

poss1bly magn1fying exploratory behaviour as they searched for food, 

regions of optimal water temper~ture, light 1ntensity, and protection from 

predators in their novel environment (Christophers 1960). The initial 

flurry of activity suggests that the diving response rema1ned unabated 

even 15 minutes after larval introduction 1nto the observation arena. 

consequently, a 15 minute delay before videotaping would arguably 

e11m1nate any masking properties of the d1ving response over other natural 

larva 1 behaviours e .g., foraging. However, because differences in 

dispersal between larvae that were subjected to the var10us treatments 

were evident, it can be concluded that the effect of the diving response 

was neg11g1ble with1n the first quarter-hour t1me frame, and thus no delay 

was necessary. 

Although the overall stability of larval numbers within zones during 

the last 45 minutes of observation suggests that the population had 

reached an equilibr1um state with respect to their activity or vertical 

distribution in the habitat, it is possible that a "natural equilibrium" 

was never attained since the larvae were not purposefully agitated 

following their introduction into the observation arena. A natural 

equilibr1um .ay only be precipitated under field conditions where 

disruptive stimuli caused by rain, wind, passing shado:.ls, presence of 

predators, fluctuations in air and water temperatures, and vibrations 

resulting from passing people or vehicles, are a cORlllon occurrence (Thomas . 
1950; Folger 1946). 

46 



• 

• 

• 

C.pari son Between Treat_nts 

Starved 1arvae exhibited a s imilar response to the presence of h1gh­

qual1ty foods (i.e., treatments OF and RE), and to the absence of high 

qua lit Y foods \ i.e., treatments NF, MX, and CH), gauged by the presence of 

approximate1y the same number of individua1s either at the surface or on 

the bottom throughout the entire period of observation. The first two 

treatments~ disparate on1y 1n quantity, may nct have been distinct enough 

to el icit a different response from the starved 1arvae. The suggestion 

that the homogeneity of larval response to th~ remaining three treatments 

was a consequence of s'Imilar1ties between treatments would be discordant 

with the nature of the treatments: two contained particles of ground food 

and charcoal (MX) or ground charcoal alone (CH), whereas the third (NF) 

contained no particulates at al1. In contrast to the starved larvae. no 

distinction was evident between the response of fed 1nd1viduals provided 

with high-qua 1 ity foods or denied high-qua lit Y foods. In fact, the 

distribution of fed larvae in an arena devoid of food (NF) was as 

different from one containing either a mixture of food and charcoal (MX), 

or ground charcoal (CH) alone, as 1t was between the two arenas 

containing high qual1ty food but in different quantities (OF and RE). 

Thus, a slight1y greater variation in response to the various treatments 

was noted among the fed larvae than the starved, s lnce the starved 

responded simi larly to substrates present 1n widely differing amounts 

(i.e., treatments OF and RE), and of diverse qualit1es (I.e., the1r 

response to treatments NF, MX, and CH was the same). 

Assuming that <a> foraging actlvity among the starved larvae was 

sustained at s im11ar1y high 1evels in the presence of two d1fferent 
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amounts of food to satisfy the requirement for highly nutritious material, 

and (b) the s1mi lar1ty of the1r react ion to the remaining three treatments 

1s attributable to the 1nabil1ty of the larvae to obtain adequate high­

quality food ("nutrient dependent regulation") (Dadd 1971) as well as an 

innate behaviour to f1nd optimal regions of exploitation (Bell 1990), the 

question as to why fed larvae apparently forage less discriminately than 

starved larvae arises. 

If the mechanism used by mosquito larvae to locate resources are 

multi-modal (e.g., olfactory and visual), as they are with other insects 

(Bell 1985), then presumably the qual1ty of the sensory input (and 

resultant behaviour) varies w1th the physiological status of the larvae. 

The observation that starved larvae d1stinguished more readi ly between 

nutritive and non-nutritive substrates than did the fed, and apparently 

mod1fied their behaviour aeeordingly, seems to support this hypothesis. 

Food deprivation in 1nseets 1ncreases the probabl1ity of responding to 

resource related eues (Be11 1990). Thus it might be concluded that the 

starved larvae were actually more sensitive to subtle differences between 

treatments than were the fed. 

Pr.ctfc.J Applfc.tlons of This Study 

Mosquito larvae in diverse habitats become aggregated at food-rich 

foci to optimize feeding on nutritive organic mater1al (Merritt et al. 

1992). It 1s therefore important that the distribution of parasites and 

predators 1ntrodueed into larval habitats for b10logieal control purposes 

closely resembles that of their hosts or prey. This enables the 

parasites/pre~ators to max1mize the frequency of encounters w1th potential 
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prey and concomitant ly reduce search effort, with the conseqLlence of 

increasing efficacy in mosQuito population reduction (Service 1981). The 

idea of a close host-parasite association being necessary for the 

effective use of a biological control agent 1s neither novel nor recent. 

Peter sen (1973) clearly demonstrated that the incidence of parasitism in 

Culex pipiens quinquefasciatus Say by the mermithid nematode Rees1.er.is 

nielseni Tsai and Grundmann was h1ghest when larvae were s1tuated at the 

surface in the corners of a square pond and lowest when they were located 

near the center. He concluded that contact between the host and parasite 

is not a result of chance collision, but rather because of similar 

behav10ural responses of the host and parasite that increase the 

probability of contact. Simllarly, many species of mosquitoes w1th var1ed 

feeding behaviours exhib1t different levels of susceptibility to a g1ven 

strain or preparation of 1ngested, bacterially-derived stomach to)(1ns such 

as Baci71us thuring1ensis var. israelensis (Lacey and Undeen 1986). 

The relat10nship between Aedes aegyptl larvae and d1genean 

trematodes, demonstrated to impair the surv1va land develJpment of 

mosquito larvae (Dempster 1988), exemplifies the ideal spatial 

distribution between host and parasite. Aedes aegyptf larvae are 

primar11y browsers and spend cons iderab le t 1me feeding on organ1c mater1a l 

at the bot tom of their habitat (McIver and Siemicki 1977). S1milarly, 

cercariae of Plag1orch1s noble1 (Trematoda: Plagiorch11dae) (Webber 1986) 

and Plagiorchis elegans (Trematoda: Plagiorchi1dae) (Bock 1984) s1nk 

towards the bottom soon (>80% after 4 hours) after emerg1ng trom the1r 

snail 1ntermediate host, during an interval when the cercar1ae are most 

infective (C. Lowenberger 1993, pers. comm.). Consequently, larval 
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distribution and the coincidence that most of the cercariae eventually 

sink to the bottom during peak infectivity provides an advantage to the 

parasite - proxim1ty to potential hosts. 

Ultimately, the frequency of host-parasite encounters depends on the 

distribution and mobility of both the target organism and the parasite 

(Kennedy 1975). Assuming that containers in the field infested with Aedes 

.egyptf larvae contained sufficient quantities of organic material to 

sustain growth and development, the addition of highly nutritious materia1 

(I.e., treatments OF and RE) would probably decrease larval contact with 

the bottom. Consequently, encounters with introduced cercariae would be 

11mited, because when provided an enriched substratum on which to forage, 

feed1ng and subsequently aggregat10n at the surface occurred rapidly. 

Removal of organic mater1al from larval habitats (i.e., treatment NF) as 

well as measures to prevent its introduction, such as the addition of 

meta1 covers or wire mesh over potentia1 breeding sites (Laird 1988) wou1d 

a1so be ineffect1ve at 1ncreasing 1arva1 foraging time because in the 

absence of any particulate mater1a1 the fed larvae briefly formed an 

aggregate on the bottom «15 minutes), before becoming evenly dispersed 

between the top and the bottom. Therefore, the best strategy to increase 

1arval contact with cercariae on the bottom might be the addition of inert 

particulate materia1 such as charcoal into the 1arval habitat, becaLse in 

the presence of this type of substrate, the larvae aggregated on the 

bottom in significant ly higher densities than at the surface, and for 

longer periods of time than for any other treatment. 

Past research by Web ber (1986) supports this hypothesis, because he 

found that: (1) the distribution of Aedes aegyptl larvae within a habitat 

50 



• 

• 

• 

influenced their susceDtibi 1 ity to the entomophilic digenean trematode 

Plag1orch1s noble1; and, (11) the behaviour of Aedes aegypt1 laY'vae 

compared to that of Anopheles quadr1maculatus Say larvae significantly 

increased their relative susceptibility to the cercariae - the former were 

more active than the latter, and consequently sperlt more time in the lower 

half of the observation chamber where a higher proportion of infectious 

cercariae were present. 

In conclusion, this research was 'conducted pr1mar1ly to obtain a 

understanding of how nutrient deprivation, as well as food quant1ty and 

qu~lity affects foraging behaviour in Aedes aegyptl larvae, and 

consequently how this influenced their spatial distribution over time. 

Although larval habitats in the field are inherently more complex than 

those created under lab conditions. these results provide a simple picture 

of larval response to extreme conditions, and thus might allow for the 

prediction of their distribution in habitats that are of an intermediate 

nature. This information might theoretically be applied 1n making more 

accurate predictions of the efficiency of certain entomopathogens in 

control1ing mosquitoes, because it describes in general terms when and 

where most of the larval population 15 likely to be found, and under what 

conditions. Acquiring a clearer understanding of the spatial and temporal 

dispersal of Aedes degyptl larvae (as well as other species) w1thin their 

habitat in response to food rnight faci11tate the selection of an 

appropriate biological control agent wno)e behaviour and distribution 

sufficiently parallels that of the mosquito larvae . 
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Appendix 1. 

Ingredients and composition of Nutra Fin™ Livebearer Food 
for Guppies, Mollies, and Swordtails. 

Ingredients CQlposltlon 

Fish meal, soy flour, plankton, Minimum crude protein ..... 42% 
mosquito larvae, shrimp meal, Minimum crude fat .......... 5% 
dried daphnia, torula dried yeast, Maximium crude fiber ....... 2% 
wheat feed flour, fish l;ver, Maximum moisture ........... 8% 
spinach powder, chlorophyll . 
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Appendlx 3. 

Dimensions of ground charcoal and food part1cles used as const1tuents 
of the substrates that were present in the observation arena. 

Material Average Maximum Minimum Percentage part1culate 
diameter d1ameter d1ameter material less than 141~ 

(J.AII) (1JfII) (JJIII) 

charcoal 30.8 282.0 3.5 98.9 

food 53.9 465.3 7.1 91.0 
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