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Abstract 

Culicoides molestus (Skuse) is the major species of biting midge that plagues human comfort in the 

estuarine Gold Coast region of southeast Queensland. Local authorities have initiated a search for 

an effective, non-chemical means of control, that would minimize human-midge interaction. The 

effectiveness of a program to control an organism, such as a biting midge, is dependent upon 

knowledge of the biology of the particular organism of interest.  

This project revolved examines the lifecycle of C. molestus in detail. I t addresses questions 

regarding the location, seasonal distribution, and dispersal of its juvenile stages in the sand of 

infested beaches, and their response to chemical treatment, the monthly and annual cycles of the 

adult midge, and the possibilities of achieving laboratory oviposition, as a first step to laboratory 

colonisation.   

The distribution of eggs, larvae and pupae of C. molestus was found to be mostly concentrated 

around, but below, mean tide level. They also occurred well below the mean tide level. Eggs and 

larvae have been recovered from as deep as 10 cm in the sand. A seasonal study of the juveniles of 

this species indicated that they were more strongly influenced by tides than seasons.  

After a routine pest-control larviciding treatment, a beach recolonisation study revealed that 

beaches become suitable for oviposition approximately two months after treatment. Large larvae 

invaded the sprayed areas within days of treatment, which suggests the existence of a refuge 

outside of the reach of the insecticide. Larvae found in clean (egg- and larva-free), isolated sand 

containers, placed on the study beach, indicated that larvae could swim in or on the water as a way 

of moving around the beach. 

Extended bite-rate studies highlighted the existence of four peaks in adult midge biting activity 

during the course of a year, around the mid seasons. The strongest peaks of activity were found to 

be in autumn and spring, but the data suggest that the species undergoes four generations in a year.  

Through a series of trial-and-error experiments, oviposition under laboratory conditions was 

achieved. Although the time from blood-feeding to egg maturation is not yet well determined, it 

occurs within an eight day mean survival period. Blood quali ty appears critical for adult blood-fed 

midge survival. Midges fed on the blood of a volunteer who was frequently exposed to midge bites 

do not live long enough to mature its eggs. The partial ovarial development of one unfed adult 

female, reared in the laboratory, indicates that C. molestus is facultatively anautogenous.  
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1  Intr oduction 

1.1  Biting Midges 

Biting midges are flies (Diptera) in the family Ceratopogonidae, which includes three important 

genera of haematophagous fl ies. These are Culicoides, Leptoconops and Lasiohelea (Kettle 1962). 

Of these, the genus Culicoides is the largest, with over 1500 named species worldwide, most of 

which are blood-feeders on mammals and birds (Meiswinkel et al. 1994).  

In Australia, many species of Culicoides feed on humans. In south-eastern Queensland, an 

estuarine biting midge, Culicoides molestus (Skuse), is a pest of particular interest. The immature 

stages of this species breed in intertidal sand in estuaries. On the Gold Coast, residential canal 

estates with sandy beaches began to be developed in the early 1960s. The sandy beaches provided 

such a suitable breeding environment for C. molestus, that a large population had successfully been 

established in the area in the short time period of two years (Edwards 1978). 

For the residents of such areas, this biting pest represents an important potential health issue. 

However, because it is not known to be a vector of any human or animal disease, the species is 

officially considered to be only a nuisance. To deal with this midge problem, the local authority of 

the Gold Coast has implemented several strategies for biting midge control, including the 

commissioning of a research project which aimed at exploring alternative methods of control, a 

part of which is considered in this thesis. 

1.2  Culicoides  

The life cycle of Culicoides involves the egg, four larval stages, the pupal and the adult stages. The 

juvenile stages of the biting midge require moist environments in which to breed. They can exploit 

a diverse range of such environments, including moist sand, excreta-contaminated hoof print 

puddles, rotting logs, and decaying fruit and other vegetation (Downes 1950, Linley et al. 1983, 

Wild 1983, Hoch et al. 1986). 

The eggs are generally  banana shaped, between 350�P and 400�P long, and approximately 50�P wide. 

Eggs of C. vexans (Staeger) were described by Jobling (1953) to be cigar shaped, and narrower 

towards the posterior end. They were light grey in colour, when fi rst laid, and turned dirty brown to 

almost black with age. The surface of the chorion was longitudinally striated.  
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As they are prone to desiccation, Culicoides eggs are laid on moist substrates, and in clumps that 

adhere to the substrate. The larvae are vermiform, nearly colourless, and can be distinguished from 

other invertebrates in the substrate by their characteristic serpentine swimming motion. The larvae 

may feed on rotting vegetables or other organic debris, as well as other micro-invertebrates which 

live in the surrounding substrate (Downes 1950, Jobling 1953, Becker 1961, Blanton and Wirth 

1979, Edwards 1982, Cribb and Chitra 1998). 

The pupae may be free-floating or lightly attached to the substrate, depending on the species 

(reviewed in Mellor et al. 2000). They are equipped with two breathing horns on the head region. 

When in agar, the pupae of Culicoides molestus move by a backward lateral wriggling motion. 

Additionally, a pair of caudal spines, located at the last abdominal segment, is used as an aid to 

locomotion in an agar medium.  

The adults are generally  1 to 1.5 mm long, light brown to almost black in colour, and are 

distinguishable by the translucent brown or grey patterns on the wings. Only the females are 

haematophagous, with the males being thought to live solely on nectar. The patterns of activity are 

dependent on the species; however, most Culicoides are crepuscular in nature, with peak activity 

around sunrise and sunset, or nocturnal. Although the juvenile stages of Culicoides may take from 

days to months to mature, the adult phase of most species is generally short lived, living up to one 

month (reviewed in Mellor et al. 2000). 

The genus Culicoides is common in areas worldwide except for the extreme polar regions, New 

Zealand, Patagonia and the Hawaiian Islands (Mellor and Boorman 1995). Many have been 

identified as vectors for arboviruses, such as bluetongue, bovine ephemeral fever, African horse 

sickness and Akabane virus. Although bovine ephemeral fever, African horse sickness, and 

Akabane viruses have yet to reach the Australian continent, the potential for transmission via biting 

midges poses a threat to the Australian cattle industry. Many Culicoides species are present 

throughout eastern Queensland and some species are suspected to be competent vectors for 

bluetongue virus (Bishop et al. 1995).  

In Australia, Culicoides is not known to transmit any viruses to humans. However, they do seek 

human hosts for blood-meals. Since the bites and the allergic reactions from them can result in 

considerable discomfort and may be long lasting, they are signif icant as pests to humans.  

Heavy infestations of human-biting Culicoides midges may have serious repercussions for the 

development of coastal areas and the tourist industry (Reye 1964, Davies 1966, Linley and Davies 

1971, Linley 1976, Blanton and Wirth 1979, Hagan and Kettle 1990). They are of particular 

importance in southeast Queensland, Australia, where the climate is subtropical and a signifi cant 
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portion of the human population live and work in coastal areas. Two common species of Culicoides 

reside in the Gold Coast region, C. molestus, and C. subimmaculatus Lee and Reye. 

1.2.1  Mating 

Mating in Nematocera often occurs in discrete ‘dancing swarms’ consisting largely of males. It is 

commonly assumed, perhaps more often than it is demonstrated, that such swarms of flies have a 

sexual function. Downes (1950) reported that male swarms of C. nubeculosus (Meigen) always 

formed over conspicuous objects, the “swarm-markers”. It was suggested that the position of the 

swarm is determined by a visual response to the marker, with each individual responding separately 

to the marker. The swarm is, thus, formed from a group of insects, each attracted by the marker, 

rather than an organized unit (Downes 1955). Swarms, however, are not a prerequisite to mating in 

some species: C. nubeculosus will  mate readily in captivity within a small tube, while the female is 

feeding on the host (Pomerantzev 1932 reviewed in Kettle 1962).  

For some species of Culicoides, mating is not essential. Species such as C. heliophilus Edwards and 

C. cirumscriptus Kieffer have developed a parthenogenetic reproductive cycle where eggs can 

develop to adults without fertil ization by sperm cells (Downes 1955, Becker 1961). Will iams 

(1961) reported on the reproductive status of Culicoides bermudensis Williams. He experimentally 

confirmed that this species undergoes parthenogenesis, males were completely absent, and indeed, 

no male of the species had ever been caught. 

1.2.2  Ovipositi on and Eggs 

Smith and Lowe (1948) noted that females exercise considerable selection in the choice of 

oviposition site. In the absence of proper conditions, gravid females may refuse to oviposit. 

However, when conditions are right, females of C. nubeculosus will readily oviposit in company 

rather than individually (Downes 1950). Such behaviour lead to high local concentrations of eggs, 

and the oviposition choice made by gravid females is, thus, a primary determinant of the larval 

habitat (Linley 1986). 

In all human pest species of Culicoides studied so far, blood-feeding is apparently necessary for 

egg maturation. It was reported by Gluchova (1958) and Amosova (1959) that the quali ty of the 

blood-meals play a dominant role in egg maturation. Those authors observed that incomplete 

blood-meals resulted in up to 66% failure of egg development. Roberts (1960) also reported that 

C. nubeculosus matured only two-thirds as many eggs when fed on heparinated ox blood, rather 

than human blood.  
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In addition to blood-meals, sugar can also determine the success rate of egg maturation (Linley 

1966a). While nectar has been shown to increase adult longevity (Jamnback 1961, Hunter 1977), it 

also provides an energy source for fl ight in the search for a mate or oviposition site (Van Handel 

1984). Li ll ie and Kline (1986) found that adult population increases of C. mississippiensis Hoffman 

coincided with the flowering period of specif ic plants. In an experiment assessing the effects of 

sugar feeding on egg maturation, Linley (1965) reported that access to honey increased the 

proportion of surviving individuals and also those that matured eggs. Egg maturation after feeding 

varies with the species of biting midges as well as the condition under which the egg is laid. 

After feeding, egg maturation in C. nubeculosus is rapid, with oviposition occurring within four to 

six days at 20°C.  (Downes 1950, Gluchova 1958, Lewis 1958, Amosova 1959, Roberts 1960).  

Eggs of C. obsoletus Meigen were reported to take up to two-and-a-half weeks after blood-feeding 

before being laid (Hil l 1947), while Parker (1950) and Jamnback (1961) found egg maturation for 

C. obsoletus to only take two weeks when kept at a constant 20°C.  

Egg hatching times also tend to vary between species. When incubated at around 20°C, eggs of 

C. nubeculosus hatched between three and six days post oviposition (Megahed 1956). Service 

(1968) reported that when incubated at 15°C, the eggs of C. obsoletus (Meigen) hatched three days 

after oviposition, but that it took up to nine days for eggs of C. impunctatus Goetghebuer to hatch 

under the same conditions. The eggs of C. tristriatulus Hoffman were reported to have hatched as 

early as ten hours after oviposition, and no later than three days, when kept in near constant 

temperature of 18°C (Williams 1951). 

In most species, eggs hatch within a few days of oviposition (Parker 1950, Lewis 1958, Megahed 

1956), but the eggs of C. vexans can enter a diapause lasting up to five months when breeding sites 

are likely to be dry (Jobling 1953). C. grisescens Edwards eggs remain in diapause for six months 

in its natural environment, and up to nine months under laboratory conditions (Parker 1950). 

According to Parker (1950), Jobling (1953) and Lewis (1958), the usual numbers of eggs per batch 

is less than 100 (reviewed in Kettle 1962). C. tristriatulus Hoffman were observed to lay between 

44 to 71 eggs per female, when incubated in temperatures from 16° to 23°C (Wil liams 1951).  

1.2.3  Larvae 

Culicoides larvae usually have 11 body segments, without any obvious appendages (Lehane 1991). 

They are easily differentiated from the other aquatic invertebrates, by their agile mode of 

locomotion, which resembles the anguili form swimming motion of eels. The larvae can be found in 

a wide range of habitats, which have only one feature in common, they are all very wet for at least 
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part of the year, and most are continuously so. Larvae are neither genuinely aquatic nor terrestrial, 

but occupy the ecotone between the water and terrestrial habitats. The range of each species, 

however, is much more restricted, usually being confined to one habitat. Since the larvae are unable 

to move very far, this limited distribution is hypothesized to be the result of selection by 

ovipositing females (Kettle 1962, Linley 1986). 

In other parts of the world, Culicoides have been known to breed in human refuse piles, pools of 

water in rotting logs, and in banana and cacao plantations (Linley et al. 1983, Wild 1983). The 

larvae of C. nubeculosus can be found breeding in farmyards in hoof-print puddles heavily 

contaminated with cattle excreta (Downes 1950). Principal breeding sites for C. paraensis (Goeldi) 

in Brasil, were found to breed mainly in decaying banana plant and decomposing cacao hulls (Hoch 

et al. 1986). C. molestus occurs in Queensland and New South Wales (Lee and Reye 1953), where 

it breeds in fairly clean intertidal sand (Kettle et al. 1979), probably feeding on soil metazoans.  

In a rearing study by Jamnback and Wall (1958), larvae of C. melleus (Coquillett) were reported to 

be easily dislodged from their sandy substrate, however, they were found to re-enter the sand soon 

after being dislodged. C. melleus larvae occurred in a narrow band between high and low tides, but 

they were usually not present near either tidal extreme. These authors observed that the gentler the 

slope of the beach, the wider the band of larval occurrence, suggesting a dependence on the period 

of inundation with limited tolerance of either brief or prolonged inundation.  

Ray and Choudhury (1988) suggested that salinity was the most variable component of the 

intertidal ecosystem, and exerted a perceptible impact on the behaviour of the li ttoral community. 

Rapid fall in salinity, consequent on heavy rainfall and surface drainage, interfered with the 

distribution of marine forms. The presence of C. peleliouensis Tokunaga throughout the year in that 

environment indicated that this species was well adapted to different saline conditions and may be 

regarded as euryhaline (i.e. adapted to a wide range of salinity levels).  

Edwards (1978) observed that Culicoides larvae were found to be concentrated within the first 

2 cm of substrate. The larvae of C. molestus (figure 1.1) were concentrated in the top 1 to 1.5 cm of 

substrate. However, Kettle et al. (1979) found that they were as deep as 8.5 cm. Ray and 

Choudhury (1988) studied the vertical distribution of C. oxystoma Kieffer, a subtropical species 

which, in common with C. molestus, breeds in clean sand. They found that the first instar larvae 

were limited in distribution on the surface layer, third and fourth instars were found mostly in the 

first 3 cm, and decreased in numbers to about 9 cm. Larvae of C. furens (Poey), another sandy-

saline substrate breeder, have been found between the high tide and low tide levels, as deep as 60 

cm. It has been suggested that crab-holes provide the means of descent for larvae to this level 

(Bidlingmayer 1957).  
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Figure 1.1.  Larvae of C. molestus and close-up of head (total length ~ 3.5 mm). 

Carpenter (1951) studied the distribution of the immature stages of some Culicoides in the canal 

zone on the Pacific Coast of Panama. He suggested that Culicoides might pass the dry season as 

larvae in partly dry soil near the surface or in the mud farther below the surface. Indeed, the 

occurrence of fully-grown larvae and pupae only in late summer, suggested that a single brood of 

Culicoides is produced in the area studied.  

Aussel and Linley (1993) found that larval activity of C. furens was strongly dependent upon the 

nutritional state. Where food was abundant, rapid larval movement was maintained. It was noted 

that under starved conditions, larvae did not increase their activity in an intensified effort to find 

food. Instead, their movement diminished sharply, indicating that their activity was curtailed, 

perhaps as an adaptation to conserve energy, or as a direct result of starvation.  

1.2.4  Adults 

1.2.4.1 General Morphology 

The adults of Culicoides are rarely more than about 1.5 mm in length (Khamala and Kettle 1971). 

The upper surface of the thorax is usually light brown in colour, with some well-developed humeral 

pits, characteristic of the genus, and representative mesonotal pattern. The antennae usually have 

14 visible segments, with the second segment (pedicel) being swollen. The male antennae usually 

bear whorls of setae between the antennal segments, which make their antennae appear plumose 

(Boorman 1993). Unlike mosquitoes, which bear piercing mouthparts, Culicoides have mouthparts 

equipped for cutting the skin (Lehane 1991). The cut induces bleeding and the exposed blood is 

lapped up from the skin surface. Their legs are usually short and stout. Most species of Culicoides 

range from light brown to almost black in colour (Marks and Reye 1982, Boorman 1993). Some 

species can be easily identified in the field, by the light and dark patterning on their single pair of 
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wings (e.g. figure 1.2), which are closed flat over the abdomen when at rest. Further classification 

to species can be done by distinguishing the pubescence of the eyes and their dorsal separation, 

distribution of antennal sensil la, length of mouth parts relative to head length, details of the pit on 

the third palpal segment, scutal patterns on the thorax, shape of the fourth tarsal segment, 

sclerotization of the spermathecae and form of the male genitalia (Lee and Reye 1953).  

Figure 1.2.  Live female Culi coides molestus.  

1.2.4.2 Feeding 

Only female biting midges blood-feed, and this is only for the purpose of egg maturation (Boorman 

1993). After feeding females are believed to seek resting spots where they remain inactive for some 

time (Walker and Boorman 1976).  

Carbohydrates form an important part of the diet (Magnarell i 1981). During this time blood 

digestion and egg maturation occur in parallel, before the female finally seeks a suitable site on 

which to oviposit. 

In many species of midges, female adults which have recently laid at least one batch of eggs can be 

identified by a dark red pigment that develops in the epidermal or sub-epidermal layers of the 

abdomen (Dyce 1969). Histological analysis of ovarial dilatations may give some indication as to 

how many times a female midge has successfully  oviposited (Gluchova 1958, Amosova 1959, 

Linley 1965).  
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1.3  Environmental Effects on  Adult Activ ity  

1.3.1  Diel Activity 

Most species of Culicoides show marked fluctuations in aerial numbers throughout a 24 hour 

period, and each species displays different peaks in activity at specif ic times of the day (Kettle 

1962). These peak activities are usually associated with crepuscular periods of the day (Hill 1947, 

Parker 1949, Hopkins 1952, Nicholas 1953, Kettle 1957), although some continue to be active 

throughout the night (Dorsey 1947, Parker 1949, Pratt et al. 1949, Williams 1955). Steward (1933) 

recorded peak activity of C. nubeculosus between 10:30 in the morning and 13:00 in the afternoon. 

In a later study of C. nubeculosus, Downes (1950) showed another peak in activity to occur at dusk. 

Parker (1949) found that C. pallidicornis Kieffer males were most active one to three hours before 

sunset, and the females up to one hour after sunset. Species such as C. austeni Carter (Hopkins 

1952, Nicholas 1953), C. biguttatus Coquil lett (Williams 1955) were observed to be solely 

nocturnal. The nocturnal activity of some Culicoides, however, are suppressed by complete 

darkness. Nelson and Bellamy (1971) observed that C. variipennis Coquil lett were more active 

during moonlit nights rather than during darker periods.  

Maximum activity of C. impunctatus Goetghebuer was observed around sunset with little activities 

during the rest of the day, but a slight peak of activity during the early morning (Hill 1947, Parker 

1949, Reuben 1963, Service 1969).  

Other species with activities peaking at early morning and sunset are C. furens and C. barbosai 

Wirth and Blanton (Kettle 1968). C. pall idipennis (Carter, Ingram and Macfie) and C. schultzei 

(Enderlein) display similar bimodal flight activity, but with more distinctive peaks at dawn and 

dusk, and with their activity extending throughout the night (Walker 1977a). C. cornutus De 

Meil lon, C. milnei Austeni, C. pallidipennis, C. schultzei group and C. zuluensis De Meillon, in 

Kenya, are another group of Culicoides whose fl ight activity have been found to extend throughout 

the night, being only inhibited by wind-speeds in excess of 3 ms–1  (Walker 1977b). Service (1971) 

recorded activities for C. impunctatus, C. pictipennis Staeger, and C. obsoletus (England), showing 

that the three species had peak activities occurring at dusk with another minor peak at dawn.  

The variations of biting midge activity, over any period of time, can depend on the species and can 

usually be correlated with changing environmental conditions (Kettle 1962, Reuben 1963, Kettle 

and Linley 1967, Kettle 1969). Gluchova (1958) distinguished between (i) active hunting fl ight 

stimulated by rapidly changing light at dusk and dawn; and (ii) activity induced by the arrival of a 

suitable host when resting Culicoides can be stimulated to crawl or make short fl ights to the host. 
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From the results of a host seeking activity study of C. paraensis, Hoch et al. (1986) also suggested 

that morning activity was probably initiated by the rapid change in light intensity, since there was a 

noted delay in midge activity during overcast mornings. However, in other studies of some 

Culicoides species, light intensity was shown to have little or no effect. For example, light had li ttle 

effect on the activity of C. furens, and none at all on C. barbosai (Pratt et al. 1949, Travis 1949, 

Gluchova 1958). 

1.3.2  Effects of Meteorological Conditions 

Changes in light intensities are not the only determinant of flight activity. The onset of activity for 

C. sanguisuga (Coquil lett) (Jamnback and Watthews 1963) and C. impunctatus (Blackwell et al. 

1994) appear to be triggered by factors other than light, such as temperature or relative humidity.  

Wind, temperature, humidity and il lumination have been correlated with midge activity, where 

wind and temperature may account for a large part of the observed variations (Kettle 1960). 

1.3.2.1 Temperature 

Changing light intensity usually occurs when there are predictable and correlated meteorological 

conditions such as wind and relative humidity (Mellor et al. 2000). A number of meteorological 

variables may, therefore, correlate with changes in activity. Midge activity is usually positively 

correlated with temperature (Kettle 1969, Wild 1983, Kettle et al. 1998), and with upper and lower 

thresholds beyond which activity is suppressed. The flight activity of C. furens and C. barbosai are 

reported to decrease when temperatures exceed 27°C (Pratt et al. 1949, Travis 1949, Gluchova 

1958). The upper limit for C. variipennis activity is at temperatures greater than 32°C, while the 

lower limit for activity resides around 10°C (Nelson and Bellamy 1971). In Australia, 

C. brevitarsis Kieffer stops flying when temperatures drop to around 18°C (Murray 1987a) and 

C. austropalpalis activity is limited at temperatures a over 25°C and below 15°C (Wild 1983).  

1.3.2.2 Wind 

Wind is usually a good predictor of midge activity (Pratt et al. 1949, Travis 1949, Kettle 1957). 

L. becquaerti Kieffer can remain active, all day, in windy conditions of up to 12 ms–1 (Bruce and 

Blakeslee 1948, Smith and Lowe 1948). Wind is negatively correlated with the flight activity of 

C. austropalpalis, which stops flying at wind-speeds greater than 1.8 ms–1 (Wild 1983). 

C. brevitarsis activity is reduced by wind-speeds in excess of 2.2 ms–1  (Murray 1987a). In the 

Caribbean, C. barbosai activity is suppressed at wind-speeds greater than 2.7 ms–1 (Kettle 1968), 

and in Kenya, C. imicola is not captured at wind-speeds greater than 3 ms–1 (Walker 1977a).  
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1.3.2.3 Moisture 

The moisture content of the air has a great influence over Culicoides since they are very prone to 

desiccation (Murray 1975). The activity of C. imicola (Walker 1977b) and C. impunctatus 

(Blackwell et al. 1994) decreases at low moisture levels. Mellor et al. (2000) suggested that the 

crepuscular and evening fl ight activity of most Culicoides could be an adaptation to avoid 

desiccation resulting from low temperature and high relative humidity, which usually occurs at 

night. Thus, where moisture is particularly important, midge activity may occur at dawn, when 

saturation deficit is at its minimum (Murray 1975). In contrast, rainfall, even when light, inhibits 

the activity of some and maybe all species (Murray 1975). 

In a host-seeking behaviour study, Pinheiro et al. (1981) found that attack rates of C. paraensis 

(Goeldi) to be highest around midday and in the shade. They suggested that this behaviour may be 

a function of avoidance of areas of higher temperature or lower humidity, since when temperature 

and humidity become more favourable from dusk onwards, midge activity becomes more uniform. 

Wild (1983) found the optimal dewpoint, above which the activity of C. austropalpalis decreased, 

with its peak activity occurring at 15 to 20°C dewpoint. 

1.3.2.4  Moonlight 

Many ceratopogonids were identified as exhibiting crepuscular and nocturnal fl ight activity, as is 

the case for C. vari ipennis (Nelson and Bellamy 1971, Barnard and Jones 1980). Nevertheless, 

those authors reported that other factors, such as temperature and moonlight, could alter such flight 

patterns, with the period of greatest fl ight activity occurring around sunset, while the temperature 

greatly influenced flight activity in the periods after sunset.  

1.3.3  Seasonality 

Climate has been found to directly and strongly influence the life cycle of biting midges. In parts of 

the world with temperate climates, winter temperatures may induce the larvae or eggs to undergo 

hibernation during the winter months (Blackwell et al. 1994). They reported that the activity of 

C. impunctatus, a serious pest species in Scotland, peaks only during the summer months, where 

they cause problems for the tourist industries and the locals. Jobling (1953) reported the pestilent 

activity of C. vexans to occur in the springtime, in parts of London.  

However, some temperate species do remain active all year round where temperatures do not drop 

to extremes. A study of C. variipennis in southern California revealed that this species is active all 
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year round, with their eggs and first instar larvae being found above the waterline of its breeding 

sites, but their activities are greatly reduced in winter (Mullens and Lii 1987).  

In tropical and subtropical climates, where temperature fluctuations are minimal, Culicoides can be 

active all year round (Lehane 1991). Their activity is merely reduced by mild winters and day-to-

day weather conditions. A study by Kay and Lennon (1982) on C. molestus indicated that activities 

of this species peaked in the summer months and, though stil l present throughout winter, their 

numbers were greatly reduced. 

In 1983, Wild measured midge activities in relation to various meteorological factors, and found 

that increasing temperature, decreasing wind speed, and twil ight conditions increased the activity 

of C. austropalpalis.  

Many studies concerning the seasonali ty of Culicoides have been motivated by their importance to 

disease outbreaks associated with the timing of annual peaks in vector numbers (Howell 1979, 

Herniman et al. 1983, Mohamed and Mellor 1990, Baylis et al. 1997, Mellor 1994). Indeed, both 

climate and weather dramatically  influence Culicoides populations.  Since climatic patterns are 

different in different geographical areas, the seasonality patterns of the same species of Culicoides 

residing in different geographical areas may also differ (Mellor 1994). The annual peak in 

abundance of C. imicola in Nigeria occurs shortly after the rainy season and during the coolest part 

of the year. It is rare or absent during the hot, dry season. In Sudan and some parts of South Africa, 

however, C. imicola is most active at the end of the summer rainy season (Mohamed and Taylor 

1987, Mohamed and Mellor 1990). In contrast, the peak abundance of C. imicola in Israel occurs at 

the end of summer, several months after significant rainfall, and is rare during the coldest and 

wettest time of year (reviewed in Mellor et al. 2000). 

For most Culicoides, temperature and moisture (rainfall) are probably the most important variables 

in determining seasonality patterns. Other contributing variables may include cyclic meteorological 

factors such as day length, wind speed and moon and tidal cycles (Kay and Lennon 1982). The 

seasonal distribution of C. barbosai is dependent on tide levels, while that of C. furens, another 

coastal midge, fluctuates with the moon phase (Kettle 1969).  

In the temperate region of Africa, the annual temperature cycle seems to be the determining factor 

for seasonal abundance of C. imicola (Mohamed and Taylor 1987, Mohamed and Mellor 1990). 

Here, the cool winter temperatures either kills adults or suppresses their activity. 

In more tropical regions, mild cool season temperatures may not be low enough to suppress adult 

activity. However, temperature stil l plays a role in rate of development of the midges. At higher 

temperatures, the larvae develop more quickly, resulting in faster population increase. In such 
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places, the annual cycle tends to be more related to rainfall. In Nigeria (Herniman et al. 1983), 

Sudan (Mohamed and Taylor 1987, Mohamed and Mellor 1990), and Kenya (Walker and Davies 

1971), where there is an annual dry season, peak abundances are strongly related to local rainfall 

patterns. In Australia, similar relationships between C. brevitarsis and rainfall have been reported 

(Muller et al. 1982, Murray 1975). 

1.3.4  Lunar Effects 

The lunar cycle is intimately associated with tides. Many workers have identified the correlation 

between adult fl ight activity and the tidal cycle. Kay and Lennon (1982) reported that C. molestus 

activity peaked within two to three days after spring tides, and concluded that this species exhibit 

patterns of emergence in synchrony with spring tides.  

1.4  Vectors for Arboviruses 

Culicoides are known to be the major vectors of two arboviruses (arthropod borne viruses), African 

horse sickness virus (AHSV) and bluetongue virus (BTV) (Mellor and Boorman 1995). Among 

vertebrates, infections of AHSV and BTV are non-contagious, but are transmissible through vectors 

such as Culicoides.  

Afri can horse sickness virus is endemic in the sub-Saharan Africa in a band ranging from Senegal, 

Ethiopia and Somalia, and as far south as northern South Africa (Howell 1963, Mellor 1993, 1994). 

Between 1959 and 1991, AHSV was reported to have extended its range through Western Europe, 

into the Middle East and as far into south Asia as India (Mellor and Boorman 1995), and Indonesia 

(Sendow et al. 1993, Mellor and Boorman 1995). When it reached Spain, a major cattle vaccination 

program was started in 1987. It was not until  four years later that outbreaks of AHSV had 

apparently stopped (Mellor and Boorman 1995).  

Bluetongue virus occurs naturally world-wide within a band between latitudes 35°S and 40°N. 

Within this region, it is found on all of the American continents, Africa, the Middle East, the Far 

East, and Australia (Mellor 1990, Gibbs and Greiner 1994). Bluetongue disease targets specif ic 

livestock, such as fine-wool and mutton breed sheep (Mellor and Boorman 1995), and transport of 

livestock between countries can easily introduce the disease where suitable hosts are easily 

accessible.  

In order to persist, viruses need fresh hosts. Mellor and Boorman (1995) note that the probabil ity of 

AHSV and BTV outbreaks is dependent on the population densities of the vector species. Thus, 

persistence of an epidemic is strongly dependent on the activity of competent vectors throughout 
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the year (Mellor 1994), but they stress that the absence of local vectors alone cannot stop the spread 

of infection. While animals that have been infected with AHSV either die or develop resistance to 

it, effectively becoming unavailable for further infection, other hosts can be accessed via wind-born 

vectors (Braverman 1992, Sellers 1992). 

Ward (1994) reported that C. fulvus Sen, and C. actoni Smith are proven vectors, while 

C. brevitarsis, C. wadai Kitaoka and C. brevipalpis Delfinado are potential vectors of BTV in 

Australia. Sendow et al. (1993) identified two Australian Culicoides species as confirmed vectors, 

C. fulvus and C. orientalis Gutsevich. Because C. fulvus is present in Australia and Indonesia, it is 

conceivable that the viral transmission of BTV could derive from Indonesia. Another widely 

dispersed species throughout South East Asia is C. peregrinus Kieffer. This species ranges from 

India to Taiwan to Australia (Wirth and Hubert 1989), and has been shown to be capable of viral 

transmission in the laboratory (Cybinsky et al. 1979). This implies that Culicoides has the potential 

to pose a more serious threat than just a source of nuisance.  

Another arbovirus, Oropouche virus, can directly affect humans. The Oropouche virus is a simbu 

group virus related to the Akabane virus (Linley et al. 1983). It is known to cause abortion in 

domestic animals (Inaba et al. 1975, Parsonson et al. 1975). Humans infected with this virus suffer 

severe symptoms, such as exhaustion, often lasting up to two weeks (Linley et al. 1983), and at 

least 63% of those infected in a 1979 outbreak in Brasil suffered recurring symptoms (Freitas et al. 

1979). Pinheiro et al. (1981) succeeded in isolating the virus from the mosquito Culex 

quinquefasciatus (Diptera: Culicidae) and Culicoides paraensis. In laboratory transmission 

experiments, Pinheiro et al. (1982) found that C. paraensis was a very competent vector, with a 

50% successful transmission rate (in Linley et al. 1983). 

1.5  Culicoides Species on the Gold Coast 

As a signifi cant pest, biting midges on the Gold Coast were largely unknown until around 1963, 

when the first complaints were made by local residents living on canal estates in the Currumbin 

estuary region (Ferguson and Bell 1988). Investigations revealed that C. molestus was the cause of 

the complaints (Reye 1965). Since the 1960s, canal estates have been developed on the Gold Coast 

at the expense of the mangroves in the region. Prior to their development, C. subimmaculatus, a 

mangrove dweller, had been the primary pest to humans (Edwards 1978). The creation of canals 

was hoped to serve a double purpose, one being the development of canal-front real estate, and the 

other was to eliminate habitats used by C. subimmaculatus. The elimination of habitat of one 

species, C. subimmaculatus, resulted in the creation of another habitat suitable for a different midge 

species, namely, C. molestus.  
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While the females of C. molestus are opportunistic feeders on domestic animals, sheep and cattle, it 

is believed that they feed mainly on birds (Lee and Reye 1961). However, since the development of 

canal beaches, which provide ideal breeding grounds for this species, humans have become a 

convenient source of food. Iit took approximately two years from the development of a canal 

estate, suitable for C. molestus colonisation, to the time that area developed a pest problem. Prior to 

such a biting midge infestation, complaints made to the Gold Coast City Council pertained largely 

to mosquitoes rather than to biting midges. However, by 1988, the biting midge problem had 

displaced the mosquito as a major pest. In 1988, mosquito related complaints were only 134 

complaints compared with 594 biting midge related complaints (Ferguson and Bell 1988).  

It is diff icult to ascertain at what density a midge population becomes a problem to people. This is 

because the density of the pest population before it affects humans depends on personal tolerance. 

Ferguson and Bell (1988) suggested that larval rates of 15 per square metre in canal systems were 

sufficiently small to produce no complaints. However, they also noted that at that time, the largest 

concentrations of larvae estimated peaked at 6000 larvae per square metre, with up to 500 adults 

emerging per square metre per week. Since 1988, no further detailed research on C. molestus had 

been reported, until the beginning of this study. 

1.5.1  Contr ol Measures 

1.5.1.1 Physical Control 

The distribution of juvenile Culicoides, breeding in intertidal zones, is affected by tidal movements 

(Reye and Lee 1962). Thus, it is useful to know where these tidal positions are on the beach. The 

diagram below (figure 1.3) shows the locations used for the commonly recognised tidal positions 

when referring to breeding locations of juvenile Culicoides which breed in intertidal regions. 

Normally, two tidal cycles occur over a 24 hour period. When the alignment of the Moon is 

perpendicular to the Sun and Earth, the resultant gravitational forces, which affect tidal levels, are 

at a minimum. At this time, the range between high tide and low tide is also minimal. This is called 

the Neap tide. The Spring tide occurs when the Sun, Moon and Earth alignment is in a straight line, 

and when the tidal range is at its maximum. The Mean sea level is located in the middle of the tidal 

extremes.  

Kettle et al. (1979) showed that C. molestus larvae were distributed between Mean High Water 

Spring (MHWS) and Mean Tide Level (MTL) (figure 1.3). With this information, Reye (1990) 

proposed some measures for decreasing the biting midge population in a canal system. These 

included: (i) maintenance of a constant water level at or above MHWS, achievable with locks 

connected to tidal water; (ii) elimination of the upper portion of the beach above MTL (or 
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alternatively removal of all the beach to completely eliminate the problem); and (iii ) modification 

of the beach surface, making it unsuitable for larval development.  

By 1988, there existed some 250 km of suitable canal beach for midge breeding in the Gold Coast 

region (Ferguson and Bell 1988). The cost involved in maintaining a constant water level 

throughout the canal estates in the region would be very high. Such a technique, however, would 

effectively render the habitat non-intertidal and thus unsuitable for biting midge colonisation. 

  Retaining Wall

Mean tide level (MTL)

Mean High Water Spring (average highest high tide of lunar month) 

Mean High Water Neap (average lowest high tide of lunar month)

Mean Low Water Spring 

Mean Low Water Neap 

 Sloping beach 

Figure 1.3.  Tidal positions on the beach. Here, “Mean”  refers to the average of 13 of those tidal phase 

occurrences of the year. For example, MLWS is the average level of the 13 lowest low tides of 

the year. 

The partial elimination of canal beaches has been achieved on some more recently developed canal 

estates. Revetment walls were built on beachfront properties at MTL. With the upper portion of the 

beach removed, it was hoped that the larvae would not be able to use the beach beyond the 

revetment wall. Unfortunately, the older canal systems have not been renovated to include 

revetment walls, mainly due to the unsustainable costs involved in such an endeavour. 

Consequently, biting midge populations are stil l a major problem to the residents in these areas. 

1.5.1.2 Chemical Control 

To date, the Gold Coast City Council has managed to suppress biting midge populations in the 

region by synthetic chemical treatment of the beaches where the larvae breed. Two methods of 

chemical control are being undertaken (Ferguson and Cawthorne 1980). One method is 

adulticiding. Here, a synthetic chemical (nature not disclosed publicly) is applied on the streets near 

the beaches where C. molestus juveniles are known to breed by ULV (ultra low volume) spray. This 

treatment is also referred to as ‘fogging’. The other control method is larviciding. A synthetic 
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chemical (Abate® and, more recently, a formulation of malathion) is applied by pressure spray 

directly into the sand of the infested beaches. Among current concerns with larviciding, is one of 

the development of resistance in the surviving larvae. Alternative solutions are needed to address 

these concerns.  

1.6  Objectives 

The results of this thesis are presented in eight chapters, which present studies of four aspects of the 

biology and bionomics of the midge. The studies are targeted at aspects of the midge’s biology 

which have a bearing on its pest status or prospects for control. The aspects studied are as follows: 

1 Variations in their numbers through short (one month) and long (30 month) periods of time. 

This study examined the numbers of adult midges active and biting at dusk over consecutive 

days or weekly, and was directed at identifying (by midge numbers) the times of the monthly 

or annual cycle when control efforts could yield greatest effect. Since numbers caught in light 

traps have been shown to be poor indicators of pest status, this work was based on the actual 

biting rates on a volunteer (the author) — Chapters 2 and 3. 

2 Location of immature stages on the beach, based on a detailed analysis of their position and 

depth, and a long term (24 month) study of movements of concentrations of juveniles through 

time — Chapters 4 and 5. 

3 Recolonisation of beaches after a routine larviciding operation. Here, the recovery of 

infestation on a beach, which had been treated with malathion by the local authority, was 

examined. The numbers of eggs, larvae and pupae, that could be found at particular times, 

were assessed and the recovery to pre-treatment infestation levels monitored  — Chapter 6. 

4 The time of day during which optimum blood-feeding occurs was explored — Chapter 7. 

5 Observations and recordings of adult survival and oviposition in the laboratory. Blood-fed 

adults, both field and laboratory fed, were kept in many different environments, in order to 

identify conditions in which adults would survive long enough to lay eggs. Once oviposition 

was achieved, the cues which stimulate oviposition could be studied. Given that this objective 

was difficult to achieve, details of oviposition choice were also studied in the field — 

Chapters 8 and 9. 

6 Eggs recovered from the field were incubated in the laboratory and assessed to determine their 

hatching success and also to rear the surviving hatchlings through to adults — Chapter 10.  
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The purpose of this work was to: 

i. examine the ways in which current control efforts could be better targeted at achieving 

effective control of midges, through improved knowledge for the timing and location of 

treatment (Chapters 2 to 6); and 

ii. obtain a better understanding of the critical points in the lifecycle of the midge at which it may 

be vulnerable to relatively small changes in its environment (Chapters 3, 5, 7, 8, 9 and 10). 

Such knowledge may lead to simple, cost effective non-chemical control of this presently 

almost intractable pest. 

1.7  Layout of Thesis 

The layout of this thesis is embodied in the content list, however the logic and structure may not be 

evident in that (rather long) section. The structure is therefore summarised here (figure 1.4).  
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Figure 1.4.  Layout of thesis 
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2  Juvenile Distr ibution in Inter tidal Sand 

Abstract 

Eggs were found to be deposited in clusters in the sample plot and were found as deep as 10 cm. 

The area where frequent oviposition occurs was lower on the beach than the mean tide level. The 

horizontal eggshell distribution mimics that of eggs, but the eggshells were more diffusely 

distributed around the same area. On average, they were deeper in the sand. While the larvae 

occurred all over the beach within the tidal range, they were concentrated very low on the beach, 

close to low tide levels. The pupae were concentrated near mean tide level, higher than eggs or 

larvae. The level of pupal concentrations were similar to the level of maximum adult emergence as 

determined by other studies. 
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2.1  Aims 

The aim of this project was to explore the horizontal and vertical distribution of the immature 

stages of C. molestus, beginning with the location of its eggs in the intertidal canal estate beaches. 

Intertidal sand was collected to various depths, from which eggs, eggshells, larvae and pupae were 

extracted and enumerated. The sample plot measured 5 �u 5 m, and was divided into twenty five 

1 square metre quadrats. Horizontal rows were positioned relative to the tide level, and 5 columns, 

spread along the beach, were treated as replicates.  

Four sampling occasions were undertaken between April and the end of May 1997. Each occasion 

was within 5 days of a new or full moon phase. These times were chosen because previous studies 

indicated that C. molestus tended to emerge from their pupae around full and new moon, soon after 

which mating would occur. According to Reye (pers. comm. 1997), within a few days of having 

had a good blood-meal and enough time to allow the developing eggs to mature, gravid females 

deposit their eggs in the sand. In this project, egg and larval sized organisms were extracted, so 

that eggs, eggshells, larvae, and pupae numbers could be estimated. 

2.2  Methods for Distribut ion Analysis 

Reye (1972) suggested that the best location for larvae on the intertidal beach was in the middle of 

the range between the high and low tide levels. This is where the sand is inundated during high 

tide and is exposed to the air for similar periods during low tide. Tran and Wild (1995) 

successfully found larvae within this tidal range. However the type of sand was of critical 

importance to finding the larvae. Densely packed sand of an almost muddy consistency was 

generally unproductive, whereas grey sand of a loose consistency yielded higher larval counts. 

Reye (pers. com. 1997) suggested that larval numbers could give some indication to oviposition 

sites, that is: high larval density possibly meant good oviposition sites. As has been suggested in 

Chapter One, midge females may exercise considerable selection in the choice of oviposition sites. 

Since larvae are typically of low motility , oviposition sites can be used as a primary determinant of 

larval habitats (Smith and Lowe 1948, Linley 1986).  
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2.2.1 Field Sampling 

2.2.1.1  Location 

Officers of the Entomology Department of the Gold Coast City Council assisted in locating areas 

where high counts of larvae could be expected, as well as helping to isolate one site for non-

treatment where infestation rates were expected to be high. The sampling area was within 

Broadbeach Waters, a canal estate approximately 2 km inland and 1 km from the Bermuda and 

Hooker Boulevard intersection, at the Gold Coast (figure 2.1). 

 

Figure 2.1.  Map of Broadbeach Waters. The arrow points to the study site (Rosemont Avenue). 

It was first necessary to find a suitable study site where the eggs were known to exist, and where 

there would be minimum public interference. For this reason, preliminary samplings were taken at 

selected canal beaches. It was also necessary to ensure that the area had not been chemically 

treated for some (at least 6 months) and would not be so treated for some time in the future, during 

the course of the study. The chosen site, which appeared to fit all the criteria for the study, was on 

a residential property in Rosemont Avenue, Broadbeach Waters (figure 2.1). 

Reye (pers. com. 1996) speculated that eggs would be found near the mean high water spring tide 

level. It was believed such a location would prevent the eggs from drowning. He speculated that 

adult females would choose a position on the beach where the sand would be moist enough for the 

eggs to avoid desiccation, but where drowning would not occur. At this position on the beach the 

environment would be kept moist by the highest daily tidal reach, which inundates the area.  
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The height on the beach, that is the direction of in-coming and out-going tides, had to be relative to 

the tide level. Actual tidal fluctuations are unique to every intertidal area, and so such data as mean 

high water springs and neaps, specific to any canal estate, are not officially recorded, and are 

unavailable. The writer decided to position the sample plot by observing where the highest high 

tides were for several days, and choosing a position on the beach, where the top of the sample plot 

was about ½ m (horizontally) above the highest observed high tide.   

From such observations it was found that the first 2.5 m stretch of beach (horizontally) was 

unexposed to water for most of the time (figure 2.2). Tides fluctuated from the highest observed 

tide level (between 2 and 3 m away from the revetment wall on the beach) to the 11 m away from 

the retaining wall (lowest observed tide level).  
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Figure 2.2.  Contour map of the sampled beach. The y-axis shows the elevation in metres, the x-axis shows 

the width of the beach exposed by low tide, and the z-axis shows the length of the beach. The 

colour bands on the beach indicate the water levels at 0.5m intervals.       
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Figure 2.2 shows a schematic plan of the beach, and the location of the sampling area relative to 

the revetment wall. Elevations were measured by laser theodolite at 1 m intervals, and elevation 

zero is approximately mean tide level at this part of the canal estate. 

The plot was centred at approximately mean tide level, and ended 2.5 m above (horizontally) and 

2.5 m below, which was approximately from the highest tide observed during the study period to 

the lowest (figure 2.2). Four sampling occasions took place between late April and the end of May. 

Each of the sampling occasions was within 5 days of a full or new moon, and was carried out 

during the lowest tidal phase of that day (table 2.1). 

Table 2.1.  Sampling schedule according to moon phase 

Moon phase Date Sampling occasion

full moon 23-Apr  

 24-Apr 1st sample 

 2-May 2nd sample 

new moon 7-May  

 12-May 3rd sample 

full moon 22-May  

 25-May 4th sample 

2.2.1.2   Sand Sampling Equipment 

Depth Distr ibution 

By sampling at various depths a determination can be made about how deep the eggs are located or 

the depth of their distribution. To obtain depth distribution in the sand it was necessary to remove 

determined volumes of sand, in incremental depths, to count the number of eggs found per layer. 

Each layer could then be removed and placed into separate containers for transport to the lab.  

To avoid the transfer of eggs from one layer to the next, the removal of the layers had to be done 

carefully. The apparatus, drawn in figures 2.3 and 2.4, was designed to remove thin layers of sand 

in a consistent fashion. The template unit was pushed into the sand so that its top was nearly flush 

with the substrate level. The excavator unit was fitted on top of the template unit, which allowed 

the excavator unit to slide back and forth along a fixed position. The thickness of the excavated 

layers was adjusted by moving the digger plate up and down according to the graduated marks.  

The inner dimensions of the template unit is 10 �u 50 cm. Thus, every ½ cm layer of sand yielded a 

volume of 250 cm3, and every 2 cm layer yielded a volume of 1000 cm3 of sand. From every 2 cm 

sand layer excavated, only 250 cm3 was collected, after evenly mixing the 1000 cm3 of sand, for 

laboratory extraction (figures 2.5 and 2.6). 
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Figure 2.3.  Sand excavator template unit 
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Figure 2.4.  Sand excavator  
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Sand surface level 

Excavated sand 

Hollowed ground 

Template unit

Excavator unit

Sand bed

Figure 2.5.  Excavation process. 

 

 

Figure 2.6.  Equipment in use in the field. 

2.2.1.3  Sampling Procedures 

Position Relative to Tide Level 

Rows 1 to 5 (parallel to the water’s edge) of the sample plot were positioned relative to the tide 

level, while columns A to E (perpendicular to the water’s edge, typically 2 m apart) were treated as 

replicates for each position relative to the tide level. For example, each of plots 1A to 1E were all 
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replicates for row (position) 1; 2A to 2E, of position 2, etc. At the time of this study, the mean tide 

level was estimated to be near the lower limit of row 3. 

By sampling along and across the beach a determination could be made about where on the beach 

the eggs/larvae are concentrated. 

In the study, the sample numbers varied from one occasion to the next.  Because the sampling 

method was time and labour intensive, it was first necessary to determine the most efficient 

method of sampling. That is, how deep and at what depth intervals samples were to be taken. 

Oviposition behaviour of C. molestus is unknown, and there is no literature currently available 

which contain such information. Previous attempts to establish a laboratory colony have been 

unsuccessful (Reye and Wild pers. comm. 1997). It has been speculated that, due to the robust 

nature of their hind legs, C. molestus may dig its way into the sand to deposit its eggs (Reye pers. 

comm. 1997). However, unsuccessful attempts made in this study to achieve laboratory oviposition 

indicate that the flies themselves may not be as robust as previously believed. Moisture appears to 

be an obstacle preventing adult females digging its way into the sand. In the laboratory, the 

delicate wings were easily entangled by the water droplets condensing on the container surfaces, 

and there they remained stuck until death. Thus, it was unknown how deep the females could 

burrow. However, judging by their delicate nature, it was assumed that they were unlikely to 

penetrate sand as deep as 3 cm (Reye and Wild pers. comm. 1997). Even digging to such depths, 

the energy expenditure required would be great. 

The first sampling occasion was undertaken to determine how deep the eggs could be found and if 

the depth varied across the beach. The results of this first sampling showed that many eggs were 

found at a depth of 5 cm (table 2.2). For this reason, it was necessary to take deeper samples. On 

the second sampling occasion samples were taken as deep as 10 cm, and the eggs found to be most 

abundant to 6acm, although, a few eggs could still be found below this depth (table 2.3). Although 

the depth did vary across the beach, the eggs were not usually found in abundance below 6 cm. 

Therefore, 6acm was adopted as the predetermined depth to which the third and fourth samples 

were taken.  

The area of the sample site from which samples were taken was also changed during this study. 

The first sampling occasion only obtained samples from the first 3 rows of the sample plot, based 

on previously published and communicated results, as discussed above. The egg counts revealed 

that not many eggs were retrieved from row 1. It was therefore decided not to obtain samples from 

row 1 for the next sampling occasion. Instead, rows 2 to 5 were sampled to determine the general 

distribution of the eggs on the plot. For the third and fourth sampling occasions, all 5 rows were 
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sampled, when possible. During sampling occasion three, the reach of the low tide did not uncover 

the fifth row, and therefore no samples were taken from there for that occasion. Figure 2.7 

illustrates the positions in the plot of the four sampling occasions. 

A B C D E A B C D E 

11 

22 

33 

44 

55 
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D.  4th sampleC.  3rd sample 

 
 

Figure 2.7.  Sampled quadrats, for each of the four occasions, are shaded in grey (mid-tide level is located at 

approximately level 3). 

2.2.2   Extraction 

Several extraction methods are used to collect larvae from sand. The Gold Coast City Council uses 

an extraction technique which involves mixing sand samples with “golden syrup” (a very dense 

sugar syrup). The syrup causes any particles less dense than itself, such as larvae, to float to the 

surface, where they can be collected, washed and counted (Williams 1996, Gold Coast City 

Council pers. comm.).  

Reye (1997, pers. comm.) used a water reflux system in combination with the use of a saturated 

white sugar solution to extract Culicoides eggs and larvae (of various species) in the field. The 

apparatus consisted of a supported columnar structure of plastic tubing at the top, and a cylinder 
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with a funnel of very fine (50 micron) steel mesh in the middle, which channelled trapped particles 

into the tube, with a base made of the same steel mesh, at the bottom (figure 2.8).  

 
 
 
 
 
 
 
 

200  squares/inch 
steel mesh 

Collection tube 

iron support rod 

Angle iron 
support strut 

200 squares/inch 
steel mesh 

Plastic tubing 

Fly wire screen 

Figure 2.8.  Dr E.J. Reye’s egg extractor unit (drawing approximately 30% of scale). 

The sand samples were placed into small buckets and were then flooded with saturated sugar 

solution. Sufficient time was allowed for any particles that were less dense than the solution to rise 

to the surface. The top layer of the sugar solution was then scooped up and poured into the 

apparatus and allowed to drain. The large particles were trapped on the screen mesh in the middle 
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of the column. When most of the syrup has drained, a current of water was pumped through the 

“reflux tube” (not shown) attached to the bottom of the collection tube. The water washed away 

the remaining syrup, leaving only the trapped, fine particles from the sample. 

Although the above techniques ultimately yield high extracted larval counts, both are time-

consuming and use copious amounts of sugar solution which ultimately needs be disposed of. Tran 

(1995) developed a technique which was more effective, potentially cheaper, and which had less 

environmental impacts on disposal. A jet of water was pumped into the bottom of a graduated 

cylinder which contained the sand sample. The water pressure induced turbulence in the sand 

particles. When the substrate was fluidised by the turbulence, the lighter particles in the sand, 

including egg and larval sized particles, were flushed out and suspended in the water column. The 

suspended particles were then poured out onto a sieve where they were trapped and could then be 

washed into a Petri dish.  

For this current study, the extraction technique used was a combination of the methods developed 

by Reye and Tran (1995). The extraction process is shown in figure 2.9. A jet of water was used to 

fluidise the sand bed in a 1000 ml cylinder, which was supported at an angle of less than 45°. The 

suspended particles were flushed out and poured into the extractor unit. Large particles became 

stuck to the screen mesh at the top, while the finer particles were trapped in the collection tube at 

the bottom. A stream of distilled water from a squeeze bottle, in place of the “reflux tube”, was 

usually enough to unclog the mesh at the bottom of the collection tube, and wash away any excess 

silt. The tube was then removed and the contents placed into a Petri dish, which was then placed 

under a binocular microscope to count the number of eggs, eggshells, larvae and pupae for every 

250 cm3 of the sample.  

Larval counts, per 250 cm3, were made before any eggs were removed from the Petri dishes. The 

eggs of various other Culicoides species have been described by various researchers, mentioned in 

Chapter One. Since the eggs of C. molestus had not been previously described in literature, their 

recognition was uncertain until the eclosure of an egg was observed. This will be discussed later in 

section 2.4.4. 
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Egg Extraction Apparatus 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 

Water jet 

Pooled water & 
fine silt 

Trapped larvae, eggs & fine 
debris in collection  tube 

Trapped course 
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Figure 2.9.  Extraction process 
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2.3  Results and Observations 

2.3.1  Data Transformation and Obtaining Mean Values 

2.3.1.1  Data Transformation 

The distributions of abundance of the larvae are the main interest of this study. For this reason, it 

was not necessary to perform any statistical significance tests. Nevertheless, it was necessary to 

work with the data which distribution of values fall into statistical normality. Data sets such as this 

tend to accumulate zero values from ‘blank’ samples. This is a common occurrence when sampling 

in an area where the subject in question is unevenly distributed. Due to the frequency of zero 

values, the statistical distribution tend to be highly positively skewed. A log(y+1) transformation 

was used to normalise the distribution of counts. For example, the bar graph on the left (figure 

2.10) shows the frequency of samples (y-axis) against the number of larvae in each sample 

(x-axis). The positively skewed distribution is evident. The graph on the right, shows larval 

distribution after a log(y+1) transformation of the data. Although there is still an accumulation of 

zero values on the left side of this graph, the rest of the data has been quite well normalised.  
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Figure 2.10.  Larval distribution before (left) and after a log(y+1) transformation (right). 

2.3.1.2  Obtaining Mean Values 

Having normalised the data, it was then necessary to convert the values from the replicated 

collections into mean values, from which separate graphs could be plotted to show the horizontal 

and vertical distributions of the eggs, eggshells, larvae and pupae. This process was complicated, 

somewhat, by the differences in the sample quantities taken on each occasion. The number of 

samples taken over the plot area varied because not all of the 25 quadrats were sampled on all four 
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sampling occasions, and not all of the sampling occasions sampled to the same depth at the same 

depth intervals.  

The data taken from the first sampling occasion were excluded as the samples were only taken 

from the first three rows of the sample plot.  The data taken from the 2nd occasion contained 

information for depths down to 10 cm, while the 3rd and 4th occasions only sampled down to 6 cm. 

Further, eggs and larvae were abundant at some times but not at others. 

To compensate for such differences, a mean value per layer was taken from the 3rd and 4th 

occasions (�E), and another mean from the 2nd occasion (�D). Each total count per layer for occasion 

2 was multiplied by �E and divided by �D so that the means from the 2nd sample is now directly 

comparable to those from samples 3 and 4. That is:  

�D
�E�J

�J
�J�J

�J
�u

� 
�u

� �� 2

2

432
2'  

where �D and �E were means from the 2nd, and (3rd and 4th) sets of samples,  respectively, and y2 was 

a log(y+1) transformed value from sampling occasion 2. Similar adjustments were made for 

locations where incomplete data were due to missing values on occasions 3 or 4. Means obtained 

by this method provided the standardised data shown in the Data Analysis section of this report, 

from which the summary charts were constructed (see sections for Data Analysis and Discussion). 

The number of eggs, eggshells, larvae and pupae counted in each sample of sand taken from the 

canal estate beach (Rosemont Avenue) are listed in Appendix 1 and tables 2.2 to 2.5. The shaded 

regions within the tables indicate areas of the sample plot where no samples were taken for that 

particular sampling occasion. 

2.3.2   First Sample (24 April 1997) 

The purpose of sample one was to determine if eggs occurred at similar depths across the beach. 

The samples were taken from areas below the highest tide line of that day. The sample plots were 

set out so that the top of the second row was a few centimetres below the highest tide level 

observed earlier that day. To ensure that the areas above and below the tide line were included, 

samples were taken from the first three rows of the sample plot. For rows 1 and 3, only columns C 

and D were sampled (figure 2.7a, table 2.2). These areas were sampled to the depth of 5 cm, at 

0.5 cm intervals.  

Although quantitative measurements of sand moisture content were not taken, it was observed that 

there was a distinct difference in colour and consistency between the areas above and below the 
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high tide line. Above the tide line, where the sand was dry most of the time, its consistency was 

loose, easily displaced by wind, and very light greyish-beige in colour. This quality of sand could 

be found to a depth of at least 10 cm. Below this depth, the sand is very compact, moist and dark 

grey in colour. 

At and below the upper tide line, the sand was a darker shade of greyish-beige. The consistency 

was still loose, but it was moist and unlikely to be displaced by wind. In this type of sand it was 

easy to make a well defined footprint, which could, at times, sink to about 4 cm deep. The sand 

gradually changed colour with depth. At about 10 cm, the colour was mainly dark brown, and 

occasionally reddish brown. The sand’s compactness increased with depth. 

The data from this set of samples indicated that very few eggs could be found above the high tide 

line (row 1), where the sand was dry and susceptible to wind action. However, at this level 

eggshells were recovered below a depth of 0.5 cm. The highest numbers occurred between 2 and 

4 cm depth; below this depth their numbers tapered sharply. Larvae were also found to occur in 

large numbers between 2 and 5 cm depth. 

Where the sand was wet for at least a few hours of the day (i.e. covered by the daily high tide 

cycles) eggs were found as deep as 5 cm below the surface and in large numbers —as many as 26 

in one sample. Eggshells were found throughout all the depth levels, while the larvae were found 

at all levels below 0.5 cm. No pupae were recovered at any time during this sampling occasion. 

2.3.3   Second Sample (2 May 1997) 

In the first sampling occasion (table 2.2) very few eggs were recovered above the high tide line. 

Therefore, this row was ignored for the second sampling occasion (figure 2.7b, table 2.3), and 

row 1 is not included in the table. The previous sampling also indicated that eggs could de found 

deeper than 5 cm. The second sample searched for eggs to a depth of 10 cm, at 2 cm intervals. This 

time, rows 4 and 5 were also included.  

Sand found on row 3 was of a similar consistency to that of the moist sand found below tide level, 

as has been described in the first sample. The variation in the substrate colouration was minimal, 

other than a slight increase in the darker organic matter. However, the observed degree of 

compactness gradually increased toward the low water edge. It therefore became increasingly 

difficult to press the excavating template into the sand. It was difficult to make even a footstep 

imprint at row 5. The frequency of polychaete burrows, indicated by small, volcano-like mounds of 

sand on the surface, increase lower down the beach, continuing below water level at low tide. 
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There was also some evidence of what looked like excavated sand left on the surface by small 

tunnelling organisms, between the lower regions of rows 2, and 4. 

Eggs were found to be most abundant in row 3 rather than rows 2, 4 or 5, while the least egg 

numbers were extracted out of row 2, in this sample. They were found to occur as deep as 10 cm, 

but such finds were rare. Similarly, more larvae were found in row 3, and in lesser numbers in 

row 2. Eggshells were found to be in their greatest numbers at row 3, above and below which their 

quantities steeply declined. The position of the maximum pupal numbers coincided with the 

maximum numbers of eggshells. 

High numbers of eggs were found between columns C and E of row 3, and between columns A and 

B of row 5. Oviposition site distribution therefore appeared clumped. The highest pupal counts 

occurred between positions 4 and 5, mostly at column 5. 

2.3.4   Third Sample (12 May 1997) 

On the third sampling occasion, the daytime low tide did not completely recede below row 4. 

Consequently, row 5 was not sampled (figure 2.7c). This sampling occasion only obtained sand to 

a depth of 6 cm, at 2 cm layers. An area 1 m above row 1 was also sampled to see if eggs could be 

found well above the tide line, but deeper in the sand. This environment was assumed to be moist 

and cool enough for eggs, compared with the environments closer to the surface. In such an 

environment, the eggs may be protected from desiccation. The sand was collected from columns C 

and D to a depth of 15 cm at 5 cm intervals.  

The egg data from this occasion showed that egg counts were highest at rows 2 and 4. There was a 

drop in egg numbers at row three, but could just be a sampling variation, as egg distribution 

appears to be clumped. Egg numbers decreased sharply with depth, while pupal and eggshell 

numbers increased sharply after row 2 and peaked at row 4. Larval numbers were very low at row 

1, but were distributed almost evenly across rows 2 to 4.  

No eggs, eggshells, larvae or pupae were encountered from the area of sand located above the tide 

line (table 2.4). 

Two species of beetles, belonging to the family Staphylinidae, were collected: one from the first 

2 cm layer, and the second from the next 2 cm layer.  
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2.3.5   Fourth Sample (25 May 1997) 

All five rows were sampled, on this occasion (figure 2.7d), down to 6 cm and at 2 cm depth 

intervals. Sand quality was similar to what has described above. 

Egg abundances across the beach showed a similar pattern to that of the previous sample, but 

decreased sharply at row 5. Eggshells were most abundant between rows 2 to 4, and decreased 

sharply in row 5. They could also be found at all depths. Pupal numbers were found to peak around 

the third row, where they were mostly found from the 2 cm to 4 cm layer. Larvae were found to be 

more abundant lower down the beach and occurred at all depths (table 2.5).  
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                  Table 2.2.  First Sample 
Columns 

A     B C D E
Row 

Positions 
Depth 
(cm) 

eggs               eggshells larvae pupae eggs eggshells larvae pupae eggs eggshells larvae pupae eggs eggshells larvae pupae eggs eggshells larvae pupae
  0.5                 0        0 5 0 0 0 0 0         
  1.0                 0        0 0 0 1 21 0 0         
  1.5                 0        6 0 0 5 11 3 0         
  2.0                 0        2 1 0 8 20 10 0         
1  2.5                 0        1 10 0 3 18 30 0         
  3.0                 0        1 5 0 2 13 20 0         
  3.5                 0        0 15 0 0 11 30 0         
  4.0                 0        4 15 0 1 15 20 0         
  4.5                 0        0 15 0 0 10 20 0         
  5.0                 0        1 25 0 0 5 20 0         
                       0.5 1 6 0 0 2 8 0 0 0 0 2 0 0 9 3 0 0 20 0 0
                       1.0 0 12 11 0 33 10 15 0 10 8 30 0 0 18 10 0 0 3 10 0
                       1.5 11 44 20 0 18 10 30 0 1 6 40 0 0 13 2 0 2 4 10 0
                       2.0 1 20 12 0 22 18 65 0 0 6 50 0 0 29 20 0 27 23 40 0
2                      2.5 1 27 40 0 31 28 37 0 1 7 80 0 1 16 30 0 11 42 3 0
                       3.0 2 40 15 0 64 40 65 0 0 4 50 0 1 15 20 0 0 12 20 0
                       3.5 0 22 50 0 5 23 50 0 0 14 60 0 2 20 20 0 1 15 40 0
                       4.0 1 18 40 0 5 20 40 0 0 9 30 0 8 23 20 0 4 1 40 0
                       4.5 0 10 37 0 0 15 70 0 1 41 60 0 0 14 20 0 0 20 40 0
                       5.0 0 5 45 0 0 3 35 0 0 3 50 0 0 6 10 0 0 15 30 0
  0.5                 0        1 5 0 2 9 0 0         
  1.0                 16        8 30 0 7 25 30 0         
  1.5                 15        11 40 0 17 13 40 0         
  2.0                 16        9 70 0 3 10 50 0         
3  2.5                 42        9 30 0 1 12 40 0         
  3.0                 13        5 10 0 2 17 25 0         
  3.5                 18        23 40 0 0 11 30 0         
  4.0                 65        40 30 0 2 15 30 0         
  4.5                 22        30 70 0 0 19 30 0         
  5.0                 26        21 50 0 3 25 15 0         

                      
Table 2.3.  Second Sample                   

Columns 
A       B C D E

Row  
Positions 

Depth 
(cm) 

eggs                eggshells larvae pupae eggs eggshells larvae pupae eggs eggshells larvae pupae eggs eggshells larvae pupae eggs eggshells larvae pupae
                       2.0 0 4 1 1 1 27 1 1 10 9 5 0 10 30 5 0 6 9 6 2
                       4.0 0 6 35 1 0 12 30 2 2 3 5 1 1 7 13 0 0 11 12 1
1                      6.0 0 10 30 1 1 0 30 0 0 1 30 1 0 7 21 0 0 6 10 1
                       8.0 0 0 10 0 0 0 10 0 0 1 20 1 0 3 10 1 0 0 10 0
                       10.0 0 0 0 0 0 0 0 0 0 2 10 0 0 1 15 0 0 0 57 0
                       2.0 6 16 0 0 2 10 15 0 0 14 10 0 25 7 10 0 4 18 10 0
                       4.0 2 49 23 0 2 35 40 2 0 31 30 1 15 40 35 2 11 25 51 1
2                      6.0 1 12 40 0 2 17 40 0 0 18 30 0 1 18 40 0 5 31 45 0
                       8.0 0 20 30 0 0 10 90 0 0 36 20 0 0 11 10 0 0 14 20 0
                       10.0 0 13 10 0 1 40 10 0 0 7 5 0 0 2 5 0 0 1 10 0
                       2.0 4 40 30 2 17 51 40 0 14 20 40 0 0 50 50 3 11 33 30 5
                       4.0 1 93 50 2 1 45 30 0 2 67 30 5 0 62 50 2 0 29 40 3
3                      6.0 0 78 40 0 2 37 35 2 0 64 10 3 0 34 30 1 9 40 20 0
                       8.0 0 80 30 0 0 35 20 0 0 53 3 2 0 13 10 0 1 22 25 0
                       10.0 0 31 5 0 0 0 5 0 0 13 5 0 0 7 0 0 1 5 0 0
                       2.0 11 33 50 4 1 10 100 0 0 0 30 0 1 16 100 0 0 7 60 0
                       4.0 10 20 50 5 1 19 60 0 0 0 10 0 0 6 15 0 0 0 10 0
4                      6.0 15 27 30 3 0 16 20 0 0 0 0 0 0 0 2 0 0 0 0 0
                       8.0 12 31 10 0 0 10 10 0 0 0 2 0 0 0 0 0 0 0 0 0
                       10.0 0 11 10 0 0 9 5 0 0 0 0 0 0 0 0 0 0 0 0 0
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Table 2.4.  Third Sample 
   

Columns 

A     B C D E
Row 

Positions 
Depth 
(cm) 

eggs               eggshells larvae pupae eggs eggshells larvae pupae eggs eggshells larvae pupae eggs eggshells larvae pupae eggs eggshells larvae pupae
  2.0                 0        0 0 0 0 0 0 0         
0  4.0                 0        0 0 0 0 0 0 0         
  6.0                 0        0 0 0 0 0 0 0         
                       2.0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0
1                      4.0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 1 0 0
                       6.0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
                       2.0 0 1 16 0 0 3 5 0 27 0 42 0 2 1 20 0 1 0 30 0
2                      4.0 1 2 7 0 0 0 25 1 0 0 20 0 1 12 16 0 1 0 30 2
                       6.0 0 2 1 0 0 0 4 0 0 0 8 0 0 2 18 1 0 0 13 0
                       2.0 1 8 20 0 0 6 30 0 0 11 20 0 5 31 20 1 0 29 30 1
3                      4.0 0 5 32 0 1 31 30 2 2 18 30 0 0 13 11 0 0 8 10 0
                       6.0 0 2 5 0 0 9 30 1 0 13 10 0 0 7 0 0 2 9 10 0
                       2.0 6 16 30 2 6 31 20 1 0 37 35 5 9 30 25 4 7 21 15 2
4                      4.0 5 23 25 4 4 26 20 4 3 36 30 4 0 17 10 5 0 20 10 6
  6.0 1 10 10 3 1 30   1             0 9 10 0 0 15 10 1 0 17 6 3

                      
                      

                  
                   

Table 2.5.  Fourth Sample 
   

Columns 

A     B C D E
Row 

Positions 
Depth 
(cm) 

eggs               eggshells larvae pupae eggs eggshells larvae pupae eggs eggshells larvae pupae eggs eggshells larvae pupae eggs eggshells larvae pupae
                  2.0 21 0 0 1 0 0 0 0 0 1 0 0 0 0 1 0 0 0 0 0
1                      4.0 0 0 1 0 0 0 0 0 0 2 0 0 0 0 2 0 0 0 0 0
                       6.0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0
                       2.0 0 5 9 0 0 15 16 2 0 9 3 2 0 6 6 1 12 17 15 0
2                      4.0 0 4 20 6 0 12 10 0 0 11 15 5 2 13 5 1 0 8 5 4
                       6.0 0 10 10 0 0 4 5 1 0 6 10 1 0 10 15 1 0 11 19 2
                       2.0 0 6 6 1 0 9 12 2 0 5 10 0 0 3 5 1 55 21 15 3
3                      4.0 0 11 15 5 0 3 10 1 0 8 15 2 0 6 10 5 27 15 10 3
                       6.0 0 9 5 1 0 8 6 1 0 0 7 1 0 4 5 2 0 4 10 1
                       2.0 0 10 35 0 0 23 25 0 5 17 15 1 9 11 20 0 43 9 15 0
4                      4.0 0 13 23 0 0 16 20 0 2 19 10 1 17 19 15 0 13 21 30 0
                       6.0 0 5 15 0 0 9 8 0 0 15 5 1 14 23 15 0 0 8 10 0
                       2.0 0 5 20 0 0 0 20 0 0 0 15 0 0 3 10 0 0 7 25 0
5                      4.0 0 3 10 0 0 0 25 0 0 0 25 0 0 0 17 0 0 3 6 0
                       6.0 0 0 15 0 0 0 20 0 0 0 10 0 0 0 10 0 0 0 10 0
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2.4  Data Analysis 

In this study, I was interested in plotting the positions of egg, eggshell, larval, and pupal abundance 

in the sand, depicting their most likely representative numbers. The methods used for analysis have 

been discussed in the Results and Observations section (section 2.2).  

Having calculated means and obtained their 95% confidence intervals, the data were then arranged 

to plot graphs that could depict the distribution of the particular larval stages in the sand.  

Two sets of graphs are given for each of the following: eggs, eggshells, larvae and pupae. The first 

two graphs (e.g. figure 2.11) display results of the horizontal distribution of egg abundance on the 

beach. The second set of graphs (e.g. figure 2.12) shows the distribution of abundance with depth, 

i.e. the vertical distribution. In each set, the graphs show the distributions of abundance, relative to 

tide level (approximately level 3). On the x-axis, numbers 0 to 5 correspond to the rows relative to 

tide level, while the y-axis indicates the abundance of the subject in question.  

In the left-hand chart abundance is shown on a logarithmic scale, showing the log(y+1) 

transformed data, with each interval translating to the raw-data-scaled actual numbers on the 

secondary y-axis. The right-hand chart shows the same data as the left-hand, but shows 

detransformed abundance using the raw-data (linear) scale.  

The actual means obtained from each row are shown as grey circular points in the log-scaled (left-

hand) chart and the means for each position or depth are shown as blocks with 95% error bars 

(which are asymmetrical about the mean when de-transformed to a linear scale). A cubic 

polynomial least-squares line of best fit is shown by computing a third order polynomial regression 

equation to the data points. 
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2.4.1   Egg Distribution  

2.4.1.1  Egg Horizontal Distribution Relative to Tide Level 
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Figure 2.11.  Egg horizontal distribution (means ± 95% confidence intervals) 

The above graphs (figure 2.11) show the distribution of egg abundance across the beach. Both 

graphs indicate peaks of egg abundance between positions 3 and 4.  

2.4.1.2  Egg Distribution with Depth 
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Figure 2.12.  Egg vertical distribution (means ± 95% confidence intervals) 

The above depth charts (figure 2.12) show how the numbers of eggs decrease with depth. Egg 

abundance rapidly diminishes with depth between 1 cm and 5 cm. This curve indicates that eggs 

may occur below 9 cm, although, such numbers are very small. 
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2.4.2   Eggshell Distribution 

2.4.2.2  Eggshell Horizontal Distribution Relative to Tide Level 
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Figure 2.13.  Eggshell horizontal distribution 

Similar to the egg data, eggshell abundance (figure 2.13) also peaked between positions 3 and 4, 

across the beach, but were found in greater numbers per sample. This outcome was to be expected 

as the longevity of viable or whole eggs is likely to be shorter than that of eggshells. 

2.4.2.2  Eggshell Distribution with Depth 
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Figure 2.14.  Eggshell vertical distribution 

According to the above graphs (figure 2.14), eggshell abundance does not decrease as rapidly with 

depth when compared with egg abundance. Eggshells are most abundant between 1 and 3 cm, 

below which their numbers decrease steadily, but small numbers are still encountered at 9 cm 

below the surface.  
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2.4.3   Larval Distribution 

2.4.3.1  Larval Horizontal Distribution Relative to Tide Level 
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Figure 2.15.  Larval horizontal distribution 

Larvae occur all across the beach from position 1 to 5 (figure 2.15), and are most likely to be found 

lower on the beach, as is suggested by the large numbers at position 5. It is interesting to note that 

there are two regions where larval numbers rapidly increase: (i) between positions 1 and 2, and 

(ii) between positions 4 and 5 (to a lesser degree). This data indicates that there are greater 

numbers of larvae lower down on the beach. 

2.4.3.2  Larval Distribution with Depth 
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Figure 2.16.  Larval vertical distribution 

Larval abundance decreased with depth, but not as rapidly as the decrease seen in the egg depth 

distribution. The maximum numbers could be found between 1 cm and 4 cm. According to these 

graphs (figure 2.16), larvae may be found deeper than 10 cm. 

42 



2  Juvenile Distribution in Intertidal Sand 

2.4.4   Pupal Distribution 

2.4.4.1  Pupal Horizontal Distribut ion Relative to Tide Level 
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Figure 2.17.  Pupal horizontal distribution 

Pupae were found low on the beach (figure 2.17). Their abundance peaked between positions 3 and 

4, which was only slightly higher than the peak abundance of eggs and eggshells. At lower 

positions on the beach, their numbers diminished rapidly. 

2.4.4.2  Pupal Distribution w ith Depth 
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Figure 2.18.  Vertical distribution of pupae 

The pupal depth curve (figure 2.18) shows that they were more concentrated near to the sand 

surface, around the third cm depth. Below and above this position, they were found in lesser 

numbers. 
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2.5  Discussion 

2.5.1  Eggs 
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Figure 2.19.  Egg horizontal and vertical distribution chart (logarithmic scale of numbers) 

The depth to which the eggs were found was beyond previous expectation. The eggs were 

encountered at locations as deep as 10 cm below the surface. It is possible that the female midges 

do not go as deep as 10 cm, and that the eggs could have been accidentally transferred from the 

previous excavated layers of sand during their removal. However, this was done very carefully, so 

as to avoid such accidents, and a more likely explanation is that eggs are moved to lower levels 

with bulk sand movements, although the mechanism is unclear.  

2.5.1.1  The Problem of How Eggs Get to be so Deep in the Sand 

Bidlingmayer (1957) reported that the larvae of C. furens have been recovered as deep as 60 cm 

below the surface of the mud substrate. However, their occurrence at that level was closely 

associated with the burrows of tunnelling crabs that lived in the same environment. There were no 

signs of burrowing crabs on the beach where this study was undertaken. Nevertheless, a similar 

relationship could exist between the gravid females of C. molestus and another species of organism 

on the beach that allows gravid females to move deeply into the sand without having to dig. Such 
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assistance means that the female would not have to spend such seemingly impossible and 

unnecessary amounts of energy for the purpose of laying a single batch of eggs.  

Above row 4 on the beach, the sand consistency was firm but compressible. Footprints could easily 

be impressed into the sand to a depth of about 3 to 4 cm. During high tide, bubbles of air could be 

observed to rise from the inundated sand surface. When the substrate was disturbed, a multitude of 

finer bubbles effervesced to the surface, indicating that the sand was very porous in nature. During 

high tide, the rising water slowly immersed the sand, but it did not do so completely. Pockets of air 

remained trapped beneath the sand, which means that the environment immediately beneath the 

sand surface was well aerated.   

As the tide receded, the bubbles seeped up to the surface. The consistency of the sand was now not 

as soft as when the overlying water buoyed its weight. Rising bubbles left “tunnels” in the sand, 

resembling air pockets. Such air pockets may not be continuous, but they have been observed, by 

careful excavation with a flat and sharp edged tool, to extend as deep as about 3 cm below the 

surface. The diameter of such bubble “tunnels” were usually wide enough to allow more than one 

gravid female to enter (figure 2.20).  

 

Figure 2.20.  Openings in the sand left by effervescing air bubbles 

Worm burrows were also observed to occur low on the beach, beginning at around row 3 

figure 21). They were more commonly seen lower on the beach (figure 2.22), and where 

submerged in water, it was occasionally possible to see clouds of sand thrown up, out of the 

mounds by the burrowing worms. Where the sand was exposed, such burrows left obvious, tiny, 

volcano-like mounds with an opening in the middle (figure 2.23). The openings were usually large 

enough for gravid females to enter. The careful removal of thin layers of sand enabled me to see 

approximately how deep these tunnels went into the sand. Although the descending paths were not 
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always straight down, these burrows went deeper than 6 cm (figure 2.24). It may be possible that 

such burrows are used by females as “service tunnels” to enter the depths of the sand bed in which 

to lay their eggs.  

There were also traces of what looked like sand, pushed up from beneath as an organism moved 

horizontally beneath the surface (figure 2.21). Where these ‘sand trails’ lead into tunnels that 

occurred vertically in the sand, these may also be used by gravid females as a way of descent. 

 

 

Figure 2.21.  Trails left by tunnelling invertebrates 

 

 Figure 2.22.  Exposed worm burrow mounds 
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Figure 2.23.  Submerged cluster of polychaete worm burrow (left) and close-up of mounds (right). 
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Figure 2.24.  Drawings of polychaete worm burrow and tunnel made by effervescing trapped air bubbles. 

2.5.1.2  Egg Morphology 

The egg of C. molestus is similar in shape and colour to that of C. vexans, which was described by 

Jobling (1953). The shape is distinctly sausage-like and is often curved (figure 2.25) although 

sometimes they can be almost linear and cigar shaped. Under magnification of approximately 50�� , 

the colour appears dark brown, while the shell itself appears smooth.  

Figure 2.25 below shows a microphotograph of a typical C. molestus egg. The anterior position of 

the egg can be identified by the obvious dark spot which is the eye of the developing embryo. The 

anterior portion of the egg of this particular specimen appears to be slightly wider than the 

posterior portion of the egg, similar to the description of C. vexans described by Jobling (1953). 

Whether or not this condition is common in C. molestus eggs is unclear. Details of C. molestus egg 

morphology and ultrastructure is described in Cribb and Chitra (1998). 
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50 micron

Figure 2.25.  A photograph of C. molestus egg under high magnification. Arrow points to anterior end. 

2.5.1.3  Egg Hatching 

Jobling (1953) described the hatching of a C. vexans: “…the larvae emerged from the egg, slowly 

elongating from 880�P to 960�P before beginning to wriggle out of the egg casing” . Williams (1951) 

also observed this similar process of elongation. Below (figure 2.26) is a photograph from a 

transmission microscope of a larva that is in the process of such elongation. The initial length was 

the same as that of the egg which contained it, which was approximately 450�P. The elongation 

occurred for approximately just under 2 minutes at room temperature (~27°C), and the larva began 

to wriggle free of its eggshell, as was described by Jobling (1953). The neonate resembled a larva 

of the late instar stage, and was approximately 900�P in length. It moved vigorously with the 

sinuous motion characteristic of older Culicoides larvae. 

�P

Figure 2.26.  Larval neonate emerging from the egg. 

2.5.2   Eggshells 

Eggshells could be found throughout the beach in great numbers, bu

between rows 3 and 4 (figure 2.27). This region of concentration

located slightly higher up the beach. Eggshells greatly outnumbered
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expected since eggshells should last longer in the sand than viable whole eggs, although the time it 

takes for eggshells to breakdown is unknown.  
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Figure 2.27.  Eggshell horizontal and vertical distribution chart (logarithmic scale of numbers) 

The eggshells, although not of great importance on their own, could provide clues as to previous 

oviposition sites on the beach. The horizontal abundance of eggshells on the plot indicates that 

recent ovipositions occurred almost entirely between positions 2 and 4.  

The depth to which these eggshells were found could also indicate the depth to which eggs can be 

oviposited or move in the sand. Eggshells may well remain intact for a longer than can viable eggs, 

which may hatch in a relatively short period of time. Thus, their vertical and horizontal abundance 

could be influenced by any shifting of the substrate in which they were deposited. For example, 

according to the data, eggshells were found in considerable numbers as deep as 9 cm. If their depth 

in the sand is a true reflection of previous oviposition sites, then this result indicates that eggs have 

been laid, fairly recently, at that depth. The fact that the distribution of eggshells (figure 2.27) is 

deeper and more diffuse than the concentration of eggs shown at level 4 in figure 2.19 suggests 

that there is appreciable vertical mixing of sand, which is spreading the eggs though the sand 

profile, and doing so more for eggshells over which there is more time for such mixing to have 

effect. 

The egg stage of an insect’s life cycle, like that of the pupal stage, is quite vulnerable to predation. 

While sifting through the sand particles in search of eggs and eggshells, predacious staphylinid 
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beetles were encountered. They occurred in samples collected from depths between 2 and 4 cm. 

Whether or not the beetles preyed upon the eggs is unknown. It may be possible that predators are 

responsible for the shifting of eggs or eggshells in the sand.  

The longevity of eggs that are deposited in the upper regions of the beach is still to be researched. 

Eggs laid lower down the beach probably have a higher chance of survival. In a beach where sand 

is well aerated, such as that on the beach studied, it is unlikely that eggs deposited deep in the sand 

will suffer casualties from drowning. Eggs of C. molestus are equipped with a plastron layer (Cribb 

and Chitra 1998) by which air exchange occurs to keep the egg well ventilated (Hinton 1981). This 

is also true of most aquatic eggs of terrestrial invertebrates. 

2.5.3   Larvae 

Downes (1950) suggested that, as a predation-avoidance strategy, gravid female Culicoides would 

oviposit in numbers rather than individually. This strategy would result in high local 

concentrations of eggs and, subsequently, larvae. On this study plot, larvae were found all over the 

beach, but were most concentrated in the area where the eggs were also concentrated. Linley 

(1986) postulated that, as a result of this behaviour, the sites of highly concentrated egg abundance 

might be a principle determinant of larval habitat. Kettle (1962) also suggested that localised 

concentrations of larvae must be a direct result of selection by the ovipositing behaviour of gravid 

females. 

Unlike the larval distribution of C. melleus (Coq.), which occurred in a narrow band between high 

and low tides, that of C. molestus appear, as shown by the data presented in this study (figure 

2.28), to exist across the whole tidal range of the beach. It is surprising to find the larvae as low 

down the beach and as deep in the sand substrate. Because the sand consistency lower down the 

beach is quite (to very) compact, the more frequent occurrence of larvae low on the beach would 

seem to suggest that the larvae are robust enough to be able to negotiate between tightly packed 

particles of sand.  

The spatial discrimination between larval ages was not considered in this study, but concentrations 

of younger larvae are suspected to be found in close proximity to where the eggs are clustered. 

Younger larvae are weaker than larger larvae and are, therefore, unlikely to venture far from their 

hatching sites. In this case, there may be a gradient of larval age groups between the core of larval 

concentrations and where they are scarce. 
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Figure 2.28.  Larval horizontal and vertical distribution chart (logarithmic scale of numbers) 

2.5.4   Pupae 

The pupal distribution of C. molestus showed a distinct area where emergence would often take 

place. The location of highest pupal concentration occurred at position 3 on the sample plot, and in 

a wide concentric band around it, between positions 2 and 4 (figure 2.29). An emergence study 

done by Reye and Chitra (1997 unpublished data) around the same time as this study, found that 

the peak emergence of C. molestus did, indeed, occur at this same position. This suggests that 

larvae deliberately migrated up or down the beach to pupate near the middle of the beach, which is, 

apparently, the preferred site for emergence.  

The vertical distribution was also unique in that their highest concentration could almost be 

pinpointed to the third centimetre down in the sand. It is evident that the pupae can occur as deep 

as 8 cm, and even deeper in rare cases. The indications are, therefore, that the pupae are motile and 

migrate vertically up and down in the substrate.  
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Figure 2.29.  Pupal horizontal and vertical distribution chart (logarithmic scale of numbers) 

Figure 2.30 shows photographs of the pupa taken from the dorsal and ventral views. It has been 

observed that the pupae used the wriggling motion of the abdomen to move backwards, vertically 

or horizontally in the substrate.  The writer has also observed that the pupa uses the two hook-like 

structures, attached the base of its abdomen (figure 2.30, dorsal view), to ‘catch’ the substrate as 

the abdomen wriggles, in a similar sinuous motion as that of the larvae, from side to side. In effect, 

it ratchets its way backwards. On one occasion, it was observed that a pupa had pulled itself up and 

out of the substrate (filter paper) so that it was perpendicular to it, immediately prior to adult 

emergence.  
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1 mm

Figure 2.30.  Photograph of C. molestus pupae: dorsal view  (left), ventral view (right). The terminal segment 

of the abdomen (circled) forms hook-like structures. Abdominal undulations cause them to 

swing back and forth, as pupae “ratchet” their way backwards.  

 

2.6  Conclusions 

Little information is available in the published literature about C. molestus. These biting midges 

are pests to humans who live in or near canal estates, where the activity of this species can be at its 

worst. Because of the severe public nuisance caused by biting of this pest insect, it is critically 

important to study these biting midges so that a control measure can be designed to reduce the 

degree of human-midge interaction. One possible solution is to directly reduce their populations in 

the canal estate intertidal beaches where they breed. 

Therefore, it is the aim of this research to explore the biology of C. molestus. This investigation 

begins with the location of C. molestus eggs in the intertidal sand of a Gold Coast canal estate 

beach. 

In this study, eggs, eggshells, larvae and pupae were carefully extracted from intertidal sand, and 

their quantities recorded to plot their vertical and horizontal distributions. The study has found that 

the eggs were oviposited mainly just below mean tide level, much lower on the beach than 

previously expected. They were usually found in the top 3 cm the sand and numbers peaked at the 

sand’s surface could also be found as deep as 10 cm. How these eggs found their way so deep in 
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the sand is still unknown, but the writer suspects movements in the substrate may be an important 

mechanism.  

The eggshells were found in similar positions on the beach (i.e. below mean tide level), but their 

horizontal distribution was more diffuse, and vertical distribution extended deeper, than did whole 

eggs.  

Larvae occurred all over the sample plot, but they were found to be more concentrated very low 

down on the sample plot, peaking at the lowest point of the beach where the sand was infrequently 

exposed to the air. Here, they were most common at or near the surface, but were also found at 

depths between 5 and 9 cm, although uncommon below 7 cm.  

Pupae were uniquely concentrated at a particular spot on the sample plot, 3 cm deep in the sand at 

a position near the mean tide level. This position was also found, in a study done by Reye and 

Chitra (1997 unpublished data), to be where most adult emergences occurred.  

It appears that eggs are laid on or near the surface when the tide is low, and are mixed in the sand 

by some bulk sand movements. Larvae move lower down the beach after hatching, and concentrate 

on the part of the beach that is only uncovered by the lowest spring tides. They move back up the 

beach to pupate about 3 cm below the sand surface. 
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Abstract 

Two beaches of different slopes were sampled between November 1997 and April 1999 to measure 

the distributions of eggs, small larvae, large larvae and pupae. In contrast to results found in 

Chapter 2, the peak positions of C. molestus juveniles were near to the mean tide level (MTL). The 

peak pupae positions lie just below MTL, while the position of eggs was located even lower down 

the beach. Larvae were typically in the intermediate positions. The mean position (relative to MTL) 

was signif icantly different between the two sites, however this difference amounted to only a few 

centimetres. Position on the beach slope of any juvenile stage did not differ significantly between 

seasons. It appears that juveniles of this species are influenced more strongly by tides than seasons. 

Peak densities of larvae varied little throughout the study, but mean abundance showed curiously 

different paters, suggestive of a weak summer peak at one site and a strong summer minimum at 

the other. It is suggested that one beach had been treated with larvicide during the course of this 

study. 
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3.1  Objectives 

This study examines how juvenile distribution of C. molestus differs, relative to mean tide level 

(MTL), between beaches of different slopes and how this distribution might vary over the seasons.  

3.2  Methods 

The Methods section presents a discussion of the two research sites (Rosemont and Alvarado) and 

details the field procedure, equipment and laboratory procedure used to gather the data for the 

study, over a 1.5 year period. 

3.2.1  Sites 

The studied beaches were located on two residential canal estates, at Broadbeach Waters on the 

Gold Coast. Site 1 was located on Rosemont Avenue, shown in figure 3.1 (left). Site 2 was 

Alvarado Court, shown in figure 3.1 (right).  

Figure 3.1.  Maps of Broadbeach Waters on the Gold Coast. The arrows point to a stretch of canal beach 

used in these studies. Rosemont Avenue (left) was used in both Chapters 2 and 3. Alvarado 

Court (right) was the second site used for this chapter. 

¼ km  ¼ km 

3.2.1.1  Rosemont Site 

The beach at Rosemont was north-facing. The property beach length measured 17 m long, while its 

width, from the retaining wall to the lowest low-water line, was approximately 10 m (figure 3.2). 

The height between the low water line to the top of the beach (approximately the tidal range) was 
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~2 m. The width of this beach, between Mean High Water Spring and Mean Low Water Spring, 

measured approximately 8 metres.  
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Figure 3.2.  Contour map of the sampled beach at Rosemont. Grid scale and elevations are given in metres. 

The revetment wall is shown in dark grey at the top of the beach slope. The white rectangular 

areas on the beach, perpendicular to the retaining wall, represent quadrats from which sand 

samples were obtained. For each sampling occasion the position of the quadrats along the 17m 
beach was predetermined randomly. The position of Mean Tide Level (MTL) is shown as the red 

dotted line along the beach. 

Every sampling occasion a set of samples was taken from two transects: A and B (as shown in 

figure 3.3). The position of each transect along the beach was randomly predetermined prior to the 

sampling session. A single transect measured 1m wide and up to 8m long, depending on the 

position of the water level at low tide. The length of the transect spanned the width of the beach 

from approximately 2m away from the edge of the retaining wall to the waterline. The two-metre 

wide band of sand above the transect to the retaining wall was too dry to support any of the 

juvenile stages of C. molestus, as reported in Chapter 2. Each square or quadrat within a transect 

represents a position down the beach, relative to tide level.  

A 250 ml sample of sand was taken within each quadrat. The location chosen from each quadrat 

was uniform for each sampling occasion. For example, every sample would be taken from the 

upper left area of a quadrat at a given sampling occasion, or lower left etc. on another, as 

determined by formal randomisation on each occasion. 
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Figure 3.3.  The relative position of each transect from the retaining wall on the property. A transect 

measures 1 metre wide and approximately 8 metres long, depending on tide level. Samples of 

250 ml sand were taken from each quadrat where it was not inundated by low tide. 

3.2.1.2 Alvarado Site 

The beach at Alvarado also faces north. The property length measured 16m long and the width, 

from the retaining wall to the lowest water-line, was approximately eight metres (figure 3.4). The 

height between the low water-line to the top of the beach was approximately two metres. The 

width of this beach measured approximately 6 metres between MHWS and MLWS. A band of dry, 

hard and crusty sand was present at the top of the beach, extending approximately two metres 

from the retaining wall, from where samples were not taken. The slope beyond this band was 

steeper than the beach at Rosemont Avenue. 

The Alvarado site was sampled in the same way as the Rosemont site. However, the maximum 

length of the quadrats was only six metres. In most instances, it was only possible to sample to five 

metres since the last row was usually under water. 

3.2.2  Field Procedure 

Sand samples were obtained monthly around the time of the predicted lowest low tide of that 

month, between November 1997 and April 1999. Collections were made at this time to obtain data 

which would include the lowest sections of the beach and this would profile the widest possible 

cross section of the beach. 
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Figure 3.4.  Contour map of Alvarado beach. Further caption details as in figure 3.3. 

As reported in Chapter 2, the distribution of eggs and larval concentrations was patchy. This means 

that, from any given sample obtained from the beach, zero samples were likely to be encountered, 

for which zero values were recorded. Such uneven outcomes are common when sampling 

organisms that have a clumped distribution. 

As shown in the Chapter 2, and also by Kettle et al. (1979), the maximum concentration of eggs 

and larvae were found in the top 3 cm of the sand. For this reason, sand was excavated to a depth of 

3 cm. The equipment used in Chapter 2 was also used here. It comprised of a rectangular template, 

with internal dimensions of 10�u50 cm, and a sand excavator unit (figure 2.1.2). The volume of a 

3 cm layer of sand excavated is 1500 cm3. Once the exposed sand was thoroughly mixed, a 

sub-sample was taken and placed into a 250 ml plastic tube. On each sampling occasion, between 

10 and 16 sub-samples (depending on the slope of the beach) were taken from the two transects at 

each beach.  

3.2.3  Laboratory Procedure 

The 250 ml sub-samples were transported back to the laboratory for extraction of eggs, eggshells, 

small and large larvae, and pupae. The extraction process was the same as that described in 

Chapter 2. Small and large larvae were distinguished by general size. Larvae below ~2 mm were 

regarded as “small”, above this length, “large” (for comparison, neonate larvae are about 0.9 mm 

long). While this ‘rule of  thumb’ will surely create ambiguity on the boundary between small and 

large larvae, its use was relatively trouble-free, and sorting of larvae into size classes was done 

without undue difficulty. 
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3.2.4  Statistical Analysis 

On each day of the data collection, the samples were taken at various horizontal distances from the 

mean tide level. These distances were later converted to vertical distances from mean tide level, 

and these measurements are examined here. The horizontal positions were fixed for each beach and 

samples were taken from two transects across the beach each day. Thus, for each day of sampling, 

two samples were obtained from each of 6 (at Alvarado) or 8 (at Rosemont) fixed levels on the 

beach. 

Juvenile stages were extracted from the sand samples and the numbers of each stage were recorded 

along with the collection data. This data collection entailed extracting four juvenile stages from 624 

samples at Alvarado and 869 samples from Rosemont. 

The analytical methods used to produce appropriate distribution charts of each juvenile stage across 

seasons are described in sections 2.2 and 2.3 of Chapter 2. The data were categorized as Rosemont 

or Alvarado, to compare the two distributions differ between the two study sites.  

Data from each study site were separated into the four juvenile stages (egg, small larvae, large 

larvae, pupae) of the life cycle (egg-shells are not reported in this chapter). The data from all years 

for each juvenile stage were separated into seasons: spring, summer, autumn and winter. The 

log(y+1) transformed numbers of juveniles at each position were drawn from these data sets for 

each season (eggs, small larvae, large larvae and pupae) and are presented in the charts in figures 

3.5 and 3.6. The charts show the observed data points and their cubic polynomial regression lines 

and 95% confidence intervals as error bands on that regression (StatSoft, Inc. 2000). 

The values for the peak position and abundance were obtained directly from the charts given in 

figures 3.5 and 3.6, by reading the maximum values with a 95% confidence from the x- and y-axes. 

The peak positions for the juvenile distribution were read from the x-axis of each graph in figures 

3.5 and 3.6. The maximum values from both sites were recorded and graphed as seasonal data for 

eggs, small larvae, large larvae and pupae. For example, figure 3.7 below shows the summer large 

larvae distribution at Rosemont. The middle green arrow indicates where the peak position of large 

larvae is on that chart (–0.12 m). The arrows on either side point to the upper (0.17 m) and lower  

(–0.39 m) 95% confidence intervals at that position. The juvenile abundance values were obtained 

in the same way as the peak positions, but read from the y-axis. The horizontal blue arrows indicate 

the peak and 95% confidence intervals (figure 3.7).  
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 Figure 3.5.  Array of locations of juveniles at Rosemont in each season. Each column of charts represents a juvenile ge of C. molestus, and each row a season.  
X-axis: position on beach, with mean tide level indicated as zero and levels above MTL positi ve — i.e. lo n the beach is at the right-hand side of the chart. 
Y-axis: abundance, log(y+1) scaled. Lines are cubic polynomial least squares regression curves of best fi ith 95% confidence bands on the regression. 
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Figure 3.7.  Example of peak position and confidence ranges.  

In the presentation of results, below (section 3.3), particular statistical techniques are required for 

each perspective on the data. In order to facilitate understanding of the data handling, the particular 

analysis is explained before the specif ic treatment of results in each section. 

3.3  Results  

The data are tabulated in Appendix 2 for Rosemont and Alvarado and the results are analysed in 

the following sections.  

The data from this study could be compared in one of two ways:  

1. Modal (or peak) positions were acquired directly from reading the maximum values of the 

juvenile positions as shown in figure 3.7. The values were used to draw graphs that were then 

qualitatively analysed for seasonal differences within, and between, sites.  

2. Another way of analysing the data could be by calculating the “mean” position of each 

juvenile stage for each season. These two methods of looking at the data can provide different 

insights into the location of the larvae—for example, the modal positions tells us where the 

juveniles are concentrated, while the mean positions show where the central tendency of their 

distribution lies.  

For this reason, both techniques have been used in the analysis. 
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The first analysis (section 3.3.1) examines the location the of juvenile stages on the beach (relative 

to MTL), and explores both where they are concentrated (peak level) and where they are distributed 

(mean level). It uses both graphical and ANOVA techniques to examine whether the values vary 

between seasons or sites. The second analysis (section 3.3.2) examines the abundance of eggs, 

larvae and pupae, both at the peak concentration level and in terms of mean densities of juveniles. 

3.3.1  Position of Juveniles  

3.3.1.1  Peak Location — Graphical Analysis 

The graphs in figures 3.5 and 3.6 provide peak juvenile positions (y-axis) relative to the MTL for 

each juvenile stage at each season of the year (x-axis). Charts were drawn showing seasonal peak 

positions within Rosemont and Alvarado (figures 3.8 and 3.9 respectively), for eggs, small larvae, 

large larvae and pupae. The Mean Tide Level, on these charts, is common to both sites and is 

represented as the value “0”, where the y-axis intercepts the x-axis. The vertical bars show the 95% 

confidence intervals on the peak position value. Therefore, the overlapping error bars indicate that 

the different juvenile stages share the same positions, within the variability of the data. 

Rosemont 

Figure 3.8 below shows the peak seasonal distribution of juveniles found at Rosemont. The solid 

lines connect the peak level of each juvenile stage. The chart shows that the distributions of eggs 

are generally lower on the beach than is the distribution of the small larvae, large larvae and pupae, 

although not so in winter. Due to the large degree of overlap between error bars across the seasons, 

there is little evidence of any significant shift in juvenile position from one season to another.  

Alvarado 

The peak positions of juveniles at Alvarado are drawn in figure 3.9 below. Pupae are located higher 

on the beach than the other juvenile stages. The large overlap between the error bars show that 

there is no signif icant difference between seasons in the juvenile distribution. 
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Figure 3.8.  Peak juvenile numbers and positions at Rosemont. 
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Figure 3.9.  Peak juvenile numbers and positions at Alvarado. 
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3.3.1.2  Peak Location — ANOVA 

In this analysis, site is a random factor because there is an undefined number of beaches which 

could have been chosen for this study. It is only by chance that Alvarado was picked from beaches 

with steep slopes and Rosemont from those with gentler sloping beaches.  

Factorial ANOVA was used to analyse peak positions data and revealed a significant (p = 0.024) 

interaction between site and juvenile stage (table 3.1), with no signif icance for the main effects. 

This interaction effect is graphed in figure 3.10. The peak positions of each of juvenile differs only 

a little between the sites, where the position of the eggs from Rosemont and the pupae from 

Alvarado are separated from the other juvenile stages at the given site.  

Table 3.1. Modal positions factorial ANOVA results 

Effect SS df MS F p 

Site 0.049 1 0.049 0.68 0.45 ns 

Season 0.197 3 0.066 1.89 0.31 ns 

Stage 0.220 3 0.073 1.48 0.38 ns 

Site*Season 0.104 3 0.035 2.80 0.10 ns 

Site*Stage 0.149 3 0.050 4.00 0.046 �
 
Season*Stage 0.117 9 0.013 1.05 0.47 ns 

Residual 0.111 9 0.012    

Removing the effects of Season, since Season seems to have no signifi cant effect, does not change 

the conclusion that there is a significant interaction between Site and Stage. Removal simply 

increases its significance to p = 0.037. 

The differences in the data leading to an interaction effect can be seen from the positions of larvae 

and pupae from each site. At Rosemont, the larvae were located low on the beach and at a similar 

level to pupae. At Alvarado the pupae were higher up the beach than other juvenile stages. The 

positions of eggs and pupae were similar at each site, but larvae were higher up the beach at 

Rosemont. Since the signif icance of the interaction is only p = 0.046, the occurrence of this 

interaction is perhaps only fortuitous.   
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Peak Position: Site × Stage interaction
p = 0.046
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Figure 3.10.  Interaction between juvenile stage and site (with 95% confidence limits). 

Within each Site the difference in beach level l ies with different Stages. Egg location at Rosemont 

was lower on the beach than other juvenile stages and the Alvarado pupae higher than other stages. 

Table 3.2 (left) below shows where the differences lie in the groupings of the data at each site, 

while table 3.3 (right) shows where Stages or Sites differ significantly, according to Duncan’s 

multiple range test. The red line between the entries for Stage (or Site) and mean values indicates 

where discontinuity exists in group membership, i.e. at Rosemont, small, large larvae and pupae 

form a homogeneous group (at �D = 0.05), but eggs are different (peak at a lower beach level) than 

the group of later juvenile stages.  

Although there was a difference between Sites for small larvae, the general effect of Site was small. 

Assuming this difference to be unimportant, the main effect of juvenile Stage was assessed (i.e. the 

difference in peak position between stages was analysed for data summed over Sites and Seasons). 

The main-effects ANOVA shows that any difference in peak level between juvenile stages is not 

signif icant (p = 0.057). Apparently the peak level of each stage does not differ very much, although 

as shown in figure 3.10, egg numbers peaked lower on the beach than did pupae. Averaged over 

seasons, the peak position of each juvenile stage is listed in table 3.2 and shown in the interaction 

plot in figure 3.10. 
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Table 3.2.  Duncan’s multiple range test of interaction between juvenile stage and site. 

Site Stage Mean  Stage Site Mean 

Rosemont Eggs –0.233  Eggs Alvarado –0.258 

 Large larvae –0.113   Rosemont –0.233 

 Pupae –0.085  Small larvae Alvarado –0.228 

 Small larvae +0.018   Rosemont +0.018 

Alvarado Large larvae –0.270  Large larvae Alvarado –0.270 

 Eggs –0.258   Rosemont –0.113 

 Small larvae –0.228  Pupae Rosemont –0.085 

 Pupae +0.030   Alvarado +0.030 

3.3.1.3  Mean Location of Juveniles 

To determine the mean position for each season, all samples from each position on a given beach 

each season were pooled and the mean position calculated as the average of the position values 

weighted by the numbers of the particular juvenile stage collected from each position. This yielded 

32 data values, and a 4 Seasons �u 4 Stages �u 2 Sites array of data. 

A factorial ANOVA on this data reveals no significant effects or interactions (table 3.3). This 

conclusion remained true after removing the effect of Season.  

Table 3.3. Mean locations factorial ANOVA results 

Effect SS df MS F p 
Site 0.0450 1 0.045 1.65 0.27 ns 
Season 0.0712 3 0.024 1.23 0.43 ns 
Stage 0.0738 3 0.025 1.80 0.32 ns 
Site*Season 0.0577 3 0.019 3.43 0.066 ns 
Site*Stage 0.0409 3 0.014 2.43 0.13 ns 
Season*Stage 0.0225 9 0.002 0.45 0.88 ns 
Residual 0.0505 9 0.006    

Given that there were no significant interactions between the variables, a main effects ANOVA was 

applied to the data. In this case (table 3.4), signif icant effects were found for each variable: Site, 

Season and Stage. The differences are graphically presented in figure 3.11. 

Table 3.4.  Mean locations main effects factorial ANOVA. 

Effect SS df MS F p 
Site 0.0450 1 0.045 6.30 0.019 *  
Season 0.0712 3 0.024 3.32 0.037 *  
Stage 0.0738 3 0.025 3.44 0.033 *  
Residual 0.111 24 0.007    

 

68 



3  Location and Seasonality of Juveniles 

Mean Positions
Between Sites: p = 0.019

Rosemont Alavarado

Site

-1.0

-0.8

-0.6

-0.4

-0.2

0.0

0.2

0.4

0.6
Po

si
tio

n 
(m

 a
bo

ve
 M

TL
)

     

Mean Positions
Between Seasons: p = 0.037

Spring Summer Autumn Winter

Season

-1.0

-0.8

-0.6

-0.4

-0.2

0.0

0.2

0.4

0.6

Po
si

tio
n 

(m
 a

bo
ve

 M
TL

)

 

Mean Positions
Between Juvenile Stages: p = 0.033

Eggs Small Larvae Large Larvae Pupae

Juvenile Stage

-1.0

-0.8

-0.6

-0.4

-0.2

0.0

0.2

0.4

0.6

P
os

itio
n 

(m
 a

bo
ve

 M
TL

)

 

Figure 3.11.  Charts showing the main effects of Site 
(upper left), Season (upper right) and 

Stage (lower left) on mean position (bars 

represent means, error bands are 95% 

confidence intervals on the means). 

Although the average position of the juveniles differs signif icantly between these factors, the 

differences are quite small, and in all cases the mean position is a little below MTL (figure 3.11).  

Mean values are reported in table 3.5. According to Duncan’s multiple range test, juveniles occur, 

on average, higher on the beach at Rosemont than Alvarado, although the difference is only 7.5 cm 

in elevation. Juveniles occur higher on the beach in winter than other seasons, and lower in spring, 

and eggs are found lower in the beach than other stages, while pupae are higher. These results 

reinforce similar conclusions reached from the analysis of modal positions. 
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Table 3.5.  Mean values of peak levels on beaches for Sites, Season and Juvenile Stages.  

Factor Level Mean 
Homogeneous 

Groups 
 Factor Level Mean 

Homogeneous 
Groups 

Site Alvarado –0.182 a   Stage Eggs –0.206 a  
 Rosemont –0.107 b    Large larvae –0.169 a b 
       Small larvae –0.124 a b 

Season Spring –0.209 a    Pupae –0.078  b 

 Autumn –0.156 a b       
 Summer –0.133 a b       
 Winter –0.078  b       

 

3.3.2  Density of Juveniles  

The density of juveniles can be examined in this data set in two manners. The peak, or modal 

density is the density that is achieved where larvae are most concentrated, and might be expected to 

be relatively similar at all seasons, or perhaps driven by the productivity of the beach in terms of 

larval food supplies. In any case, peak density is probably unrelated to the level of the pest 

problem, but related to ecological factors in the environment. 

The alternative manner of assessing the data is to determine the average density, which may reflect 

seasonal variations in abundance, directly related to the pest status of the species, and driven by 

larvae adopting non-preferred locations when crowding in high population times drives them out of 

preferred (i.e. peak density) areas. 

3.3.2.1  Density at Peak Location 

Modal (or peak) abundance was obtained as maximum log(y+1) values from figures 3.5 and 3.6 in 

a similar way as described in Section 3.2.4 (figure 3.7). Univariate tests for abundances (factorial 

ANOVA) were used to check for any interaction effects in the data, and for differences within and 

between Sites. These results are presented in table 3.6.  
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Table 3.6.  Modal abundances Factorial ANOVA results  

Effect SS df MS F p 

Site 0.113 1 0.113 1.05 0.38 ns 

Season 0.154 3 0.051 0.48 0.71 ns 

Stage 1.922 3 0.640 34.0 0.0081 **  

Site*Season 0.318 3 0.106 6.03 0.015  * 

Site*Stage 0.057 3 0.019 1.07 0.41 ns 

Season*Stage 0.465 9 0.052 2.94 0.62 ns 

Residual 0.158 9 0.018    

According to this analysis, there is no effect on abundance attributable to Site or Season and there 

was no interaction effects detected involving juvenile Stage (i.e the ratio of the stages did not differ 

between Sites or Seasons). However, the analysis detects a signif icant difference in abundance 

between the juvenile Stages (p = 0.0081) and an interaction between Site and Season. Since 

juvenile Stage was not involved in the interaction, these two effects can be assessed discussed 

separately. 

The differences, in terms of what were recovered, are reflected in figure 3.12. More eggs and larvae 

were recovered than pupae, and more larvae, small or large, were collected that eggs; as shown in 

table 3.7 by the Duncan’s multiple range test. The red line indicates where there is group 

separation. 
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Figure 3.12.  Difference in peak juvenile abundance between stages.  
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Table 3.7.  Duncan’s multiple range test for differences in peak juvenile abundances 

Stage Peak Abundance 

Pupae 0.379 

Eggs 0.689 

Small larvae 0.899 

Large larvae 1.026 

The interaction between Site and Season is il lustrated in figure 3.13. It is evident that there is little 

change in peak density at Rosemont during the year (a one-way ANOVA on the effect of Season at 

just Rosemont indicates no difference between seasons in peak density — p = 0.92). This 

interaction is entirely attributable to variations in numbers through the year at Alvarado. At this 

site, peak densities were signif icantly reduced in summer and rose again in autumn to reach 

Rosemont-type levels by winter.  
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Figure 3.13.  Interaction between Site and Season in peak density of juveniles. 

When Alvarado summer data are removed from the data set, the remaining data shows no 

interaction between Site and Season (this interaction now has F2,6 of 3.27, p = 0.11), nor main 

effect of either Season (p = 0.62) or Site (p = 0.84). Apparently something happened prior to the 

summer data collection at Alvarado, and lingering effects were felt through autumn at this site, but 

such an influence did not occur at Rosemont. This matter will  be re-examined in section 3.3.2.2, 

when mean density is explored. 
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3.3.2.2  Mean Density of Juveniles 

Abundance values were obtained directly from the raw data, which was analysed by factorial 

ANOVA. As before, site, season and juvenile stage serve as independent variables, and abundance 

(transformed as log(y+1)) is the dependent variable. Site is a random variable.  

Results from the factorial ANOVA are given in table 3.8 below. There is an interaction between Site 

and both juvenile Stage (p = 0.022) and Season (p = 0.0049). Beyond this, there is also a (relatively 

trivial) main effect of the juvenile Stage (p = 0.017). The interaction effects can be interpreted as 

the variation in overall numbers across seasons is different at the two sites, and the difference in 

numbers between juvenile stages is different at the two sites. 

The interactions are shown in figure 3.14, below.  

Table 3.8.  Factorial ANOVA of juvenile abundances. 

Effect SS df MS F p 

Site 0.44 1 0.44 0.37 0.57 ns 

Season 0.54 3 0.18 0.16 0.91 ns 

Stage 22.84 3 7.61 12.5 0.015  * 

Site*Season 3.27 3 1.09 4.31 0.0049 **  

Site*Stage 2.44 3 0.81 3.22 0.022  * 

Season*Stage 3.33 9 0.37 1.46 0.16 ns 

Residual 378.82 1497 0.25    
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Figure 3.14.  Interaction between Site and Season (left) and Site and juvenile Stage (right). 
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The effect of the interaction between the Sites and Seasons can be seen where spring-summer and 

autumn-winter trends at each site, cross one another. However, judging by the large degree of 

overlap between the error bars, there is little difference between sites in spring, autumn or winter. 

The strong interaction effect comes from the large difference between Sites in abundance of 

juveniles in summer.  

The relatively weak interaction between Site and juvenile Stage (figure 3.14, right) shows that at 

Alvarado there were, relatively fewer eggs and pupae that at Rosemont, but similar numbers of 

small larvae and more large larvae. 

The cause of the Site×Season interaction demands explanation. Figure 3.15 shows the 

Site×Season×Stage interaction, which is non-signif icant (p = 0.85) but allows the differences 

between Sites, Season and Stages to be examined. 
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Figure 3.15.  3-way interaction for mean abundance. 

It is clear from figure 3.15 that, at Rosemont, egg and large larval figures change relatively little 

during the period of the study, but small larval numbers rose and pupae fell. The pattern at 

Alvarado is li ttle different for large larvae or pupae. Very different patterns occur for eggs and 

small larvae, however. In both these cases numbers fell from spring to summer (while they rose at 

Rosemont) and then rose from summer to autumn (while they fell at Rosemont). 

Juvenile abundances were not signifi cantly different between Sites in spring, autumn or winter, so, 

as in section 3.3.2.1, where a similar effect was found in peak numbers, the data in summer from 

Alvarado in summer was removed, and the data reanalysed. No interactions were detected, and 

only the main effect of the juvenile stage remained (p = 4.8×10–15).  

The differences in mean abundance between the juvenile stages is simply indicates that the 

abundance of each stage recovered was different. More large larvae were recovered, followed by 

small larvae, eggs, with the pupae being the least recovered (Table 3.9).  
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Table 3.9.  Duncan’s range test for differences in juvenile abundance. 

Stage Mean Abundance

Pupae     0.163 

Eggs      0.385 

Small larvae 0.490 

Large larvae 0.593 

 

3.4  Discussion  

The first systematic mapping of C. molestus larvae on a beach was reported by Kettle et al. (1979). 

According to that report, the distribution of its larvae lies within a narrow band between MHWS 

and MTL. In Chapter 2, samples taken from Rosemont revealed that this band could be as wide as 

three metres and could extend well below the MTL. In order to extend the applicabil ity of the 

results found in Chapter 2, and to see if the differences found had to do with the width of intertidal 

band exposed to tidal action, this 1.5 year study was undertaken. The MTL was used as a common 

position on the beach to compare any differences in juvenile positional distribution on the beach 

and any changes in their seasonal distribution.  

In the design of the field protocol, samples were taken from a chosen elevation above the MTL to a 

certain level below the MTL, a similar level on both beaches. Since the beach at Rosemont was 

considerably wider than at Alvarado, this represented more data points at the Rosemont site. The 

charts, shown in figures 3.5 and 3.6, indicate that the extremes of sampling occurred within the 

limits of distribution of the juvenile stages. The sampling, based on previous experience, was 

therefore limited to the areas where juvenile stages actually occurred. 

3.4.1  Juvenile Distri bution 

The position of larvae on the beach was explored by two measures: the level of peak concentration 

and the mean location. Levels were expressed at level in metres relative to mean tide level. 

Generally , the effects of Site, Season or preferences of each juvenile stage were relatively 

independent of each other, and interaction effects did not make the data unduly difficult to 

interpret. 
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3.4.1.1  Typical Level 

All juvenile stages were usually found below MTL, although eggs are found lower than other stages 

and pupae higher. The peak level of each stage followed a similar pattern. The typical levels at 

which juveniles were found was not so low on the beach as was found and reported in Chapter 2. 

Observations in the laboratory indicate that the eggs of C. molestus are very vulnerable to 

desiccation. When kept continually in fresh water, high hatching rates were obtained, however, 

when exposed to the air, the eggs collapsed within a few minutes. Attempts to rehydrate these eggs 

were unsuccessful and they did not hatch. Evidently, C. molestus eggs are very vulnerable to 

desiccation. In this study, eggs were mostly found low on the beach below the MTL, where the sand 

is always wet and is frequently inundated by canal water. Clearly, this distribution is where they 

would be least exposed to the risk of dehydration.  

Small larvae, large larvae and eggs are located in quite similar positions, although there was a 

tendency for the small larvae to be somewhat higher up the beach (~10 cm below MTL) than the 

eggs (~25 cm below MTL). It could be speculated that the small larvae may have been moved 

higher up the beach, following the rising tides.  

In support of the findings outlined in the Chapter 2, large larvae (like small) are distributed widely 

on the beach, with peak positions from MTL to lower levels. Pupae were found mostly around 

MTL, supporting previous suggestions that larvae move to a preferred location on the beach for 

pupation and subsequent emergence.  

3.4.1.2  Changes in Level between Sites 

At Alvarado, peak concentrations of pupae were pupae (3 cm above MTL) significantly higher than 

other stages (about 25 cm below MTL), but peak concentrations of other stages were not at a fairly 

common level. At Rosemont, a similar patter existed but at slightly higher levels, where eggs 

peaked at about 25 cm below MTL and other stages were at a common level of about 5 cm below 

MTL. 

The mean level of total juveniles was 7.5 cm lower at Alvarado than Rosemont, but close to 15 cm 

below MTL at both sites. 

This variation could be due to a number of factors, the most obvious of which is the beach slope 

and width. These differences are very small, and the stages of the juveniles were stil l located very 

close to the MTL.  
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3.4.1.3  Changes in Level between Seasons 

Peak positions of juveniles did not change through the period of this study, although a superficial 

examination of the data suggests that all stages concentrated at a higher level relative to MTL 

during winter. 

There was a small seasonal effect in the mean position, where typical levels were lower in spring 

(20 cm below MTL) than other seasons (about 12 cm below MTL) and winter levels (8 cm below 

MTL) were higher than other seasons (about 17 cm below MTL) 

The writer had suspected that juveniles would be found higher up the beach in winter and spring, 

perhaps due to cooler temperatures during these seasons, and lower on the beach, where, in the cool 

season, sand conditions would be warmer than at lower levels. While this expectation was born out 

in winter, spring juvenile locations were, instead, at their lowest point in the year. The summer and 

autumn locations were in between these two levels. While these differences were weakly 

signif icantly different, in practical terms, the mean positions differed relatively little. 

What is clear from this study is that the larvae do not move very far up or down the beach through 

the seasons, and that pupae are found higher up the beach than the eggs. 

3.4.2  Seasonal Changes in Abundance 

3.4.2.1  Peak Density 

Apart from the relatively trivial conclusion that different juvenile stages occurred with different 

peak abundances, the only signif icant difference between levels of the factors that might explain 

such differences was the interaction between Site and Season. 

The number of a particular stage recovered from an area of sand is only a reflection on the measure 

of the density of that particular stage in the sand. Three factors influence the number recovered 

from the sand: (i) recoverability (ii) duration of the stage and (iii ) survival through previous stages. 

With the sampling technique used, all large larvae may be recovered from a given sample. 

However, due to their size, some eggs or small larvae may not be recovered from the sand sample. 

Thus, a smaller number of eggs may be obtained because some fail to be recovered. If the duration 

of eggs and small larvae were the same, the number of small larvae in the sand could not be greater 

than the number of eggs that were in the sand, when they were laid, but it could be smaller. If eggs 

quickly turn into larvae, which remain as such for some time, then larvae would be more abundant 

than eggs. Conversely, the number of juveniles is expected to fall, with time, due to losses during 

development. Consequently, measurements of the density of the eggs, small and large larvae, or 
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pupae, reflect a number of different factors: duration of stage, recoverabili ty of the stage and the 

survival of eggs through to larvae and pupae. 

Analysis of the interaction between Site and Season indicates that this effect is fully  attributable to 

a shortage of juveniles at Alvarado in summer. What caused this summer depression in younger 

juvenile numbers at Alvarado is uncertain. According to information from the Gold Coast City 

Council, larviciding and beach replenishment activities only took place in autumn and winter in 

1998 and 1999. It may be that in early summer local residents attempted to control midge 

populations themselves, through physical or chemical intervention that had deleterious effects on 

egg-laying and midge larvae. 

Overall, peak abundance of any one juvenile stage varied very little between sites or seasons. It 

seems that the preferred sites for larval development are fairly much filled with larvae at all times 

and both places, and variations in total numbers of juveniles at some times or places is attributable 

to increasing numbers/density of larvae in non-preferred locations. 

3.4.2.2  Mean Abundance 

The average density of larvae did not differ between Rosemont and Alvarado, except in summer, 

when there were rather more juveniles at Rosemont: although the area of beach that supported 

larvae is considerably wider at Rosemont. The total population of larvae on the wider beach at 

Rosemont is therefore greater than that at Alvarado. It seems that, on a beach which is twice as 

wide as another, there will be twice the number of juvenile midges: eggs, larvae or pupae.  

The patterns of change in overall numbers of juveniles were precisely opposite at the two sites. At 

Alvarado mean numbers fell f rom spring to summer and then increased through to winter, while at 

Rosemont the opposite occurred. When this effect was explored in each juvenile stage separately 

(figure 3.15), it was clear that the reduction in numbers at Alvarado was attributable to summer 

drops in eggs and small larvae, followed by an autumn recovery, and only a very small effect was 

seen in the numbers of large larvae. No effect in pupae was evident, although pupal numbers were 

lower at Alvarado than Rosemont in all seasons. 

This effect is fully consistent with a larviciding operation having taken place on the Alvarado 

beach in early summer. Although advice from the Gold Coast City Council was that no such work 

had been done at the critical time, the drop in egg and small larval numbers do suggest some local 

beach treatment. This interference underlines the greatest difficulty encountered with this work: to 

study these insects in their man-made habitat, normal control operations need to be suspended, yet 

local residents can barely tolerate the nuisance caused by these biting fli es and are reluctant to 

cooperate with studies such as this one. It seems likely that the residents at Alvarado lost patience 
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with their pest problem in early summer and arranged privately to treat the beaches, thereby 

producing this anomaly in the results of this study. 

3.5  Conclusion  

The peak and mean positions of the juvenile stages of Culicoides molestus have been found to 

differ only a little between sites and to differ very little with the seasons of the year. There are some 

small differences in the peak and mean positions for eggs, larvae and pupae, with the eggs being 

lower, and the pupae being higher on the beach than the other stages. The actual differences are 

small and represent only some few centimetres of elevation.  

It is interesting that appreciable differences in seasons were not found in the data, and apparently 

that the level on the beach for this species is influenced far more strongly by tides than seasons. For 

all practical purposes, this study has shown that, at any time and on any midge infested beach, high 

concentrations of C. molestus juveniles can be found throughout the year in a wide band from 

above MTL and well below it, peaking just below mean tide level. 
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Abstract 

A midge bite rate study on humans was undertaken over a full lunar cycle. The environmental 

parameters recorded were: daily lunar phase, daily: wind speed, temperature, precipitation and 

tidal range. These parameters were regressed on midge activity using stepwise multiple 

regression. The most important factors influencing midge activity were: lunar phase >> tidal 

range > wind speed, yielding and R2 value of 0.76. Biting peaked at both New and Full Moon, but 

the Full Moon peak was considerably greater. 

The survey showed that only Culicoides molestus was involved in the pest problem for people in 

this part of the Gold Coast region. 
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4.1  Introduction 

The pest status of Culicoides in the Gold Coast region has been undocumented. However, in the 

region, four species of Culicoides (C. molestus, C. subimmaculatus, C. marmoratus, C. victoriae) 

and one species of Lasiohelea have been identified as being homophilic. Since the breeding sites 

between each species can vary, it was critical to understand which of these species were 

associated with canal estates. It is only with such knowledge that effective control measures be 

targeted to the correct pest species. 

The aim of this study was to determine the contribution of each midge species to the pest problem 

that seriously affects human activities. The study used humans as live bait to collect biting midges 

with a basic aspirator, and to study their activity in relation to some meteorological and other 

environmental factors. 

Five locations along the coast were sampled to survey the species range of biting midges. Each 

site was sampled in the same fashion as described in section 4.3. Species identifications were 

achieved using the key to Culicoides and the Lasiohelea wing (Marks and Reye 1982), as 

illustrated in the next Section (4.2) in figures 4.1 and 4.2 (reproduced from Wild 1983). 

4.2 Species Identification 

Most species of Culicoides can be identified by their wing patterns. The wing of most 

ceratopogonids is transparent, but the genus Culicoides has various patterns of dark on the wing, 

giving the impression of pale and darker dots and patches in characteristic positions and contrast 

(Wild 1983). 

Culicoides molestus has wings with a dark patch over all of the second radial cell and fairly 

strongly contrasting pale areas. The intercalary fork region is largely occupied by two pale areas, 

which may be joined, with the distal area lesser of the two.  

Culicoides victoriae is easily identified by the bold markings on its wings. Unlike the wing 

patterns of the other Culicoides species, it has a large clear spot distally located on the intercalary 

cell, and another, which covers nearly half of the anal cell posterior to vein Cu2. 

Culicoides marmoratus can be identified by a dark spot between every two clear, wing spots in 

the intercalary cell, cell M1 and cell M2. Sections of the anal vein, vein Cu1 and Cu2 are also 

darkened, like that of C. victoriae. 
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Culicoides subimmaculatus may sometimes be mistaken as C. molestus because of the dark spot 

around the first and second radial cells. The wings of C. subimmaculatus, however, have very 

pale markings if at all, compared with that of C. molestus, which have a clear spot distally located 

in the intercalary cell, cells M1, M2, M4 and the anal cell. 

The genus Lasiohelea can be identified by the uniform grey colour of the wings, due to the 

microtrichia uniformly covering its wing surface, and also by the different patterning of its wing 

venation. For example, veins 1A and Cu2, located in the anal cell (AC) of Culicoides wings, are 

absent in Lasiohelea. 

                        Arc  C  R       RM  1R  2R 

M1+2

IC

 M1

           CM1

 M2

   AC 1A Cu2 Cu1 CM4 M3+4      CM2 

1R  1st Radial Cell C Costa 
2R  2nd Radial Cell R Radius 
IC Intercalary Cell RM R-M Cross Vein 
CM 1 Cell M1 AA Anterior Arm of Intercalary 
CM 2 Cell M2 Fork 
CM 4 Cell M4  M1 Vein M1 

AC Anal Cell M 2 Vein M2 

Arc Arculus M 3+4 Veins M3+M4 

M 1+2 Veins M1+M2 Cu1 Vein Cu1 

1A  1st Anal Vein Cu2 Vein Cu2 

Figure 4.1. Culicoides wing venation (after Wild 1983). 
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Culicoides victoriae 

L

Culicoides molestus 

Culicoides subimaculatus 

Culicoides marmoratus 

asiohelea 

Figure 4.2.  Wing patterns (not in proportion) used to identify C. molestus, C. subimmaculatus, 

C. marmoratus, C. victoriae, and Lasiohelea sp (redrawn from Marks and Reye 1982) 
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4.3  Methods 

4.3.1  Sampling Sites 

4.3.1.1 Survey of Species Range 

The Gold Coast City Council regularly assesses larval densities in the intertidal sand on canal 

estates where local residents have reported biting midge activity to be particularly bad. With this 

information, I was able to target selected canal estates along the Gold Coast where the study 

could be done. The locations were Sovereign Drive Mermaid Waters, Moana Court Broadbeach, 

DeHavilland Avenue Benowa, Jennifer Avenue Runaway Bay and Paterson Place Paradise Point 

(figure 4.3). These sites were chosen for their high biting midge infestation. As shown on the map 

below, these five locations are distributed along the coastline. The purpose of such a spread was 

to be able to determine the range of biting species at different locations along the Gold Coast.  

Figure 4.3.  Map of the Gold Coast, where suburbs sampled are marked as shown. From north to South: 

Paradise Point, Runaway Bay, Benowa, Broadbeach Waters and Mermaid Waters. 
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4.3.1.2 Bite Rate Study 

Among the five sites, midge activity was heaviest at Broadbeach. Consequently, this site was 

chosen as the location for the subsequent biting rate study. The relationship of midge activity with 

some physical (weather) conditions was also assessed. 

4.3.2  Physical Parameters 

Previous studies (Williams 1951, King and Hind 1960, Hienton 1974, Wild 1983) have shown 

that physical (weather) conditions, such as maximum temperature, precipitation and wind speed 

affect the activity of insects. These studies also suggested that midge activity, in some species, is 

somehow related to the lunar cycle. In this study, the following variables were measured and 

assessed: 

�x��� Daily rainfall, maximum temperature and average wind speed data: obtained from the Gold 

Coast Seaway AWS1 (Southport Tower).  

�x��� Moon phase: represented as a gradient between 1 and 0, where: 1 is a Full Moon, 0 a New 

Moon, and 0.5 either 1st quarter or 3rd quarter phase. On this scale, the phase of the Moon is 

incremented by 1/14 for each day from New to Full Moon, and decremented for 2 weeks 

thereafter until the next New Moon. 

�x��� Tidal range: the maximum daily difference, in metres, between the highest and lowest tides. 

The data were taken from the tide tables, valid from 1996 to 1997, and provided by Gold 

Coast Fishing Tackle2. 

�x��� Wind speed: recordings from the Seaway were taken every three hours. Because the field 

collections were taken at around sunset (18:00 h), three sets of windspeed data were taken 

for every day. These data were taken at 15:00 h, 18:00 h, and 21:00 h. This parameter was 

computed as two variables: weighted average of wind speeds recorded at 15:00 h, 18:00 h 

and 21:00 h (in a 1:2:1 weighting), and 18:00 h wind speed. 

�x��� Rainfall: the daily precipitation measured in millimetres at the Gold Coast Seaway to the 

morning following the day of field study.  

1 Prepared by the Climate and Consultancy Section, Queensland Regional Office of the Bureau of Meteorology. 
2 The Great Outdoors Tide Guide, The Great Outdoors Publications Pty Ltd (A.C.N. 060 531 491), 28 Burke St., 

Woolongabba, 4102. 
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�x��� Daily temperature: measured in degrees Celsius, and comprising two variables: daily 

maximum temperature of the day of field study and mean night temperature. Mean night 

temperature is the average between a day’s maximum temperature and the next day’s 

minimum temperature. 

These physical parameters were analysed, with the bite rate data, to determine their relationship 

with midge activity. 

4.3.3  Sampling Times 

Biting midge activity around the Gold Coast has been reported to peak around sunrise and just 

before sunset (Marks and Reye 1982).  For this reason, sampling in this study commenced at 

dusk, starting at 20 minutes before sunset and continued for one hour.  

4.3.4  Collection 

The survey of biting midges was carried out by having the volunteer stationed at each of the five 

locations (Mermaid Waters, Broadbeach Waters, Benowa, Runaway Bay and Paradise Point) to 

act as human bait. The same volunteer (EC) was used at each of the five locations to avoid any 

confounding effects. Only the midges which had settled on or bitten the volunteer’s arms or legs 

were collected, using an aspirator (figure 4.4). Sampling sessions ceased 1 hour after 

commencement or when the bites became intolerable (usually no sooner than 30 minutes). Rates 

of up to 38 bites per minute were experienced. Every collection was brought back to the 

laboratory, killed with 70% alcohol, counted and identified to species with a binocular. Any non-

biting species were regarded as accidental catch and not included in the analysis. Where 

collecting sessions were truncated due to excessively heavy biting, the catches were converted 

into bites per hour before further analysis. 

2

The bite rate study was undertaken during a complete lunar cycle, from the 31st of January to the 
nd of March 1997, at Moana Court, Broadbeach. The volunteer stood on the beach, clothed with 

only a short-sleeved shirt and shorts. The same volunteer was used throughout the duration of this 

study. No artificial scents (such as: cologne, hairspray, deodorant, soap, etc.) were used.  
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Figure 4.4.  Basic aspirator apparatus 

4.3.5  Data Analysis 

This Chapter reports a range of studies done on the set of data, and distinctly different analyses 

were sued in the various sections. The data analysis is explained in the appropriate section where 

the results are presented and assessed. 

4.4  Results 

The results of the study include details on the species range and bite rate. 

4.4.1  Species and Geographic Range 

From the five species of Ceratopogonids expected to be collected, C. molestus was the only 

species captured biting, while two specimens of an undetermined genus (neither Culicoides nor 

Lasiohelea) were also captured. The species data is presented in Tables 4.1 to 4.5 below. All data 

collection continued for 60 minutes except for the data collected at Broadbeach, which continued 

for 30 minutes. 

In extensive bite-rate studies made through several years, and involving more than 20,000 midges, 

no specimens of other species were noted. Although other species may have been present in small 

numbers, the vast majority of midges biting at this site was C. molestus, and understanding of its 

bionomics is utterly central to understanding the biting pest problem. 
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Table 4.1.  Species caught at Broadbeach Waters (Moana Court). 

Date Species Occurrence Duration 

1997 C. molestus C. subimaculatus C. marmoratus C. victoriae Lasiohelea Unknown (minutes) 

31-Jan 49 0 0 0 0 1 30 

1-Feb 74 0 0 0 0 0 30 

2-Feb 73 0 0 0 0 1 30 

Table 4.2.  Species caught at Mermaid Waters (Sovereign Drive). 

Date Species Occurrence Duration 

1997 C. molestus C. subimaculatus C. marmoratus C. victoriae Lasiohelea Unknown (minutes) 

3-Feb 58 0 0 0 0 0 60 

4-Feb 87 0 0 0 0 0 60 

5-Feb 94 0 0 0 0 0 60 

Table 4.3.  Species caught at Benowa (DeHavilland Avenue). 

Date Species Occurrence (Repellent Test) Duration 

1997 C. molestus C. subimaculatus C. marmoratus C. victoriae Lasiohelea Unknown (minutes) 

4-Mar 46 0 0 0 0 0 60 

5-Mar 88 0 0 0 0 0 60 

6-Mar 91 0 0 0 0 0 60 

Table 4.4.  Species caught at Paradise Point (Paterson Place). 

Date Species Occurrence Duration 

1997 C. molestus C. subimaculatus C. marmoratus C. victoriae Lasiohelea Unknown (minutes) 

9-Mar 10 0 0 0 0 0 60 

10-Mar 15 0 0 0 0 0 60 

11-Mar 12 0 0 0 0 0 60 

Table 4.5.  Species caught at Broadbeach Waters. 

Date Species Occurrence (Repellent Test) Duration 

1997 C. molestus C. subimaculatus C. marmoratus C. victoriae Lasiohelea Unknown (minutes) 

15-Mar 6 0 0 0 0 0 60 

16-Mar 5 0 0 0 0 0 60 

17-Mar 8 0 0 0 0 0 60 

4.4.2  Bite Rate Study 

In addition to capturing midges as they bit the volunteer, various qualitative observations were 

made of biting behaviour biting determinants. These observations are reported in section 4.4.2.1. 

89 



4 Intensive Biting Study 

4.4.2.1 Observations on Bite-Rate 

There was usually some delay (a few minutes) between arrival at the sampling site and the first 

bite. The first body parts attacked were usually the head, behind the ears and scalp. A few midges 

also landed on the shoes when darkly coloured shoes were worn. As the swarms grew, every 

portion of exposed skin was attacked.  

It was observed that C. molestus preferred to land on the southern and eastern side of the body, 

when offered both arms and legs, and more frequently on specific parts of the preferred limbs, 

specifically the scalp. The midges tended to land on the shaded side of the exposed body more 

frequently than on those parts of the body exposed to sunlight. Higher light intensity appeared to 

decrease midge activity, or made the midges avoid areas of the body illuminated by sunlight. 

However, their activity increased sharply as the Sun set beneath the horizon, during twilight. 

Moderate wind activities did not seem to make any difference to midge activities during 

collection. However, gusts of higher wind speeds were observed to decrease activity, temporarily. 

Activity picked up again when the winds died down. At these times, they tended to land on parts 

of the body located on the lee of the wind. 

The temperature appeared to have very strong effects on the biting midge rate. Midge activities 

rose and fell markedly during warmer and colder days, respectively. However, in the statistical 

analysis reported later (section 4.5), the observations of the effect of temperature were not 

confirmed. 

Midge activities peaked to unbearable proportions with the Full and New Moon, seeming to be at 

their highest around Full Moon. During such times, just about every exposed part of the body was 

attacked, including the face and scalp, and even on the inside of thick cotton socks. The latter 

attacks were evident when red welts from bite marks and itchiness developed after sampling 

sessions. 

4.4.2.2 Bite Rate Data 

The results for the bite rate study, shown in table 4.6, shows the number of bites and the duration 

of sampling in minutes. These values were converted to bite rates per minute and tabulated with 

physical parameter values (wind speed, rainfall, temperature) obtained from the Gold Coast 

Seaway (Southport Tower), in table 4.7. 
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Table 4.6.  Summary results for bite rate study. 

Moon Total Duration Bite Rate Square-root 

Date Phase Bites (minutes) (bites/min) Bite Rate 

31-Jan 134 60 2.2 1.49 

1-Feb 3rd quarter 144 60 2.4 1.55 

2-Feb n/a n/a n/a n/a 

3-Feb  49 30 1.6 1.28 

4-Feb  74 30 2.5 1.57 

5-Feb  73 30 2.4 1.56 

6-Feb  218 30 7.3 2.70 

7-Feb  297 30 9.9 3.15 

8-Feb New Moon 211 30 7.0 2.65 

9-Feb  38 30 1.3 1.13 

10-Feb  74 30 2.5 1.57 

11-Feb  112 30 3.7 1.93 

12-Feb  82 30 2.7 1.65 

13-Feb  11 30 0.4 0.61 

14-Feb 1st quarter 52 30 1.7 1.32 

15-Feb  24 30 0.8 0.89 

16-Feb  69 30 2.3 1.52 

17-Feb  100 15 6.7 2.58 

18-Feb  274 30 9.1 3.02 

19-Feb  163 15 10.9 3.30 

20-Feb  217 15 14.5 3.80 

21-Feb  420 20 21.0 4.58 

22-Feb Full Moon 108 10 10.8 3.29 

23-Feb  296 10 29.6 5.44 

24-Feb  394 15 26.3 5.13 

25-Feb  274 15 18.3 4.27 

26-Feb  163 30 5.4 2.33 

27-Feb  274 30 9.1 3.02 

28-Feb  26 30 0.9 0.93 

1-Mar  67 15 4.5 2.11 

2-Mar  81 15 5.4 2.32 
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Table 4.7. Remote readings of physical parameters 

Bite Rate (bites/min) 

Square-root 

Moon 

Phase 

Tide 

Range (m) 

Wind (km

Weighted 

/hr) 

6pm 

Temperature (oC)

Mean Maximum 

 Rain 

(mm) 
1.49 0.57 1.33 25.60 0 
Date 
Raw 

31-Jan-97 2.2 

01-Feb-97 2.4 1.55 0.50 1.32 18.8 17.0 25.10 27.2 1 
03-Feb-97 1.6 1.28 0.36 1.57 20.8 21.0 23.95 26.3 0 
04-Feb-97 2.5 1.57 0.29 1.84 24.5 22.0 22.95 26.2 0 
05-Feb-97 2.4 1.56 0.21 2.01 18.3 28.0 23.00 26.0 0 
06-Feb-97 7.3 2.70 0.14 2.27 10.0 18.0 23.35 26.5 0 
07-Feb-97 9.9 3.15 0.07 2.47 13.0 9.0 24.40 26.6 0 
08-Feb-97 7.0 2.65 0.00 2.56 17.3 13.0 23.80 27.0 0 
09-Feb-97 1.3 1.13 0.07 2.52 27.0 17.0 23.20 25.8 0 
10-Feb-97 2.5 1.57 0.14 2.35 22.8 30.0 26.55 30.8 0 
11-Feb-97 3.7 1.93 0.21 2.08 26.0 26.0 26.55 28.8 0 
12-Feb-97 2.7 1.65 0.29 1.80 21.0 28.0 25.25 26.6 1 
13-Feb-97 0.4 0.61 0.36 1.60 21.3 22.0 25.20 26.4 0 
14-Feb-97 1.7 1.32 0.43 1.43 19.5 21.0 24.60 25.7 4 
15-Feb-97 0.8 0.89 0.50 1.34 8.0 21.0 24.40 25.3 8 
16-Feb-97 2.3 1.52 0.57 1.36 11.8 5.0 25.55 28.1 10 
17-Feb-97 6.7 2.58 0.64 1.46 12.0 11.0 24.80 27.3 2 
18-Feb-97 9.1 3.02 0.71 1.55 20.8 11.0 24.10 27.2 18 
19-Feb-97 10.9 3.30 0.79 1.69 25.5 24.0 24.30 26.3 4 
20-Feb-97 14.4 3.80 0.86 1.81 19.8 24.0 27.1 0 
21-Feb-97 21.0 4.58 0.93 1.89 8.0 22.0 23.70 27.7 0 
22-Feb-97 10.8 3.29 1.00 1.92 21.8 9.0 24.35 27.7 0 
23-Feb-97 29.6 5.44 0.93 1.90 18.3 24.0 27.90 31.7 0 
24-Feb-97 26.3 5.13 0.86 1.85 17.3 18.0 27.85 30.0 0 
25-Feb-97 18.2 4.27 0.79 1.78 3.3 18.0 27.05 29.5 0 
26-Feb-97 5.4 2.33 0.71 1.68 16.0 0.0 28.75 32.6 0 
27-Feb-97 9.1 3.02 0.64 1.56 14.0 15.0 24.85 27.1 12 
28-Feb-97 0.9 0.93 0.57 1.52 13.3 15.0 25.85 28.1 0 
01-Mar-97 4.5 2.11 0.50 1.47 11.5 11.0 25.15 29.0 0 
02-Mar-97 5.4 2.32 0.43 1.41 11.5 13.0 25.90 28.7 0 
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4.4.3  Strategy for Analysis of Bite Rates 

The data were analysed by three approaches: 

1 � A scatter-plot matrix of all variables against all others was drawn to examine linearity, 

multicollinearity and other relationships in the data.  

2 � Simple regression analyses were computed to demonstrate the univariate effects of several 

predictor variables on the transformed biting rate 

3 � A multiple regression approach was used to explore the combined effects of various 

predictor variables, and a stepwise elimination procedure applied to identify a sufficient 

simple model. 

Biting rates were both very variable and moderately positively skewed. To satisfy the 

(i) normality of residuals and (ii) independence of variance from the mean assumptions of the 

linear additive model (i.e regression analysis) a square root transformation of bite rates was 

applied. 

4.4.3.1 Scatterplot Matrix 

Figure 4.5 is a matrix plot of simple effects for every predictor variable: weighted wind speed 

(w_wind), Moon phase (m_phase), daily tidal range (tide), 18:00 windspeed (w_6pm), mean-

morning (T_mean) and maximum (T_max) temperature, and daily precipitation (rain), on square­

oot transformed biterate (sqrt_bit). This figure provides a depiction of all possible two-variable 

combinations.  

The variables are arranged so that the data above and below the diagonal show the same, but 

inverted scatter plots. For this reason, it is only necessary to look at one of the two halves. The 

dependent variable is plotted (on the y-axis) against the predictors on the x-axes) in the top row of 

the matrix. Other charts show relationships amongst the predictor variables. Where two predictor 

variables have a common underlying basis (such as w_wind and w_6pm, or T_mean and T_max), 

they should have very well defined linear relationships when plotted against each another.  
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Matrix Plot of Simple Effects

SQRT_BIT

M_PHASE

W_WIND

W_6PM

RAIN

TIDE

T_MEAN

T_MAX

 

Figure 4.5.  Simple effects matrix chart 

It is clear from the simple effects matrix chart that a strong curvilinear (cubic, probably) 

relationship relates the values of tide and Moon. The trend indicates that the tidal ranges were at 

the maximum during the New and Full Moon, and minimal during the Half Moon phases. This is 

expected because the tidal cycles are intimately associated with the position of the Moon in 

relation to the Sun and Earth (Doodson 1995).  

4.4.3.2  Simple Linear Regressions 

Figure 4.6 (A to F), below, shows all the simple effects on the transformed bite-rate except for 

rainfall. The maximum and mean temperatures appeared to be better predictors than either the 

6 pm wind or the weighted wind speed.   
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Figure 4.6 (A-F).  �Simple effects plot on transformed rate of: A, maximum temperature; B, mean 

temperature; C, weighted windspeed; D, 6pm windspeed; E, tide; F, Moon. These plots 

reveal that only the Moon and tide clearly show strong relationships. Mean-T and Max-T 

appear to be significant predictors but are rejected in the stepwise regression analysis. 

The combination of tide, Moon and w-wind make up a good set of predictor variables, 

yielding an R2 value of 0.765. A lower R2 value is obtained by replacing w-wind with 

mean-T and max-T (R2 = 0.715). 
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4.4.3.3 Multiple Regression Analysis 

The data from this study comprised five predictor variables: (i) moon phase, (ii) wind speed, 

(iii) rainfall, (iv) daily tidal range, and (v) maximum temperature. Any or all of these predictors 

may influence the response variable, which is the midge biting rate in bites per minute. The 

relationship between these variables was investigated by multiple linear regression, with a 

stepwise method being used to identify the most parsimonious model. 

The logic underlying the application of regression analysis to these data is presented below. 

Linear Regression 

Linear regression postulates that there is a relationship between two variables such that one can 

be predicted from the value of the other in a simple relationship (Zar 1996), such as: 

y � ��c ����bx 

that is, for any value of x the value of y is determined by multiplying x by a coefficient b (called 

the regression coefficient) and adding a constant c. 

Generally, for real data this relationship holds only approximately, and an additional error term 

�H (called a residual) is acknowledged to exist for any real pair of values of x and y, such that for 

the ith pair of values: 

y � ��c ����bxi �� �H��ii 

the values of �H are presumed to have a mean of zero and be normally distributed, so that over 

many pairs of values of x and y the mean value (the expectation) of the �H term is zero. 

Multiple Linear  Regression 

The value of y may be influenced in this manner by several different predictors, such as variable 

w and z in addition to x. Many different models may be postulated concerning how w, x and z 

might interact to determine the value of y, but the simplest model is that these terms have additive 

effects: that is, the value of y is determined by the sum of c and the individual effects of w, x 

and z. The value of y for the ith case in a data set is thus 

y � ��c ����b  xi ����b  wi ����b  zi �� �Hi 1 2 3 i 

Now, if we were to attempt to compute the regression of x alone on y when this multiple additive 

model is indeed applicable we would be computing values of c and b1 against observed values of 

y and the functional relationship being explored is 
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y � ��c ����b  xi ����(b  w  ����b  zi �� �H��)i 1 2 i 3 i 

and so the error term is inflated, perhaps greatly, by the inclusion of the effects of w and z. The 

regression of y on x is thus only poorly estimated. This is called a simple regression. If the data 

are plotted, a wide scatter of data about the regression line is typically found. 

It is preferable to remove the effects of w and z before estimating (or simultaneously while 

estimating) the effects of x. If the value of y is adjusted by subtracting both b2wi and b3zi then the 

new, adjusted value of y regresses (much) more reliably on x, i.e. 

if y' � ��y ����(b  w  ����b  zi ) then y' � ��c ���� x b i �� �Hi i 2 i 3 i 1 i 

This is called a partial regression. If the data are plotted, the scatter of data about the regression 

line is typically much narrower. In descriptive terms, the partial regression is the real effect of x 

on y, when the effects of w and z are allowed for. 

Stepwise Regression (Model Building) 

In multiple regression, the inclusion of any additional variable will increase the capacity to 

explain a variation in y, even if the variable is a completely random sequence of values. Neither 

more variables, nor maximum explanation, is the objective of multiple regression.  

Variables should only be included in the regression equation if they contribute a “useful” amount 

of explanation. Typically, it is taken that the variable makes a significant increase in the 

explanation of the model, when added to a model lacking the variable. Correspondingly, there is 

little justification to retain any variable in the model that does not add a significant amount of 

additional explanation. 

The amount of explanation provided by a variable can be estimated from various parameters, 

including the significance of the partial regression coefficient b. Where two or more explanatory 

variables are correlated, each has the power to explain, at least in part, the effects of the other. 

Although both may have significant simple effects, only one, or even none may be significant if 

all are included in a multiple regression. 

The automated procedure called forward stepwise regression will add variables to the model one-

by-one until no additional variables add a significant amount of explanation. Each step will check 

previously entered variables to determine if any should be removed as they no longer add a 

significant amount of explanation. Stepwise regression was used in this study to obtain the 
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simplest (most parsimonious) model that can explain the variations in biting rate through this 

study in terms of the five predictor variables. 

4.4.3.4 Data Transformation 

As stated in section 4.4.3, it is assumed in regression analysis that the residuals are normally 

distributed with a mean of zero. Examinations of the bite rate data indicated that it was highly 

skewed (P(skewness) = 0.057). A square-root transformation of the data resulted in a more normally 

distributed data (P(skewness) = 0.253). 

4.4.4  Bite Rate Analysis 

Square-root transformed bite rate was regressed on lunar phase, wind speed, daily rainfall, tide 

range, and maximum temperature using the stepwise regression function from SPSS. This analysis 

yielded coefficients for the constant (bo) and a combination of physical parameters (bn) to give the 

best response prediction. Table 4.8 summarises the model’s explanatory ability, table 4.9 

summarises the results of the regression analysis, and table 4.10 lists the coefficient values for the 

retained predictor variables: Moon, W-wind and Tide. 

Table 4.8.  Model summary 

Model R R2 Adjusted R2 Std. Error of the Estimate 

1 0.875 0.765 0.737 0.658 

Predictors: (constant), Moon, 6pm-Wind, Tide 

Table 4.9.  Analysis of Variance 

Model SS df MS F p 

Regression 35.25 3 11.75 27.2 1.9×10–8 

Residual 10.82 25 0.43 

Total 46.07 28 

Predictors: (constant), Moon, 6pm-Wind, Tide 

Table 4.10.  Coefficients 

Unstandardized Coefficients Standardized Coefficients 

Model B Std. Error Beta t28 p 

(Constant) -3.229 0.903 –3.57 0.0015 

Moon 4.074 0.495 0.924 8.23 1.4×10–8 

Tide 2.494 0.401 0.706 6.22 1.7×10–6 

W-weight 0.049 0.022 -0.226 –2.24 0.034 
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Therefore, the best predictor equation is 

E(y) = bmoon xmoon + btide xtide + bw-wind xw-wind + b0 

where b0 = -3.229, bmoon = 4.074, btide = 2.494, b6pm-wind = 0.049, and the x variables are the 

corresponding physical parameter values. 

.Biterate � �� 077. 4 �u��Moon ���� �� 488. 2 �u��Tide ���� �� 049. 0 �u wind W ������ 220. 3 

The partial effects of lunar phase, daily tide range and wind speed are plotted in figures 4.7 to 4.9, 

respectively. Note that the y axis scale is in units of standard deviations from the mean value in 

the data. The scatter points demonstrate the strength and linearity of the relationships.  
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Figure 4.7.   Partial plot of Moon phase. 
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Partial Regression Plot 
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Figure 4.8.   Partial plot of daily tide range. 
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Figure 4.9.   Partial plot of wind speed. 
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Using the regression equation, the daily predicted bite-rate was calculated and plotted along with 

the observed bite-rate (figure 4.10). The solid line represents the estimated midge activity, and its 

shape closely matches that of the observed activity.  
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Figure 4.10.  Bite-rate plot 

Having established this relationship between the predictor and the response variables the 

residuals were plotted (figures 4.11 and 4.12) from the estimated and the observed figures, with 

the physical parameters that had been rejected through the process of stepwise multiple regression 

(rainfall and maximum temperature).  
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 Figure 4.11.   Residual plot of daily precipitation Figure 4.12.   Residual plot of daily maximum

 temperature 
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The low R2 values for both daily rainfall (R2 = 0.0063) and maximum temperature (R2 = 0.012) 

demonstrate that those variables have no demonstrable value in predicting midge activity.  

Plotting the residual and rainfall on day number reveals that there is no detectable relationship 

between the residual and rainfall at the time of biting or with any specific lag (figure 4.13). The 

dots are the residuals and the bars are the amounts of daily precipitation in millimetres. The solid 

line is the polynomial (3rd power) trend of the residual. There is no evidence that rainfall has any 

capacity to predict activity (or at least the unexplained activity after the regression model is 

applied) at any subsequent time.  
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Figure 4.13.  Plot of residual and rainfall. 

There was no justification to force either or both the maximum temperature and rainfall into the 

equation, but when done, the regression had smaller significance for all predictors. 

Figure 4.14 plots the predicted and observed values for each case. The solid line is the trend 

regression line. The scattered points are well concentrated about the regression line, and the high 

R2 value of 0.76 indicates a high level of predictability for the data from this regression model.  
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Figure 4.14.   Prediction plot 

4.5  Discussion 

The following discussion addresses the simple effects that were apparent from the analysis, as 

well as the effects of Moon phase, tide and wind speed on bite-rate activity. 

4.5.1  Observations 

During the collection of data in the field, casual, non-quantitative observations were made, noting 

the feeding behaviour of C. molestus. The environmental factors, which were observed to 

seemingly affect midge activity, were wind speed, temperature and light. Additionally, they 

appeared to also show preference as to which part of the exposed body on which to land. 

Other species have also been observed to show preference to body parts. Kettle and Linley 

(1960a) and Kettle (1962) have reported that C. barbosai preferred to land on the arms rather than 

legs, while C. furens (Poey) and L. bequaerti preferred the legs. They reported that C. furens 

occurred more frequently on the shaded underside of the exposed body, while L. bequaerti 

preferred the sun-exposed upper surfaces. These preferences reflect separated specific responses 

to the same conditions, because C. furens and L. bequaerti are active during the same time of day 

(Kettle 1962). 
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Observations made in this study indicate that C. molestus displays some of the habits described in 

the above reports. However, C. molestus shows preference to the east and south side of the arms 

and legs, rather than to either arms or legs.    

Wild (1983) studied the effects of meteorology on the activity of Culicoides in flight, and 

observed that midge abundance increased with increasing temperature and decreasing wind speed. 

There was peak flight activity around twilight, before and after which catch numbers were lower. 

This result was explainable by the decreasing light intensity and wind speed, correspondingly 

(Wild 1983). 

Although temperature was also observed to affect C. molestus activity in a similar way, the 

statistical analysis showed that there was no relationship between bite rate and temperature. This 

study did not include light regime as a consideration of one of the predictor variables. However, 

wind speed accounted, rather weakly, for some changes in midge activity. 

4.5.2  Effects of Moon, Tide and Wind on Bite-rate 

The stepwise regression analysis isolated the effects of moon, tide and wind (in that order of 

importance) as the strongest, most useful predictors of square-root transformed bite-rate. The 

daily tidal range has been shown to be closely associated with Moon phase (figure 4.5). Figure 

4.15, below, shows and overlays the plot of the Moon phase, tidal range and weighted wind speed 

on day number. It is clear from the graph that, during the New and Full Moon phases, tidal ranges 

are at a maximum as compared with that during half Moon phases, but the peaks at Full Moon are 

less than those at New Moon. 

The plot of observed and estimated bite rate on day number (figure 4.10) shows that C. molestus 

activity peaks around the Full Moon, when the tidal ranges are not as high as around New Moon. 

Light trapping studies undertaken by Wild (1983) suggested that C. australopalpalis, a non-

coastal species, appeared to show a lunar cycle. However, its activity, which was measured by 

light trap catches, decreased around the Full Moon. 
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  Figure 4.15.  Overlay of Moon phase, tidal range and wind speed. 

The position of the Moon and Sun relative to the Earth is relevant to the variation of tidal range. 

During Full Moon, the Earth is positioned between the Sun and the Moon. This arrangement 

causes an opposing gravitational tension between the Moon and Sun on the Earth. As a result, 

tidal ranges are not as high as if the Sun and the Moon are positioned on the same side of the 

Earth (at a New Moon), when there is a collective gravitational pull of the two bodies on the 

Earth (Doodson 1995). Due to this collective gravitational force on the Earth, there tends to be 

greater gravitational “pulls” on either tidal extremes. Thus, there is a greater daily tidal range, 

where high tides are higher, and low tides expose more sand lower down the beach. The opposite 

is true during the Full Moon, when high tides are not as high.  

A brief study undertaken by Chitra et al. (1997 unpublished report) indicates that adults of 

C. molestus can emerge lower on the intertidal beach than the mean tide level. This result, then, 

would explain why there is a tendency for midge activity to peak around periods of high tidal 

range, but does not explain why the Full Moon peak is greater than the New Moon peak of biting. 
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4.6  Conclusion 

Five Ceratopogonid species are suspected of attacking humans on the Gold Coast. In this study 

only one species, C. molestus, was found to attack people in the study sites (man-made canal 

estates). The results of the study clearly indicate that C. molestus activity is strongly dependent on 

lunar and tide activity, as well as wind-speed. During New and Full Moon phases, tidal ranges 

tend to be greater, and so too did midge activities peak around these times, and then quickly 

decrease thereafter. Timing is therefore an important consideration in any discussion regarding 

midge control. 

This study was undertaken within a one month period only. It is does not examine how midge 

activity changes between seasons, and between each month within a season. For this reason, 

further studies of C. molestus adult activity should include a similar study as the above, but over a 

full year. During such a time period more environmental variables could be analysed, including 

light intensity, wind-speed from the immediate vicinity, and immediate ambient temperature. 

Such a longitudinal study is reported in Chapter 5 of this report. 
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Abstract 

Biting activity of Culicoides molestus (Skuse) was sampled weekly, using human bait, to assess 

adult activity between October 1997 and March 2000, next to a canal beach, at Moana Court, 

Broadbeach Waters on the Gold Coast. The moon phase showed no significant effect when 

regressed on bite-rate activity. Harmonic curves that were fitted to smooth the raw bite rate data, 

and indicated strong annual (p = 0.0086), biennial (p = 0.0030), quarterly (p = 0.011) but not higher 

harmonic cycles. However, the peak activities could not be correlated with a lunar cycle. 

C. molestus were shown to be active during suitable weather conditions, rather than showing 

activity concentrated in spring and summer. Three strong peaks of activity were detected: October, 

early January, and April. 

 

107 



5  Annual Biting Cycle 

5.1  Introduction 

Previous studies on bite rate activity have shown that midge biting activity can be correlated with 

the lunar cycle (Dorsey 1947, Fox 1952, Kay 1972, Reye et al. 1964, Kay and Lennon 1982, Wild 

1983). In Chapter 4 the moon, and thus the tides, had a strong effect on C. molestus biting activity, 

over a study period of one lunar cycle. It was found that midge biting activity peaked at full moon, 

and that a smaller peak occurred around the new moon. To gain a better understanding of midge 

biting activity, these results need extension to at least a full annual cycle. 

The objective of this study was to monitor the weekly biting activity of C. molestus over a 2.5 year 

period, between September 1997 and March 2000. An analysis of this data was expected to show 

the seasonal activity of this midge population, and also profile the generation cycles of C. molestus 

in a given year. It was hoped that this data would contain the answers to several critical questions, 

such as:  

(i) when did midge activity peak during the year,  

(ii) can generation time be detected in the data, and  

(iii ) what was the inter-year variance? 

The answers to these questions were expected to help characterize the extent of the biting midge 

problem on the Gold Coast. 

5.2  Methods 

5.2.1  Field Procedure 

Biting midges were collected weekly using human bait with a modified field aspirator (figure 5.1) 

at Moana Park, located at Broadbeach Waters (figure 5.2). The collections were made at the same 

location and position every week, i.e. half  an hour before to half an hour after the astronomical 

sunset1. Catches per session were divided into 10 minute intervals.  At the beginning of every 

10 minute interval, on-site variable readings from three instruments (an anemometer, a light meter 

and a hand held hygrometer) were taken. The collector was clothed with a protective head net and 

full body outfit to prevent exposure of the body to unnecessary midge bites. The left forearm 

                                                 
1  Sunset information obtained from The Great Outdoors Tide Guide/ The Great Outdoors Publications Pty Ltd 

(A.C.N. 060531491) 28 Burke St., Woolongabba, Qld 4102. 
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remained exposed to midge bites, and only those midges that were biting, or those that alighted on 

the arm, were collected (figure 5.3). 

 

 

Rubber valve through 
which the pipette tip 
inserts allowing a one 
way entry 

Replaceable plastic tube
as the main container 

Gillson’s pipette tip 

Mouthpiece 

Netted air 
hole 

Figure 5.1.  A modified aspirator allows tubes to be easily exchanged.  

 
Figure 5.2.  The arrow points to the field location, Moana Park Broadbeach Waters. 
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Figure 5.3.  Picture of the collector on the field obtaining bites before sunset. 

On-site environmental conditions were measured using a light meter (DSE Q-1400 Lux Meter—

reading in lux), a hand held hygrometer and an anemometer. These tools were used to measure the 

following local environmental conditions: illumination, relative humidity, temperature (°C) and 

wind-speed respectively. Relative humidity was recorded once at the beginning of the sampling 

session. Illumination, temperature and wind-speed measurements were taken every 10 minutes. The 

minimum, mean and maximum values from the particular sampling session were recorded for 

temperature and wind-speed. Other local conditions were noted, including cloud cover, expressed 

as a percentage of cover, and wind direction, expressed in azimuth. 

On-site measurements therefore allowed recording of the following meteorological data: 

(i) temperature (°C), (ii) wet bulb (°C), (iii ) dew point (°C), (v) relative humidity (%), (vi) wind 

speed (ms–1) and direction (azimuth), barometric pressure (kPa) were obtained for this study. Other 

remote meteorological data were collected and regressed on biting rates to determine their 

relationships. Precipitation data was recorded as daily rain totals (mm) and wind speeds (kmh–1) 

obtained from the local weather station2 (Southport Tower, located at the Seaway—5 km North of 

field site). This information was available as three hourly recordings, beginning at 00:00 each day. 

Since each sampling period occurred predominantly around sunset, the closest reading was 18:00. 

The weighted averages between 15:00, 18:00 and 21:00 were calculated, with a central weighting 

of the 18:00 value in the ratio of 1:2:1. 

Analyses of the effects of these variables on activity are not reported here. 

                                                 
2  Supplied by the Climate and Consultancy Section of the Queensland Regional Office of the Bureau of Meteorology, 

Brisbane. 
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5.2.2  Laboratory Procedure 

Once the midges were transported back into the laboratory, the specimen tubes, containing the 

catch rates at each 10 minute intervals, were placed in a freezer for several hours. This process was 

the most convenient and safest way of quickly kill ing caught midge specimens without the use of 

toxic agents. The contents of each specimen container was then counted, separately bottled and 

catalogued.  

5.3  Results and Observations 

The results and observations for the catch data obtained from field activities are presented in 

section 5.3.1. The catch data along with the meteorological data obtained in this study are tabulated 

in Appendix 3.  

5.3.1 Field Observations 

The time between the collector arriving at the field and the first bites which followed appeared to 

vary, depending on temperature and wind conditions. During warmer temperatures, there was 

usually a delay of several minutes before biting activity began. Under cooler conditions, the fi rst 

bite may not have been felt until half way through the sampling time, possibly 30 minutes after the 

observer had arrived. Unlike the one month intensive study described in Chapter 4, where the 

collector did not wear protective clothing, in this instance the collector wore a protective head net 

as well as a pair of long trousers and a long-sleeved shirt, with only the left arm accessible to 

midges. This change in clothing may account for the delaying the fi rst midge bite, because the 

midges were not detected until they bit the one exposed arm or were visible when flying around the 

head of the collector (figure 5.3).  

Virtually all midges were nulliparous. No more than a few dozen parous midges were caught 

amongst the more than 20,000 midges captured in this study 

When midge activity was not severe, there was usually a few minutes delay before the first bites 

were felt. Between that time (the fi rst bite) and sunset, the numbers of bites had generally increased 

over the next 20 minute period, before declining after sunset until dark. However, midge activity 

did not necessarily cease completely after dark. During warm, windless and humid nights, midge 

bites could stil l be felt up to 45 minutes after sunset, during which time illumination levels were too 

low to distinguish a dot on the arm from a midge, even at close range. During very high midge 

activity, biting was intense, starting from as far away as 50 m as the collector approached the 

beachfront sampling site. A swarm of midges were often seen fly ing around the head of the 

collector at such times.  
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Interestingly, the part of the body which was attacked first was usually the head. The scalp, behind 

the ears and the eyelids seemed to be particularly attractive biting locations. Hands that were 

unprotected were also attacked. Attempts to disrupt the swarm around the head by waving the arm 

tended to exacerbate the situation and increased the attacks on the arm. Holding the exposed arm 

closer to the head, in effect putting it in the swarm, sometimes increased the biting frequency on 

the arm. This may simply have been the result of raising the arm by 30 cm.  

Midge activity decreased when wind-speed grew stronger than ~5 ms–1. However, during gusty 

conditions, midges attacked in waves when wind-speed was lower than ~5 ms–1 or when there was 

only a slight breeze.  

Rainy and windy conditions generally  yielded close to zero catch rates. When precipitation 

occurred as only light drizzle, midge activity was only minimally affected, and biting continued 

unimpeded. Midges would continue to obtain blood-meals from the exposed arm, even when the 

arm was covered with a thin layer of moisture from the rain. No midges were observed getting 

stuck by the moisture. 

The midges were observed to be active at a range of temperatures from 15°C to 30°C, and some 

were captured biting at temperatures as low 14°C. Higher catch numbers were obtained during 

warmer conditions, around mid-autumn and mid-spring. At these times biting activity sometimes 

continued for up to 2.5 hours after dark. 

During warm evenings, midges could be caught fly ing near to the light from a hand held flashlight 

used during field sampling. Two to three hours after sunset, biting activity in the field was normally 

at very low levels or at zero. However, local residents reported having been bitten at later hours of 

the evening while sitting near a light source outside their houses. The source of those bites is 

uncertain, although some residents were convinced that biting midges were the culprits. Welts, 

present on the residents’ arms or legs, were similar to those caused by biting midges, and midge 

bites are reasonably distinct from mosquito bites.  

In the summer months, there appeared to be a short transition period after sunset when midge 

numbers declined and mosquito activity increased. After that time, mosquito bite activity became 

more annoying than midge biting activity. 

5.4  Analysis 

The analysis of the biting midge data included an assessment of the data treatment and the overall 

trends, along with the harmonic smoothing of bite-rate data to characterise of the annual cycle. 
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5.4.1  Overall T rend Throughout the Year  

5.4.1.1  Data Treatment 

All the data, between September 1997 and March 2000, were combined so that data from one year 

overlaid that of another. Thus, the data was read as catches at given times of the year, treating years 

as replicates. For the data analysis presented below, overlapping cases (that is the data collected on 

the same date in different years) were unsuitable for analysis. In the few instances of such overlaps 

in the combined data set, one case for that date was selected, arbitrarily, and assigned as the catch 

data for the following day.  

In the data set, the variance of bite-rate is very large, and the distribution of catches is very strongly 

positively skewed. Skewness was greatly reduced, and variance stabil ized, by transforming catches 

with a log10 (y+1) transformation. 

Because midge numbers vary dramatically from week to week, and to identify the trends over time 

in the catch data, a linear inverse distance-weighted moving average of catch was computed. The 

moving average was wrapped across the December-January boundary, yielding, therefore, a 

synchronous moving mean — i.e. that is continuous from the end of the calendar year to the 

beginning. This moving average window was 71 days wide, based on the 35 days before and 35 

days after the target date. The average was computed as a weighted average of the catches in this 

71 day period, weighted in accord with the number of days of each case from the beginning or end 

of the window.   

The Standard Error of the weighted mean was calculated based on the fractional-weighted observed 

values in the weighting window. The 95% confidence intervals were then computed on a 

t-distribution with fractional degrees of freedom based on the fractional weighted number of cases 

in the weighting window. 

5.4.1.2  Results 

An annual trend of C. molestus seasonal activity was obtained by combining all the results and 

overlaying them on the same one-year timescale. The chart, drawn in figure 5.4, shows this trend. 

The thick line in the middle represents the mean midge activity at any time during the year, 

measured in days of the year. The two lines above and below are the 95% confidence intervals. At 

any given point in time, this chart predicts the level of midge activity. The range of variability lies 

somewhere between the two confidence bands for that time or day. The points on the chart are the 

log10(y+1) transformed bite rate values on which the moving average was computed. The same 

information is shown in figure 5.5 using the detransformed scale of bite rate activity.  
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According to figure 5.4, C. molestus is most active during autumn and spring. It was previously 

thought that spring and summer were the times of the year when biting midge activity was at its 

peak. However, as shown in figure 5.5, where the scale of bites is detransformed to simple 

numbers, the population dips sharply to a minimum in mid winter, rises to a peak in spring, and 

begins to decline around early summer.  
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Figure 5.4.  Scatter plot of the pooled log10(bites+1) transformed bite rate activity data, fitted with a distance 

weighted moving average width 71 days. The lines running above and below the curve are the 

95% confidence intervals.  
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Figure 5.5.  Scatter plot of the pooled, untransformed bite rate activity data, fitted with a moving average 

width 71 days. The lines running above and below the curve are the 95% confidence intervals. 
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5.4.2  Harmonic Smoothing & Annual Cycle 

5.4.2.1  Statistical Approach 

Unlike a running mean that fits a data set and calculates the running average over a chosen number 

of days, harmonic smoothing fits a sine or cosine curve to the data to fit a cycle during some period 

within the time span of the data. In this case the data contained information that spanned over 

2.5 years, within which may be cycles of one year, or a fraction thereof. The advantage and 

purpose in using harmonic smoothing is to reveal patterns in the data, which would otherwise be 

difficult to see. 

It is a matter of trial and error to fit as many higher order harmonics as necessary to best describe 

any finer-scale trends in the data. The fi rst order harmonic displays an annual pattern of biting 

activity over one year, when only a single peak and trough exists in an annual cycle. The second 

order harmonic shows a biennial cycle with two peaks and troughs, the third, three peaks and 

troughs, and so forth.  

The fi tting of a first order harmonic forces a singular period between the peaks and troughs 

throughout the spread of the particular data set. A higher order harmonic may assist in fi tting the 

curve to data that has unevenly spaced peaks, although only to a limited extent.  

The non-linear estimation module of the statistical analysis program was used to fit sine curves to 

the data using an iterative model fitting technique. The program allowed the estimation of the time 

lag, the length of the cycle, and the amplitude of the cycle and the adjustment of these parameters 

using a least squares best-fit loss function (Statsoft 2000). Several such cycles of different 

wavelengths were fi tted to the data, either allowing the program to choose the wavelength, and 

reported here as asynchronous harmonic smoothing, or by deliberately choosing harmonics of the 

data to force an annual cycle and also to examine the strength of a semi-annual and a quarterly 

cycle, and so forth (synchronous harmonic smoothing). 

5.4.2.2 Asynchronous Harmonic Smoothing 

Asynchronous smoothing is applicable for non-repeating time series, and so does not describe 

typical annual (repeating) patterns. Nevertheless, if asynchronous smoothing uncovers a 

quasi-365 day harmonic, a repeating annual cycle is demonstrated. Figure 5.6 shows the curve of 

this form, fitted to the combined data from the 2.5 years of sampling. Four harmonics were fi tted to 

the data which yielded the explanation value (R2) of 0.177 (table 5.1). Note that, as an 

asynchronous fit, the curve does not have continuity from December to January. 
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Asynchronous Harmonic Smoothing
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Figure 5.6.  Asynchronous harmonic smoothing of the pooled log10(bites+1) data on day of the year.  

Table 5.1.  Asynchronous harmonics in bite-rate data. 

Harmonic 
Order 

Wavelength
�� (days) 

Amplitude
(log units)

Significance
(p) 

1 372 0.38 0.005 

2 152 0.45 0.00092 

3 95 0.21 0.089 

4 49 0.08 0.48 

This analysis allowed the statistical package to identify the wavelengths of the harmonics to best fit 

the variations on log-transformed bite numbers. The strongest harmonic is the 152 day cycle, but 

the 372 day cycle is also quite strong. The data suggest two principal peaks of activity, in mid 

autumn and mid spring, with a lesser peak in early summer and a low activity in late winter. 

5.4.2.3  Synchronous Harmonic Smoothing 

Synchronous harmonics is more suitable for annual cycle data as it constrains the harmonic 

functions such that a line is continuous from the end of one year to the start of the next. Similar to 

figure 5.6, figure 5.7 shows the fi t based on the four strongest harmonics in the pooled data set. 
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Synchronous Harmonic Smoothing
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Figure 5.7.  Synchronous harmonic of log(bites+1) data on day of the year. Red arrows drawn on the chart 

indicate where the curve has changed in the direction indicated from that of the asynchronous 

harmonic curve on the same scale. 

Although the trend is of a forced annual cycle, the curve does not vary much from the 

asynchronous harmonic curve (figure 5.6), other than for minor shif ts in the times of declining 

activity. These shifts are shown by the red arrows in figure 5.7. The explanation of the data 

provided by this model has decreased slightly to R2=0.172. The signif icance of other cycles in the 

data changed, and generally decreased, as shown in Table 5.2. 

Table 5.2. Synchronous harmonics fitted to the data and shown in figure 5.7 

Harmonic 
Order 

Wavelength
�� (days) 

Amplitude
(log units)

Significance
(p) 

1 365 0.32 0.0086 

2 182.5 0.34 0.0030 

3 91 0.29 0.011 

4 45.5 0.11 0.35 

 

5.4.2.4  Asynchronous Harmonic Smoothing of Separate Years 

It is now clear that when the data from the three years of sampling were combined, at least three 

sets of peaks (January, April, early October) and troughs in one year are apparent. There is also a 

hint of a fourth peak in the data in June. Despite this clarification obtained by overlaying years, the 

possibili ty of differing peaks in each year is denied. By analysing years sequentially (i.e. as a single 

time-series of 2.5 years duration), each year’s own pattern would be revealed. For such an analysis, 

an asynchronous harmonic model is fi tted, because what is sought is evidence if peaks and troughs 
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in biting activity occur at around the same time during each year. The synchronous harmonics (e.g. 

Section 5.4.2.3) forces an annual cycle on the data that may hide year-to-year differences. 

To show this cycle, asynchronous harmonic smoothing was applied to the data from the entire 

period sampled, as a continuous 2.5 year data (figure 5.8). It is diff icult to see if there is any 

repetition between the years as the years are sequential to each other. By cutting the line for the 

different years and plotting each one as a separate line (and points) on one time scale, the 

similarities and differences between the years in biting activity can be compared (figure 5.9). 
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Figure 5.8.  Asynchronous harmonics of each year on a continuous time scale.  

Figure 5.9 shows that the peaks are reliably repeated from year to year, in both time and scale. 

Across the years, the annual increasing and decreasing activities are in phase with one another. 

Thus, it is clear from this analysis that an annual pattern of activity is present in the data. The R2 

value in this analysis increased to 0.280. The signif icant harmonics are listed in Table 5.3. 

Table 5.3.  Harmonics detected and their significance. 

Harmonic 
Order 

Wavelength
�� (days) 

Amplitude
(log units)

Significance
(p) 

1 300 0.53 7.2×10–6

2 169 0.40 0.00033 

3 91 0.31 0.0060 

4 45 0.15 0.16 

 

118 



5  Annual Biting Cycle 

Asynchronous Harmonic Smoothing
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Figure 5.9.  Asynchronous harmonics of each year on one time scale. Note that peaks and troughs occur at 

the same time in each year. 

 

5.5  Discussion 

This technique was able to bypass the noise from the data collected over the 2.5 year period. Using 

this technique, four peak activities were detected throughout the year. Of these, two were major 

peak activities, which occurred in April and October. These findings are summarised in figures 5.7 

and 5.9.  

5.5.1  Moon Phase 

In contrast to the single detailed month of study reported in Chapter 4, the phase of the moon could 

not be correlated with peaks of midge activity. Regression analysis of log of catch on moon phase 

shows only a very weak relationship between them. A preliminary analysis of the moon phase and 

the log of catch suggest that the peaks in biting activity move in and out of phase with the full and 

new moon. It is likely that sampling only once per week did not provide adequate resolution of 

biting activity over timescales of days to reveal the lunar/tidal cycle of biting rate reported in 

Chapter 4. 
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5.5.2  Peak Activit ies Durin g the Year 

The seasonal pattern of activity of each year plotted as a different set of points and lines. The peaks 

and troughs in activity are shown to occur around the same time every year during the 2.5 year 

study period (figure 5.9). Two major peaks occurred in mid spring and mid autumn, and another 

two weaker peaks occurred in mid summer and mid winter (in 1998, at least). Troughs in biting 

activity during the year occurred in early and late summer, and during early winter and early 

spring. In the combined seasonal pattern of midge biting activity (figures 5.4 and 5.6), the troughs 

in activity appeared only three times each year. However upon analysing the chart in figure 5.9, it 

is clear that a trough does appear in late autumn. This effect is masked in the combined graph due 

to the large difference in activity between 1998 and 1999. It is evident from figure 5.9 that, 

although the levels of biting activity of a season can vary between each year, each seasonal peak 

and trough occurred around the same time every year. These variations between the years may be 

explained by prevailing meteorological conditions during each year. A discussion of the effects of 

meteorological conditions is not included at this time, but will it be written in a future report.  

From these results, the dates of every activity peak and trough, along with the 95% confidence 

intervals for each of the three years can be calculated. Table 5.4 shows the estimated peaks and 

troughs, over the 2.5 year period.  

Table 5.4.  Estimated times for maximum and minimum activity of C. molestus during the year. 

Year Peaks Troughs 

 Mid Spring Early Summer 

1997 12-Oct 1-Dec 

1998 22-Oct 12-Nov 

1999 13-Oct 5-Dec 

Average  �r 95% CI 15-Oct �r 10.1 d 26-Nov �r 22.6 d 

 Mid Summer Late Summer 

1998 10-Jan 15-Feb 

1999 4-Jan 20-Feb 

2000 13-Jan 13-Feb 

Average �r 95% CI 9-Jan �r 8.4 d 16-Feb �r 6.6 d 

 Mid Autumn Early Winter 

1998 15-Apr 29-May 

1999 14-Apr 06-Jun 

2000 25-Mar  

Average �r 95% CI 7-Apr �r 21.8 d 2-Jun �r 17.2 d 

 Mid Winter Early Spring 

1998 1-Jul 31-Aug 

1999 06-Jul 9-Aug 

Average �r 95% CI 3-July �r 10.8 d 20-Aug �r 47.3 d 
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5.5.3  Generation Time 

The periods between the peaks or troughs, roughly three months apart, may represent a generation 

time or cycle. For example, the mid spring peak occurs in October and the mid summer peak 

occurs in January suggesting a three month generation time or cycle. The four peaks in midge 

activity shown in figure 5.9 could mean that C. molestus undergoes four generations in one year, 

with each generation lasting between 77 and 100 days.  

However, the peaks differ in magnitude and are arranged such that a large peak is followed by a 

smaller one, or vice versa. If the species had a six-month lifecycle, and only two generations per 

year, but two overlapping populations existed, three months out of phase, then the four peaks 

separated approximately my three months, and alternating large to small, would also be observed. 

Under this hypothesis the species has a generation time between 172 and 190 days. The matter of 

generation time will be examined further in Chapter 6. 

It seems simpler to postulate that the generation time is three months, there are four generations per 

year, and any appearance of alternation between large and small peaks are artefacts of the sampling 

design or possible temperature effects on development rates. For example, if, due to low 

temperatures, some of the winter emergence generation were to delay emergence until the regular 

spring peak, the winter peak would be small, and the spring peak large. On this scale, the summer 

peak would then be comparatively smaller that the spring peak, as is observed. Alternatively, pest 

control operations directed against this species are almost entirely confined to the summer months, 

and the small summer peak may simply record the (limited) effectiveness of insecticide treatments 

for these pests. It is important to note, however, that with agreement of the Gold Coast City 

Council, no official control operations were conducted at or near (within 200 m) of the study site 

through this period. 

5.6  Conclusions 

In this study of C. molestus biting activity, regressing the bite-rate activity to the moon phases 

revealed no signif icant correlation between the two at the resolution in time used in this sampling 

design.  

Patterns in the data were revealed using harmonic smoothing analysis. These results reliably show 

that there are two strong peaks of activity during the year around April and October. Two weaker 

peaks occur around January and June. A proposed model speculates that C. molestus goes through 

four generations per year, possibly with part of a cohort skipping the emergence in winter due to 
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the cooler conditions. Although biting activity is reduced during winter, the results of this study 

show that this species is active throughout the whole year.  

The strong peaks occurring in mid spring and mid autumn suggest that this species is most active 

during seasons when climatic conditions are most favourable. It is possible that unreported control 

efforts in late spring could account for the small summer peak, but even so residents report 

maximum midge nuisance in mid summer, despite these results indicating that the biting problem 

persists all year long, and peaks in spring and autumn, not summer. This is probably an artefact of 

li festyle of canal residents, who are more likely to expose themselves to midge predation in warm 

summer evenings rather than cool spring or summer conditions. 
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Abstract 

A canal beach estate was sampled for evidence of biting midge (C. molestus) infestation, by 

measuring egg and larval density, before and after a larviciding exercise by the local authority. The 

study revealed that, apparently, complete elimination of live juvenile organisms was achieved. 

Indeed, dead larvae were recovered the day after the treatment. Live large larvae were the first to 

be recovered on the beach just four days post-treatment. The arrival of small larvae followed 

37 days after treatment. While pupal numbers were sparse some were found 3 days post-treatment. 

The first egg was found 39 days after treatment.  

It was estimated that it would take 50 days for eggs, small larvae and pupae to reach 50% of the 

final stable population. Large larvae are estimated to take only 25 days before they reach 50% of 

the final population size. To reach 95% of the estimated recovered population size, eggs would 

require 70 days, small larvae 79 days, large larvae 45 days and pupae 69 days. 

Based upon the prompt reinfestation by large larvae, it is evident that the large larvae must have 

been in a refuge outside of the reach of the insecticide. Although, in the study area, full elimination 

of juveniles was briefly achieved, appreciable populations of larvae, particularly the later instars, 

must have survived the control exercise. 

The period from spraying to recovery of large and apparently stable population of pupae suggests 

that the egg to pupae period is less than 70 days. This supports the hypothesis that there are four 

generations of these midges in the year. 
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6.1  Introduction 

This chapter on beach recolonisation post-larviciding presents important findings on the habits and 

laying pattern for C. molestus. The necessary and effective control measures must be undertaken in 

light of such knowledge of recolonisation and the influence of both the moon and the tides. 

6.1.1  Suggested Contro l Measures 

Kettle et al. (1979) showed that C. molestus larvae were distributed between Mean High Water 

Springs (MHWS) and Mean Tide Level (MTL). With this information, Reye (1988) proposed some 

measures for decreasing the biting midge carrying capacity of a canal system. These included: 

(i) maintenance of a constant water level above MHWS, achievable with locks connected to tidal 

water; (ii) elimination of the upper portion of the beach above MTL (or alternatively removal of all 

the beach to completely eliminate the problem); and (iii ) modification of the beach surface, making 

it unsuitable for larval development.  

The partial elimination of beaches is being implemented on more recently developed canal estates 

in the Gold Coast region. Retaining walls were being built on canal properties at MTL, with the 

upper portion of the beach being removed. It was hoped that larvae would not be able to use the 

beach beyond the revetment wall. While the revetment wall has been successful in decreasing 

breeding areas, this, unfortunately, has not prevented C. molestus from breeding in the beaches 

beyond the wall. Also, in a later study by Chitra & Wild (1997) eggs and larvae of C. molestus 

were recovered from sand lower down the beach than the MTL. One control measure is, however, 

working. Canal systems that use locks to maintain water level at a constant level so that the sand is 

not tidally covered and uncovered have effectively rendered the habitat non-intertidal and thus 

unsuitable for biting midge colonisation (reviewed in the 1990 National Conference on Biting 

Midge Proceedings). 

It thus seems that the biting midge problem can be solved if specif ic design requirements are 

followed. However, there still exists some 250 km of suitable canal beach developed before 1988 

for midge breeding in the Gold Coast region (Ferguson & Bell 1988). Unfortunately, the cost 

involved in transforming these existing canal systems would be very large, and the works are 

generally opposed by canal-front residents.  

To date, the Gold Coast City Council has managed the biting midge populations in the region by 

the chemical treatment of the beaches where the larvae breed, and by fogging areas adjacent to 

infested sites, as a means to keep adult midge populations at bay.  
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Since the beginning of the biting midge problem on the Gold Coast, no specif ic insecticide has 

been licensed for use on biting midge control. As a consequence, the closest local authorities have 

come to a solution, to date, has been the rigorously regulated use of chemical pesticides such as 

Abate® and Malathion. Despite the careful application of these chemicals on the field, juveniles of 

C. molestus have developed resistance to all but one of the previously used pesticides, Malathion. 

Larval populations are stil l constantly monitored in the field for any sign of developing resistance. 

Yet, there is a strong belief that the answer to the midge problem lies in the sand where the 

immature stages of C. molestus breed.  

Until the time when a long-term and cost-effective solution, such as beach substrate modification, 

is achievable to the satisfaction of local authorities and residents, control by means of chemical 

treatment remains the only viable control option.  

Since chemical methods still need to be employed in many areas as the primary means to control 

biting midge populations, it is, thus, important to know how larvae behave in the sand, and how 

they respond to chemical treatment. In the laboratory, no-choice toxicity experiments can be 

carried out on larvae of different age grades to determine the minimum quantities that are required 

to achieve a given kill rate. In the field, however, other factors, biotic or abiotic, and many that may 

be unforeseen, influence the effectiveness of any treatment. Of specific interest is in this case, the 

larval population response to the application of chemical treatment in the breeding habitat question. 

Consequently, we need to know if most of the larvae die after larviciding, or have they the capacity 

to escape? If so, how? 

In a report (1976) written to The Committee of Inquiry into Animal and Vegetable Pests in 

Queensland (reported in Ferguson and Bell  1988), Reye wrote, “C. molestus has larvae suspected 

of migrating on water…If so, what induces them to do it?”.  

In support of Reye’s suspicions on migrating larvae, Ferguson and Bell (1988) made an unexpected 

discovery that a Culicoides species 4th instar larvae were the first to be recovered from the beach, 

after it had been steril ised with Aqua Ammonia. No more work on this matter has been reported 

since that time. Due to the implications from this finding, local authorities have adopted the policy 

to treat whole canal systems, beaches and water, at the same time to avoid the possibility of larvae 

migrating and seeking shelter elsewhere, awaiting better conditions to recolonise treated beaches. 

The findings by Ferguson and Bell still need to be reconfirmed.  
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6.1.2  Recolonisation 

The process of recolonisation after elimination of juveniles from a beach can be conceived in one 

of two ways. The first is the classic colonisation model, which begins with the recovery of eggs 

from oviposition after the beach had been sterilised. This is the first stage of the life cycle of an 

insect. From this model, an estimate can be made of the development time for the new population 

to emerge as adults. Potentially useful information, such as the time it could take for the insects to 

develop between instars, generation time to develop into the adult imago, and consequential 

population fluctuations which follow once overlapping generations develop, can be detected in 

such data.  

As an alternative model, recolonisation may commence by reinvasion by larvae from elsewhere. If, 

as suggested by Reye (1976) and by Ferguson and Bell (1988), the larvae can somehow evade 

being kill ed from larvicide applications on the habitat, or immigrate to the site from an untreated 

location, then the fi rst detected form will  be the larvae rather than the eggs. Such recovery, then, is 

out of step with the ‘classic’ f low of development where pupae development superseded that of the 

larvae, which superseded the development of the eggs laid by the adult insect.  

6.1.3  Objectives 

The objectives of this study were to show how a population of juvenile C. molestus responds and 

recolonises after a routine larviciding exercise. 

6.2  Methods 

The use of equipment for obtaining sand samples, their extraction and processing have been 

described in Chapters 2 and 3. The field sampling procedure used here is generally identical to that 

described in Chapter 3. However they include more frequent sampling occasions occurring pre-

treatment and post-treatment. 

The study took place over summer 1999 to 2000, but the date is less important than time before or 

after the control exercise. In recognition of the importance of time rather than date, days of 

observations are generally  referred to as days after the day of spraying (i.e. days before spraying 

are reported as a negative count of days. 
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6.2.1  Site Locality 

This study was undertaken on a beach of a residential property at Broadbeach Waters on the Gold 

Coast (Site 1 in Chapter 3, section 3.2.1, figure 3.1, for the locality, street map and its description). 

6.2.2  Sampling  

Sand samples were taken and processed to extract eggs, small and large larvae and pupae, once 

every two days, beginning on day –25 (2 November 1999), about one month prior to larviciding. 

The heavily infested beach was treated with a larvicide (Malathion) on the 27th of the same month. 

Subsequent samples continued to be taken once every two to three days after larviciding for the 

next two months, by which time larval numbers had returned to their pre-treatment levels. The data 

collected from these samples provides information regarding the changes of juvenile numbers 

before, during and after the larviciding exercise. 

The process of spraying beaches is a major exercise, and undertaken only when pest problems 

merit the expense (about A$ 2000 per km according to advice from the Gold Coast City Council). 

This study required a widespread control exercise to rule out the possibility of immediate 

reinfestation from nearby untreated beaches. As a consequence it could only be conducted once and 

is entirely un-replicated. This leaves open the possibility that the results found could be fortuitous, 

and unrelated to the spraying exercise, or the recovery dynamics could be quite different at a 

different place or time. 

These criticisms have merit, but it seems quite clear from the data reported here that there was a 

precipitous decline in larval numbers precisely coinciding with the treatment of the beaches, and so 

the elimination of these juveniles is clearly attributable to the treatment. There is no way, with 

these data, to know how typical these recovery results are, and only further studies can provide 

such an insight. Nevertheless, the results reported here do show actual results: the dynamics 

reported are amongst the range of possible dynamics in this system, and probably are closer to 

typical than atypical. 

 

6.3  Results and Observations 

Samples of eggs, live small and large larvae and pupae were recovered over the 3 month study 

period. Table 6.1 below summarises the total numbers found. Pre-larviciding samples were taken 

between days –25 and –3 (2 and 24 November). The cells shaded in grey show day 0 
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(27 November) when the larvicide was applied to the beach. The spraying occurred at the early 

morning low tide. No live juvenile specimens were recovered at the next low tide on that day. 

Charts showing the fluctuations in the larvae and pupae, before and after larviciding are presented 

in the following sections. 

Table 6.1.  Total Numbers of Eggs, Small and Large Larvae and Pupae 

Date Day 
number 

Eggs Small 
Larvae 

Large 
Larvae 

Pupae Date Day 
number

Eggs Small 
Larvae 

Large 
Larvae 

Pupae

2-Nov-99 –25 10 15 34 1 29-Dec-99 32 0 0 42 0 
4-Nov-99 –23 42 8 39 16 3-Jan-00 37 0 1 71 1 
6-Nov-99 –21 42 11 67 0 5-Jan-00 39 1 10 30 0 
8-Nov-99 –19 5 40 107 0 11-Jan-00 45 3 0 0 2 
10-Nov-99 –17 14 38 23 1 15-Jan-00 49 0 6 0 1 
12-Nov-99 –15 8 37 108 3 17-Jan-00 51 13 0 0 2 
14-Nov-99 –13 10 33 89 0 20-Jan-00 54 5 0 0 7 
16-Nov-99 –11 7 24 120 0 24-Jan-00 58 3 0 0 7 
18-Nov-99 –9 0 9 101 0 29-Jan-00 63 7 1 3 4 
20-Nov-99 –7 3 22 71 0 8-Feb-00 73 8 26 61 8 
24-Nov-99 –3 1 10 99 0 11-Feb-00 76 15 16 36 17 
27-Nov-99 0 0 0 0 0 17-Feb-00 82 18 39 46 3 
28-Nov-99 1 0 0 0 0 20-Feb-00 85 53 27 64 19 
30-Nov-99 3 0 0 0 0 23-Feb-00 88 19 22 58 33 
1-Dec-99 4 0 0 7 1 26-Feb-00 91 48 24 29 10 
3-Dec-99 6 0 0 3 2 29-Feb-00 94 12 13 28 26 
5-Dec-99 8 0 0 4 0 2-Mar-00 96 23 19 70 10 
7-Dec-99 10 0 0 0 0 5-Mar-00 99 35 16 76 18 
9-Dec-99 12 0 0 1 0 8-Mar-00 102 13 8 52 9 
11-Dec-99 14 0 0 2 0 11-Mar-00 105 5 17 57 5 
13-Dec-99 16 0 0 6 1 14-Mar-00 108 3 11 23 6 
15-Dec-99 18 0 0 1 0 17-Mar-00 111 4 9 65 12 
17-Dec-99 20 0 0 0 0 20-Mar-00 114 6 16 37 8 
20-Dec-99 23 0 0 3 0 23-Mar-00 117 9 15 32 15 
23-Dec-99 26 0 0 0 0 26-Mar-00 120 13 8 49 3 
25-Dec-99 28 0 0 16 0 29-Mar-00 123 9 20 55 6 

Note: The red dotted line drawn between the 24th and 27th of November indicates spraying activity undertaken in 
the early morning of 27th at low tide. Samples were obtained from the next low tide of the same day. 
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6.3.1  Eggs 

The number of eggs, as shown on the chart in figure 6.1, can be seen to be on a decline prior to 

spraying. After spraying, the numbers remained at 0 between days 0 and 39 (5 January), at which 

time eggs were then rediscovered on the beach. The numbers of eggs, then, gradually rose to a peak 

in February and fluctuated to a decline there after. 
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 Figure 6.1.  Total number of eggs per sample date during the 3 month sampling period. 

6.3.2  Small Larvae 

Visually, small larvae seemed to be the best indicator that the beach had become unsuitable for 

habitation (figure 6.2). Many were detected on the beach right up to the spraying date, after which 

no live larvae were encountered between the spraying date and day 37 (3 January). For the first 

4 days after spraying, many dead or dying small larvae were recovered from the samples obtained 

from the treated beach. Although the numbers were not recorded, notes made at the time indicated 

that the numbers of dead small larvae were highest on the date of spraying, decreasing gradually 

over the next three days. 

No larvae, dead or alive, were encountered thereafter, until day 37, when one live small larva was 

recovered. This find was followed by a small peak in larval numbers that disappeared after about 

two weeks. Numbers, then, gradually grew from about day 70 (early February). The small larvae 

extracted from the samples were vigorous and apparently healthy. The numbers of small larvae 

peaked by day ~95 (late February), and declined thereafter. 
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Figure 6.2.  Total number of small larvae per sample date during the 3 month sampling period. 

6.3.3  Large Larvae  

The large larvae were not absent from the treated site for very long (figure 6.3). Live larvae 

disappeared completely after spraying, with the dead larvae being recovered for the next two days 

after spraying. The highest number of dead larvae was recovered on the day of spraying, with the 

numbers decreasing sharply by the second day (numbers not recorded). By the third day after 

treatment, a few live, vigorous, and apparently healthy larvae were found. A total of 43 large larvae 

were collected, between the date of spraying and when the fi rst egg was recovered.  

A sudden peak in large larval numbers was detected approximately one month after the treatment, 

and the numbers remained high for a few days before diminishing back to zero. No larvae were 

recovered for another 13 days, after which the numbers quickly increased to what appeared to be 

stable level. 
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Figure 6.3.  Total number of large larvae per sample date during the 3 month sampling period. 

6.3.4  Pupae 

Very few pupae were recovered prior to the spraying date (figure 6.4). A few live pupae were 

found between the spraying date and day 28 (25 December). From day 37 (3 January), pupal 

numbers gradually increased to a peak in late February, and decreased thereafter until the end of 

the sampling.  
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Figure 6.4.  Total numbers of pupae per sample date during the 3 month sampling period. 
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Five pupae were recovered from samples taken after the spraying date and before day 37 

(5 January). These were incubated in the laboratory. Of the five pupae, two successfully emerged 

as adult flies (table 6.2). The pupae found on day 16 emerged on the fourth day of incubation at 

room temperature (~22°C), and the other, found on day 37 eclosed one week after its incubation 

under the same conditions.  

Table 6.2. Record of Pupal Emergence Post-treatment. 

Date 
Found 

Day 
Number 

Number 
of Pupae 

Emergence from 
Incubation (days) 

1-Dec-00 4 1 None 

3-Dec-00 6 2 None 

13-Dec-00 16 1 4 days 

3-Jan-00 37 1 7 days 

Pupae were placed in Petri dishes lined with moist filter paper and 
maintained at room temperature (approximately 21°C). Dishes were 
checked daily for any emergences. 

 

It appears that the larviciding treatment was able to either kill or prevent pupae from developing, 

and that by day 16 (13 December) the effects of the pesticide had worn off. 

6.4  Analysis  

6.4.1  Numerical Treatment 

The data set, obtained from the samples taken from sites where the distribution of the target 

organism was patchy, inevitably contained many zero values. The distribution of such clumped 

data is typically positively skewed. In ecological studies, it is common to apply a routine log10(y+1) 

transformation to reduce the skewness of the distribution to one that approaches normali ty. Once 

the data distribution is normalised, analysis can be applied to the data with greater confidence.  

6.4.2  Curve Fittin g 

In fitting “curves of best fi t” to this data set, it might be assumed that there was an initial stable 

population of (say) small larvae, which was eliminated by spraying. The reduced population would 

gradually recover to another assumed stable size. I began sampling the population on the beach 

prior to larvicidal treatment during which there was an assumed stable population. Once the habitat 

was made unsuitable for the various stages of the juvenile insect, the numbers fell precipitously and 

abruptly, due to deaths, and possibly emigration, which might have occurred as a consequence of 
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the treatment. The numbers remained very low for some time before building up gradually, or in 

some cases more rapidly, until they reached a new state of stable population.  

Population growth is often modelled as a “sigmoid” process (i.e. an “S”–shaped growth curve). 

Very early in the growth phase of the model, due to the very small population size, the numbers 

rose only slowly. The growth rate of the population may then increase rapidly. When the 

population arrives closer toward some environmental l imit, the population growth slows as it 

approaches “equilibrium”. By analysing the data here, a mean population size prior to treatment 

was estimated, and then a sigmoid curve was fitted to the post-larvicide data. This approach 

enables a curve to be fitted, which commences growth in accord with the return of insects to the 

beach, and trends toward equilibrium based on a new mean population, late after treatment. As this 

new population mean is probably analogous with the pre-treatment population mean, and it will be 

compared with that population.  

The charts, included in Sections 6.4.3 to 6.4.6 below, show compound curves describing the initial 

state of stable population, followed by the abrupt fall  in numbers. The recovery from treatment is 

depicted by the sigmoid curve succeeding the abruptly decimated population. The day of treatment 

is designated as day ‘0’, and the recovery begins, depending on the time lag before the first 

numbers were detected, from day zero onwards.  

There is no precise starting point for the sigmoid curve, and it never actually reaches equilibrium. 

Thus, to characterise a beginning for the curve, the day was chosen on which the curve estimates 

that 0.487 juveniles would first be recovered per sample. This number was used, instead of an 

arbitrary number such as 0.5 or 1, because that is the mean number of juveniles calculated from the 

various curves on the day that actual juveniles were first recovered in sampling after treatment. The 

date of fi rst recovery of one juvenile is, thus, taken as the commencement of recolonisation. 

From the curve, it is also possible to estimate how long the population would take to reach 50% 

and 95% of full recovery. The date the estimated recovery reached 95% is considered as the date of 

full recolonisation.  

The equation for sigmoid (or logistic) growth is: 

rtat e
K

N
����

� 
1

 

Where Nt is the population at time t; K is the equilibrium population when t is large; a is a 

parameter which reflects the timing of population growth will  “commence”; and r is the potential 

growth rate, which provides rapid growth when it has a large value (Krebs 1994). To estimate the 

parameters from the data set, a segmented regression was estimated using the non-linear estimation 
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module of Statistica 5.5. The parameters estimated were Ki, Kf, a and r: where Ki is the mean 

population before treatment, Kf the final population after treatment; a is a delay coefficient; and r a 

growth-rate parameter from the equation:  

  for t <0 and it KN � 
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 for t >0 

the segmented regression was fitted using a quadratic distance-weighted loss function. The nature 

of the equations permits estimation of a non-zero population on day 0, in accord with the observed 

numbers, but no live larvae were recovered on day zero or the following three days. 

6.4.3  Recovery of Egg Numbers 

The log10(y+1) transformed numbers of eggs over the 150 day study period, and the curve fitted to 

the data, as described above, are shown in figure 6.5. The analysis estimates that the recovery of 

eggs on the beach began as early as day 38, (eggs were actually first recovered 39 days after 

spraying), and reached a new stable number 70 days after treatment. The new population level was 

not significantly different to the initial population (p = 0.071). It is interesting to note that the 

recovery from first detection of eggs was quite gradual, and that 10 weeks elapsed before full 

recolonisation occurred. 
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Figure 6.5.  Recovery of egg numbers. 
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The estimates of the initial egg numbers, final number, signif icance of the difference between the 

initial and final populations, time to the start of recolonisation, and the time to reach 50% and 95% 

of full recolonisation are summarised in table 6.3.  

Table 6.3. Statistics for Egg Recovery 

Summary Item (Eggs) Statistic 

Initial Population (raw data scaled) 7.2 

Final Population (raw data scaled) 12.8 

Significance of Difference 0.071 (not significant) 

Day of Actual First Recovery Day 39 

Estimated Start of Recolonisation Day 38.1 

50% of Full Recovery Day 50 

95% of Full Recovery Day 70 

 

6.4.4  Recovery of Small Larvae 

The recovery of the small larvae population, shown in the figure 6.6 below, commenced earlier 

than the egg recovery, although the numbers grew less rapidly than the egg numbers. The curve 

estimates a commencement of recolonisation on day 32 and reaches a new stable population, 

similar to that of the estimated initial population (p = 0.54), around 11 weeks after the larvicidal 

treatment of the beach. The estimated commencement of recolonisation was 5 days earlier than the 

actual fi rst recovery of the small larvae.  
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Figure 6.6.  Small larvae recovery 
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The estimates of the initial population of small larvae, final population, significance of the 

difference between the initial and final populations, time to start recovery, and time to reach 50% 

and 90% of full recolonisation are summarised in table 6.4. 

Table 6.4. Statistics for Recovery of Small Larvae 

Summary Item (Small Larvae) Statistic 

Initial Population (raw data scaled) 19.2 

Final Population (raw data scaled) 16.3 

Significance of Difference 0.54 (not significant) 

Day of Actual First Recovery 37 

Estimated Start of Recolonisation Day 32.4 

50% of Full Recovery Day 50 

95% of Full Recovery Day 79 

6.4.5  Recovery of Large Larvae 

The numbers of the large larvae were found to recover most quickly, being recovered on the fourth 

day after larviciding. Although recolonisation was estimated, by calculation, to commence on 

day10, actually it begins almost immediately, with the numbers rapidly rising to the new stable 

population (figure 6.7). This new population appears to be lower than the initial population level, 

however it is not statistically signifi cantly different (p = 0.14) to that of the initial level. The large 

larvae reached the new population level less than 8 weeks post-treatment.  
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Figure 6.7.  Large larvae recovery 
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The estimates of the initial population of large larvae, final population, significance of the 

difference between the initial and final populations, time to start recovery, and time to reach 50% 

and 90% of full recolonisation are summarised in table 6.5. 

Table 6.5. Statistics for Recovery of Large Larvae 

Summary Item (Large Larvae) Statistic 

Initial Population (raw data-scaled) 69.5 

Final Population (raw data-scaled) 43.4 

Significance of Difference 0.14 (not significant) 

Day of Actual First Recovery 4 

Estimated Start of Recolonisation Day 10.0 

50% of Full Recovery Day 25 

95% of Full Recovery Day 53 

6.4.6  Recovery of Pupae 

Three pupae were collected within the first 16 days after larviciding, and, although alive, they were 

unhealthy, and the fi rst two did not develop into adults. The pupae were more likely remnants of 

the previous pupal numbers than newly-produced after the treatment. The absence of live pupae 

between days 16 and 39 suggests that the pupae were actually eliminated by the treatment, although 

they may not have died immediately. 

The recovery of the pupae commenced on day 39, as estimated from the curve, and reached 

equilibrium much higher (p = 6.8�u10–11) than the initial population about 10 weeks after treatment. 

It is interesting that the pupae numbers were much higher after treatment (reaching estimated value 

of 10 per sample) than before (0.7 per sample) (figure 6.8). This may reflect low pupal numbers at 

the particular time of month immediately before larvicide application but no clear monthly cycle 

was evident in the last 50 days of the data. It is not clear why pupal numbers were so much greater 

after recovery from the larvicidal treatment. 

The estimates of the initial population of pupae, final population, significance of the difference 

between the initial and final populations, time to start recovery, and time to reach 50% and 90% of 

full recolonisation are summarised in table 6.6. 
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Recolonisation Estimated by Numbers of Pupae
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Figure 6.8.  Pupal recovery. 

Table 6.6. Statistics for Recovery of Pupae 

Summary Item (Pupae) Statistic 

Initial Population (raw data-scaled) 0.66 

Final Population (raw data-scaled) 10.1 

Significance of Difference 6.8�u10–11 (very significant) 

Day of Actual First Recovery 4 

Estimated Start of Recolonisation Day 39.3 

50% of Full Recovery Day 50 

95% of Full Recovery Day 69 

 

6.5  Discussion 

The results from this study permit estimation of the time that it took before the initiation of 

recolonisation by C. molestus. Initiation is taken as the point at which the sigmoid model estimates 

the recovery of 0.49 eggs, small and large larvae, and pupae (as has been discussed previously in 

section 6.4, there is no precise starting point for a sigmoid curve).  

It is estimated that the times it would take for the first egg, small larvae, large larvae and pupae to 

be detected are 38, 32, 10 and 39 days respectively (table 6.7). The actual first recovery of eggs and 

small larvae were on the 39th and 37th day after spraying. The time estimated for the pupae was 
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very different to the actual time they were fi rst recovered from the beach. The pupae were found on 

the 4th day post-treatment (but these may have been pre-treatment survivors), which is much earlier 

than the estimated 39.3 days. 

Table 6.7.  Commencement Date of Recolonisation 

Juvenile Stage  Actual time (days)
for 1st recovery 

Estimated time (days) by curve fitti ng 
to recover 0.487 

Eggs 39 38.1 

Small Larvae 37 32.4 

Large Larvae 4 4.0 

Pupae 4 39.3 

It is also possible to estimate the time it took for the population to recover, either partly or nearly 

completely (i.e. to 50% and 95%), to the calculated final stable population level. The time 

estimated for 50% recovery was 50 days for eggs, small larvae and pupae, and 25 days for large 

larvae. The time to full recovery (ie. 95% of the final population) for eggs, small larvae, large 

larvae and pupae were 70, 79, 53 and 69 days respectively. These values are presented in table 6.8 

below, along with the estimated values for the initial population size and the final population size. 

Table 6.8.  Estimated Populations and Recovery to Full Recolonisation 

Estimated Initial  

Population Size*, and 
Estimated Final 

Population Size*, and  
Estimated Time (days) to 

recover Juvenile 

Stage 
+ – SE + – SE 50% of Final 95% of Final 

Eggs 7.2 (+2.0, -1.6) 12.8 (+2.7, -2.2) 50 70 

Small Larvae 19.2 (+3.7, -3.1) 16.3 (+3.5, -2.9) 50 79 

Large Larvae 69.5 (+19.0, -15.0) 43.4 (+9.2, -7.7) 25 45 

Pupae 0.66 (+0.33, -0.27) 10.1 (+1.6, -1.4) 50 69 

*  Measured as specimens per sample of 500cm2 of beach surface. Values include mean plus and 
minus (asymmetrical) standard errors. 

 

Recolonisation, as shown in this study, begins with the large larvae arriving rapidly after the 

larvicidal treatment. How this arrival could occur is discussed later in this section. The small larvae 

took a little longer to recolonise the beach, followed by eggs and finally pupae (figure 6.9).  
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Figure 6.9.  Recolonisation estimated by numbers of eggs, small larvae, large larvae, and pupae. 

It is clear that the recolonisation did not follow the simple and usual path of deposition of eggs, and 

development of later larval stages. Instead, the large larvae were the first to return to the beach. 

These findings support Reye’s suspicions, and the findings of Ferguson and Bell (1988), that large 

larvae would be and are the first to be recovered after a beach steril isation experiment. Even small 

larvae were detected before eggs were found.  

The question must be asked, then, if larvicides were applied, at low tide, all over the beaches of a 

canal system at one time, how is it possible for larvae, unless resistant to the larvicide, to find 

refuge in the otherwise uninhabitable beaches? The data (figure 6.3) show a rapid drop in numbers 

of live large larvae coincidentally with the larviciding treatment, so resistance is not the total 

answer to the question. Is it possible, that they are capable of free swimming in the open water, 

where the larvicide concentrations are sub-lethal, until the beaches become, once again, habitable? 

Does tidal action compromise the effectiveness of the treatments? Are there isolated locations on 

the beaches where the larvicides are not able reach?  

Some of the answers to these questions may be found in the method of larvicide application. 

Larvicides are applied on the sand through a ‘boom spray’  applicator, mounted on a 2-person boat  

(Ferguson & Cawthorne 1990) (figure 6.10). Operators within the boat alter the position of the 

boom spray, as required, to follow, as best they can, the contour of the beach to maximise coverage 

of surface area.  
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Figure 6.10.  Locations of larvae as reported in Kettle et al. (1979), and Chitra & Wild (1997) relative to tide 

levels on the beach. Tide levels on the beach are labelled: MHWS (Mean High Water Springs); 

MTL (Mean Tide Level); MLW S (Mean Low Water Spring); MHWN (Mean High Water 

Neaps); MLWN (Mean Low Water Neaps). The state of tide when larviciding could start is 

indicated with the dotted arrow.   

Even with an effective applicator, physical obstructions, such as high jetties and moored boats on 

the beach, do not allow a complete coverage of all areas of the beach (Allaway per.com. 1990). 

Consequently, a second team sprays, as much as possible, the ‘missed’  areas on the beach, on foot 

or from an all terrain vehicle, after the boat has passed. It can, thus, be assumed that this spraying 

should effectively reach most of the beach surface with larvicide, unless the beach is already 

covered by the incoming tide. 

Applications at low tide should ensure that the beaches are treated from well below the Mean Tide 

Level, which is below what was once thought to be the lower limit of larvae on the beach (e.g. 

Kettle et al. 1979). The attempt to cover as much of the beach surface as possible is in itself a race 

against time and tide. The first issue is one concerning tidal action. Larvae are sure to be missed as 

the tide rises above the low tide level. The second issue concerns the fate of the chemicals applied 

on the surface of the sand. It may well be that the rising tide dilutes or displaces the surface-applied 

chemical. 

It has been demonstrated in this study that habitats of juvenile forms, particularly eggs and larvae, 

may extend to well below the MTL (Chapters 2 and 3). The larvae of C. molestus are also mobile. 

Even the pupae have been observed to move vertically in agar medium, over short periods. I have 

also observed that the large larvae will pupate, even when recovered from the intertidal sand and 

kept in a container of fresh water for a period of up to two weeks. If kept in a moist environment, 
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they will then successfully emerge as apparently normal adults. Evidently larvae have the capacity 

to survive, and find refuge, by remaining below the water line, where they may be out of reach of 

control chemicals. Similarly, pupae may occur deeper in the sand and thus be protected from 

chemical exposure.  

It is curious that the small larvae had appeared in the samples taken from the beach before any eggs 

were recovered. The time it took for the eggs to eclose ranged between 4 days and 1.5 weeks when 

incubated at room temperature (21°C) in Petri dishes with moist filter paper (see Chapter 9). 

Despite the paucity of information concerning estimates of larval growth rates, it is unlikely that 

they develop so slowly that they had left the beach and returned, still as small larvae, in the 40 day 

time span between the spraying date and the first recovery. These small larvae must, therefore, 

have come from recently-laid eggs.  

According to the results, small larvae were found on January 3, two days before the eggs were 

recovered. The large larvae had been recovered in small numbers since December 1. Assuming that 

the habitability of the beach did not recover in a uniform fashion, it is possible that parts of the 

beach had become suitable for egg laying days before the first egg was found but that no egg was 

picked up in the samples taken.  

To the question of the incoming tide: chemicals recently applied to the surface of the beach may 

float with the rising water, and become dispersed to sub-lethal levels in the canal. The larvae that 

are deeper in the sand may be protected from larvicides applied in this manner. 

After the spraying, the live small larvae virtually disappeared, while numbers of dead small larvae 

were recovered: the highest count of dead larvae was on the day of spraying, with the numbers 

declining rapidly for the next few days. The sudden disappearance of the small larvae, and the 

limited recoveries of the dead large larvae suggest that there may be some refuge elsewhere to 

which large larvae retreated, and from which they returned to the beach, when it was no longer 

toxic.  

The large larvae were recovered as early as the 5th day after spraying (1 December), and had 

returned in larger numbers by 30 days post-spraying (25th of December). Perhaps they could have 

survived by being naturally resistant to the chemical, or they may have escaped exposure for a few 

days, and returned to portions of the beach where conditions had become more suitable for 

habitation. These larvae would then resume their normal development and later pupate.  

The pupae numbers were curiously low prior to spraying, and the final population level was very 

greatly larger. It is, as yet, unclear why this was so.  
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Questions raised by this study are directed to the early return of larvae. Although the results clearly 

indicate strong support for the theory that larvae are capable of free swimming, alternative evasive 

strategies of escape, such as a reservoir of larvae at the lowest and most inundated part of the 

beaches, thus minimally or unexposed to the treatment, still need to be investigated. The capacity 

for larvae to use the tides to move around on the beach is investigated in Chapter 8. 

In this study, pupae, probably derived from the new larvae  recolonising the beaches, and certainly 

in numbers well in excess of pre-spraying populations, were found by about day 70 post-spraying. 

This seems a strong indication that the egg to pupal period is less than 70 days. The generation time 

of this species comprises the sum of the durations of the egg, larval pupal and pre-oviposition adult 

stages. Results here suggest that the egg to commencement of pupal stage is no more than 70 days, 

and possibly rather less. It seems unlikely, therefore that the two generations per year suggestion 

made in Chapter 5 is correct, and the four generations per year model seems rather better supported 

by the data. 

6.6  Summary 

The recolonisation of the canal estate beach commenced with the recovery of large larvae and 

pupae. This recolonisation was followed, shortly after, by the recovery of small larvae and eggs. It 

appears that there is more than one way in which the beach may have been recolonised. 

Nevertheless, it is clear that the large larvae were the first to begin the process of recolonisation, 

instead of the expected recolonisation by deposition of eggs. The large larvae and small larvae may 

have survived extermination by: (i) finding refuge below the waterline during spraying; (ii) in areas 

of the beach (on or below the sand surface) possibly sheltered from lethal chemical exposure; or 

(iii ) avoiding exposure by swimming on the open water before returning to the beach when it was 

once again suitable for habitation. There is some support for the last option from the observation of 

the rapid disappearance of small and large larvae from the beach immediately after spraying, 

without a corresponding number of dead larvae, particularly large, being recovered.  

Curiously, the small larvae were encountered on the beach shortly before the eggs were found. It is 

plausible that oviposition had occurred elsewhere on the beach a week or more prior to the 

discovery of the eggs. This suggestion simply means that the beach had become suitable for larval 

colonisation as well as for oviposition a few days earlier than when the eggs were first encountered 

on the beach.  
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7  Optimum Feeding Time for Culicoides molestus 

Abstract 

More than 3000 female midges were collected in the field and kept in the laboratory for feeding 

trials. Nearly 900 of these midges fed on volunteers who exposed a forearm in the midge cage at 

various times. 

In only 3 of 29 trials conducted in daylight hours before 1700 did any feeding occur, and in those 

three successful trials 40 to 60% of midges fed. In 30 trials conducted after 1700 and as late as 

2040, feeding was observed in 29 trials, with up to 85% of females feeding in a particular trial. 

In the time-span 0600 to 2040, this species is very markedly an evening feeder, and feeding 

probably continues after the latest trials conducted here. 
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7.1  Objectives 

The objective of this study was to determine the optimum time of day to feed C. molestus in the 

laboratory.  

7.2  Methods 

A modified aerial net (figure 7.1) fitted with a containment unit at the end was designed and used 

to capture midges from the field. The containment unit was made of the top end of a plastic drink 

bottle, with the wider opening facing away from the net. A bottle screw cap, attached to a 

cardboard tube, was fitted on the end of the net to form an attachment between the net and 

container. A light plastic funnel attached to the inside of the tube formed a one-way valve 

channell ing all captured midges into the container. The container could easily be unscrewed and 

replaced with another container. The captured specimens in the containment units were regularly 

emptied into a small insectary (figure 7.2) used to transport midges to the laboratory.  

 

Cardboard tubing

Organza netting 

Field midge container 

Figure 7.1.  Modified aerial net with a midge container fitted to the end. 
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Figure 7.2.  Midge cage (insectary) for transporting live midges from the field and to feed midges in the 

laboratory (approximate overall dimensions 35 × 25 × 25 cm). 

The insectary was used to hold captured unfed midges from the field. It was also used to blood-feed 

the midges in the laboratory. The arm of a volunteer was inserted into the insectary through a 

zipper valve and sleeves sewn into the sides of the insectary. The midges were allowed to feed on 

the arm until such time that no more unfed midges would alight to blood-feed, at which time the 

arm was withdrawn from the insectary. 

Blood-feeding was undertaken at various times of the day, and on various volunteers. Unfed (figure 

7.3) and blood-fed (figure 7.4) midges could be easily differentiated visually. Against a lighted 

background, blood engorged females have conspicuously swollen abdomens, red with blood, while 

those of unfed midges have abdomens which are not swollen nor red.  

         

Figure 7.3. Unfed female C. molestus.                              Figure 7.4. Blood-fed female C. molestus. 
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7.3  Results, Discussion and Analysis 

The blood-feeding of the midges took place at various times of the day. A record of the blood-

feeding is presented in table 7.1.  

Table 7.1.  Results of blood-feeding at various times of day. 

Date Time 
of Day 

Numbers 
Caught 

Fed % 
Fed

Blood 
Source

Date Time 
of Day

Numbers 
Caught 

Fed % 
Fed 

Blood 
Source

08-Oct-99 10:30 25 10 40 CS 21-Jan-00 19:30 245 105 43 SH 

09-Oct-99 19:45 15 10 67 JF 22-Jan-00 19:10 200 40 20 GC 

12-Nov-99 13:00 30 0 0 JF 23-Jan-00 18:20 30 4 13 SH 

09-Dec-99 15:30 15 0 0 BM 23-Jan-00 19:10 20 1 5 EC 

15-Dec-99 12:15 20 0 0 EC 23-Jan-00 19:15 15 3 20 EZ 

16-Dec-99 10:00 5 0 0 EC 25-Jan-00 20:15 65 7 11 GC 

17-Dec-99 15:15 3 0 0 EC 28-Jan-00 19:40 40 30 75 SH 

24-Dec-99 11:00 25 0 0 EC 06-Feb-00 19:15 200 32 16 GC 

24-Dec-99 13:00 25 0 0 JF 11-Feb-00 20:10 150 31 21 EC 

24-Dec-99 13:30 25 0 0 CW 11-Feb-00 20:40 115 1 1 SH 

25-Dec-99 14:15 15 0 0 EC 12-Feb-00 14:20 50 0 0 EC 

28-Dec-99 13:20 20 0 0 EC 13-Feb-00 09:00 30 0 0 EC 

29-Dec-99 09:30 15 0 0 EC 15-Feb-00 10:00 15 0 0 EC 

30-Dec-99 14:10 10 0 0 EC 17-Feb-00 20:00 30 11 37 EC 

31-Dec-99 13:00 3 0 0 EC 18-Feb-00 11:40 15 0 0 EC 

01-Jan-00 14:20 10 0 0 EC 20-Feb-00 19:15 500 386 77 SH 

01-Jan-00 18:30 10 4 40 EC 23-Feb-00 11:00 10 0 0 EC 

02-Jan-00 17:00 10 3 30 EC 23-Feb-00 19:50 40 13 33 EC 

04-Jan-00 20:15 7 3 43 EC 25-Feb-00 14:00 30 0 0 EC 

05-Jan-00 08:00 7 0 0 EC 25-Feb-00 19:20 50 31 62 GC 

05-Jan-00 18:15 6 5 83 EC 27-Feb-00 18:50 10 0 0 GC 

11-Jan-00 17:50 7 4 57 EC 01-Mar-00 19:20 150 51 34 EC 

13-Jan-00 11:30 3 0 0 EC 02-Mar-00 17:00 120 23 19 GC 

16-Jan-00 18:15 20 15 75 EC 06-Mar-00 19:20 150 51 34 EC 

18-Jan-00 19:45 10 7 70 EC 10-Mar-00 12:00 40 0 0 EC 

19-Jan-00 12:30 6 0 0 EC 15-Mar-00 06:00 30 17 57 EC 

20-Jan-00 18:30 15 12 80 EC 21-Mar-00 11:30 15 0 0 EC 

20-Jan-00 19:45 35 27 77 PS 18-Mar-00 08:00 15 6 40 AC 

21-Jan-00 20:30 20 7 35 EC 22-Mar-00 10:00 10 0 0 EC 

21-Jan-00 19:20 250 5 2 CT 29-Mar-00 18:00 25 18 72 EC 
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7.3.1  Observations 

When an arm was introduced inside the insectary, the midges readily alighted and fed on the 

exposed arm. This response was improved notably when a bright source of light was used to 

il luminate the arm where the midges tended to congregate and feed. The best feeding response was 

obtained at times when the midges were fed as soon as possible after capture. The results indicate 

that there were times during the day when feeding was more likely to occur. This time was around 

and after sunset. 

It was observed that blood-fed females behaved differently from the unfed females. The majority of 

the unfed midges were nervous, continuously roamed the netting surface, and were strongly 

phototactic. Most of the blood-fed midges moved slower than the unfed midges, and tended to 

wander or fly towards the corners and edges of the insectary where they remained motionless, 

unless disturbed. Some of the blood-fed midges were also noted to be positively phototactic. 

However this condition lasted only for a short time post blood-feeding, after which they became 

negatively phototactic, and sought hiding places in the insectary. Other than the edges and corners 

of the insectary, hiding places included places into which the midges could wedge themselves, such 

as the small spaces between the Velcro™ attachments and the overlapping crevices of the cloth 

seams. 

As a casual observation, higher blood feeding rates were obtained on arms of two of the volunteers 

with denser hair cover (JF and CS). 

7.3.2  Time of Feeding 

The optimum feeding time appears to occur between 1700 and 21:00, when the number of females 

achieving successful blood-feeding reached over 80% (figure 7.5). Blood-feeding was also 

recorded on three occasions in the morning hours between 0600 and 1100. All  attempts to blood-

feed specimens between 1200 and 1500 were unsuccessful. 
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Figure 7.5.  Chart of feeding frequency results. 

 

7.4  Conclusions 

This study shows that the optimum feeding time for C. molestus occurs in the evening starting from 

1700 and 2100.  
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Abstract 

Difficulties have been encountered in keeping blood-fed or non-blood-fed adult midges alive (in 

the laboratory). In this study, methods were developed to maximise live blood-fed adult longevity. 

The incubator design, ventilation, supply of supplementary carbohydrate food, moisture abundance 

and type, substrate type and blood type were varied in an effort to achieve this outcome. A 

maximum mean survival in the laboratory of 13 days and successful egg maturation was achieved. 

The time to reach egg maturation is yet to be determined, but the longest surviving midges in 

groups which had an 8 day mean survival period developed mature eggs.  

The analysis revealed that substrate and moisture sources did not make any difference to the mean 

survival of either unfed or fed midges. Midges survived longer after feeding on volunteers with 

little previous exposure to midge bites, when given access to supplementary carbohydrate food 

(apple) and when kept in small cells comprising relatively simple apparatus.  

Laboratory oviposition was achieved using simple pipette bulbs and filter-paper-lined Petri dishes. 
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8.1 Objectives 

The purpose of this study was to develop a method with which to keep C. molestus alive in the 

laboratory so that they could mature eggs and oviposit in the laboratory. 

8.2  Methods 

The methods used in this study involved the development of various field collection equipment that 

would ensure the capture of healthy and live C. molestus for experiments in the laboratory. Other 

equipment was developed to aid in the maintenance of adult midges and egg maturation in the 

laboratory. 

8.2.1  Field Collection 

8.2.1.1 Capturing Midges Using Pipette Bulb (Experiments 1 to 3) 

The collection of all midges described in this chapter was made around sunset, when midge activity 

is high. The collector wore a long-sleeved shirt and long trousers with only one arm exposed to 

bites. The midges were allowed to land and feed on the collector (EC). Whilst feeding, a truncated 

pipette bulb1 (figure 8.1) was placed over the midge. Once satiated, each midge would fly up into 

the apparatus and be captured inside an individual cell. It was then brought back to the laboratory. 

This method of capture was used in experiments described in sections 8.2.3.1, 8.2.3.2 and 8.2.3.3, 

for experiments 1, 2 and 3, respectively. 

1cm 

Figure 8.1. Truncated pipette bulb with Gilson’s pipette tip as a plug, for capture live midges in the field.  

8.2.1.2 Capturing Midges Using an Aspirator (Experiments 4 to 6A) 

Midges were collected from the field by using a modified aspirator apparatus (figure 8.2) which 

allowed for quicker collection and minimal handling of specimens. The container of the aspirator 

was an 80�u26 mm polycarbonate specimen tube. Midges which landed on the collector (EC) were 

3 ml disposable polyethylene pipette 
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captured. Once each aspirator tube contained about 50 midges, it could be replaced quickly with an 

empty tube. The aspirator tubes were placed in a dark container and transported back to the 

laboratory. The experiments for which this method was used are described in sections 8.2.3.4, 

8.2.3.5 and 8.2.3.6, for experiments 4, 5 and 6, respectively.

m 

Midge intake 

Gilson’s pipette 
tip as a one way 
midge intake 

Polycarbonate 
tube module 
id~2.6cm; h~8c

Removable cap to 
empty contents 

Rubber valve 

Mouthpiece 

Air passage 

(approximately to scale) 

 Figure 8.2. A modified aspirator, allowing quick exchange of tubes. 

8.2.1.3 Capturing Midges Using an Aerial Net (Experiment 6B) 

Capturing fed or unfed midges with an aspirator was a convenient and quick method for obtaining 

field specimens in comparison to collecting them with the pipette bulbs described in section 

8.2.1.1. However, it also introduced another risk: an unknown degree of mechanical damage to the 

specimens. In this experiment, instead of collecting field-fed specimens with an aspirator (section 

8.2.1.2), a more efficient way of doing the collection, with greater numbers being caught, was to 

collect them with an aerial net (figure 8.3). The netting material was organza with mesh small 

enough to prevent midges from escaping, and also light and soft enough to probably avoid physical 

damage to netted specimens. After capturing the unfed midges in the net, the whole net was then 

secured in a dark and cool container for transport back to the laboratory. This method of capture 

was used in the experiment described in section 8.2.3.7 for experiment 7. 
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30cm 

60cm 

Figure 8.3.  Aerial net to capture midges. The net can be easily removed from the frame, or the whole net 

can be secured in a dark and cool container for transport to the laboratory. 

8.2.1.4 Capturing Midges Using a Modified Aerial Net (Experiments 7 to 16) 

A modified aerial net (figure 7.1) was used to obtain specimens from the field. The captured 

specimens in the containment units were regularly emptied into a small insectary (figure 7.2) used 

to transport midges to the laboratory. This process and the description of the equipment are 

described in chapter 7. All other experiments, beginning at section 8.2.3.8, described in this 

chapter, used this method of obtaining midge specimens from the field. 

8.2.2  Blood-feeding 

Blood-feeding is essential for providing female midges with protein to develop their eggs. There is 

no published evidence that this species can develop eggs autogenously (Kettle et al. 1979). 

8.2.2.1 Experiments 1 to 4A 

Blood-feeding for experiments 1 to 4A (sections 8.2.3.1 to 8.2.3.3) was achieved in the field, 

allowing the midges to feed on the collector. The collector (EC) wore protective clothing with only 

one arm exposed to bites, allowed the midges to land and feed on that arm. The fully-fed midges 

were captured and brought back to the laboratory.  

Experiments 4B to 6B used unfed midges and therefore need not be discussed here. 
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8.2.2.2 Experiments 7 to 16 

The procedure for blood-feeding midges in the laboratory has been described in Chapter 7, using 

the insectary shown in figure 7.2. Blood-feeding was usually performed as soon as possible after 

collection from the field. Results from Chapter 7 indicates that there are times during the day 

(around sunset) when feeding is more likely to occur. 

This method of blood-feeding midge specimens in the laboratory was used for the experiments 

described in sections 8.2.3.8 onwards. 

8.2.3  Maintenance of Adult Midges 

Each type of treatment container in this chapter is keyed to an experiment (i.e. experiment 1, 2, 3, 

etc…). 

8.2.3.1 Apparatus for Experiment 1 

This was an initial feasibility trial and involved control of three variables in the maintenance of the 

midges. The illumination (light or dark), substrate (paper towel, filter paper2, sand) and source of 

moisture (distilled, tap, canal water3, salt solution4) were each varied. The sand and canal water 

used were taken from Rosemont Avenue, Broadbeach, on the Gold Coast, and the salt used was 

ordinary table salt purchased from local supply stores. 

The containers used (figure 8.4) were made of clear polycarbonate plastic5 with a hole, 

approximately 3 cm in diameter, cut into the lid. The bottom of the tube was lined with the chosen 

substrate type, and kept moist with a chosen moisture source. All tubes had 20 ml of sand in the 

bottom of the container, and it was left uncovered or covered with a disk of filter paper or paper 

towel. The substrate was kept moist by adding 3 ml water to the sand every second day. Some of 

the containers were kept in a cardboard box (e.g. shoebox) to provide a dark environment. Others 

were kept on the laboratory bench under fluorescent light. 

2 Whatman® International Ltd. Maidstone, England, glass micro fibre 47 mm circles 
3 Canal water concentration is approximately 25% sea water concentration 
4 Regular table salt at canal water concentration 
5 250 ml polycarbonate plastic tube (internal diameter~4.2 cm; height~10.5 cm) 
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Hydrated apple 
square 

Organza netting 

250ml 
polycarbonate tube  
id~4.2cm; h~10.5cm 

Paper baffle 

Substrate 

(approximately to scale) 

Figure 8.4.  Apparatus for experiment 1 

Crumpled blotting paper strips were placed inside each of the containers to provide a surface upon 

which the midges could settle. The papers also assisted in preventing the midges from getting stuck 

to the walls. Organza netting material, over the top of the container, provided ventilation and also 

kept the midges from escaping. Hydrated apple (cut and soaked in water for approximately half an 

hour) was provided, as a source of carbohydrate. The apple was placed on the netting material, 

through which the midges could easily access the liquid from the cut surface. 

There were 12 containers (tubes) in all, with 10 midges per container. All containers were exposed 

to laboratory ambient temperatures ranging from 25°C to 30°C 6. Counts of live midges were taken 

daily and were recorded along with other observations on behaviour. 

8.2.3.2 Apparatus for Experiment 2 

The clear polycarbonate plastic tubes used in experiment 1 were also used here. The treatment 

combinations of illumination, substrate and moisture sources were the same as those used in the 

previous section (8.2.3.1) for experiment 1, but all combinations were used.  

The high temperature occurred during times when the laboratory air conditioning was not functioning over a period 
of a few days. 
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In addition to the crumpled strips of blotting paper, a ½ circle of filter paper7 was also placed inside 

the container, partly covering the container wall (figure 8.5). Instead of having just a moist 

substrate at the bottom of the container, the strip of filter paper functioned as a wick, absorbing 

moisture from the substrate creating humidity inside the tube. With the ventilated top, a humidity 

gradient should have developed in the tube, and the midges could then choose the most suitable 

level of humidity and remain at that level on the strips of blotting paper.  

Organza netting 
held down with 
screw cap 

Honey solution 
dispenser made 
with pipette bulb 

Filter paper 

Substrate 

Cotton wick 

(approximately to scale) 

Figure 8.5.  Apparatus used in experiment 2. The filter paper soaks up moisture from the substrate and 

creates a humidity gradient at different elevations above the substrate. A honey feeder was used 

to provide carbohydrate source. 

The carbohydrate source in this container was changed from a hydrated cut apple, placed at the top 

of the container, to a honey solution dispenser, attached to the side of the container. This change 

eliminated the risk of fungal growth on the netting, and the necessity to periodically replace the cut 

apple used in the previous experiment. 

8.2.3.3 Apparatus for Experiment 3 

The same apparatus and treatments in the previous section (8.2.3.2) were used in this experiment, 

however this time, the containers were maintained in a humid atmosphere by means of 

concentrated salt solution (figure 8.6). A dilute honey (20%) solution was provided to each 

treatment container as described in the previous section. No filter paper was used in the apparatus 

Whatman® International Ltd Maidstone, England, Qualitative Circles 90 mm 
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other than that provided as a substrate. Two humidity chambers were used: one exposed to light, 

and one in the dark, each containing 6 treatment containers (i.e. 12 in all). Cardboard covers were 

used to provide a darkened environment for the two dark chambers. 

Figure 8.6.  Apparatus for experiment 3. Midge treatment containers were placed inside a high humidity 
environment. 

8.2.3.4  Apparatus for Experiment 4 

In previous treatment containers there were problems with moisture condensing on the container 

walls. This moisture caused some midges to get stuck and die. Even when the containers were dry, 

midges that were still alive had been observed stuck to the container walls, evidently by static 

electrical charges.  

To eliminate the effects of the static electricity and moisture condensation, un-waxed paper cups8 

(figure 8.7) were used in place of the plastic tubes previously used. The paper cups were inverted, 

with windows cut into the top and side of the cup to enable observation of the midge activity. 

These windows were covered with organza to prevent escape. 

                                                           
8  Un-waxed, 946 ml paper cups, Solo® Cup Company, Urbana, Illinois, USA, h ~14.5 cm; rim diameter ~11.5 cm; 

base diameter ~8.5 cm. 

 

Humidity chamber 
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humidity 

Saturated saline 
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Treatment containers
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(approximately to scale) 

Figure 8.7.  Apparatus for experiment 4. Midge container made of un-waxed paper cup. Carbohydrate 
source was supplied through tubes at the ceiling of the container, accessible through organza 

mesh at the bottom of the tubes. Midge introductions and removals were done through the 

valve. Midge activity could be observed through the organza mesh on the side and top of the 

container. The Petri dish at the base of the container holds the substrate and moisture. 

A Petri dish was placed on the bottom of each upturned paper cup container, and filled with the 

appropriate substrate and moisture content. The moisture was replenished by syringe injection 

through a valve on the side of the container once every two days. Three types of carbohydrate 

sources (hydrated apple, date and dilute honey solution) were supplied from dispensers placed at 

the top of every container. These containers were also kept moist by adding small amounts of water 

periodically.  

Agar9, plain and saline, was included as substrates (table 8.1 below) in addition to those used in 

previous experiments, giving 32 containers from each group of treatments (unfed and fed midges). 

The plain agar matrix was made from distilled or tap water. The saline agar matrix was made from 

either canal water or a table salt solution. The table salt was added to distilled water until the 

salinity reached approximately 10 parts per thousand. This saltiness is approximately the level of 

Plain 0.7% agar Difco Corporation, MI, USA 
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salinity of the canal water from where larvae were extracted. A salinity meter10 was used to 

measure salinity so as to achieve a match with that of the canal’s brackish water.  

Table 8.1.  List of treatment combinations for experiment 4. 

Illumination Substrate Moisture 

distilled 

agar 
tapwater 

canal 

salt solution 

distilled 

Light / Dark 

filter paper 
tapwater 

canal 

salt solution 

distilled 

paper towel 
tapwater 

canal 

salt solution 

distilled 

sand 
tapwater 

canal 

salt solution 

This apparatus was used with both fed and unfed midges captured as such in the field by aspirator. 

Results for fed midges comprise experiment 4A, and unfed midges experiment 4B. 

8.2.3.5 Apparatus for Experiment 5 

It was postulated that midge longevity would be enhanced if some shelter was present in the 

container in which the midges could hide during times when they were not feeding. The shelter 

could be of two orientations: vertical and horizontal. Either directional movement could perhaps 

indicate what midges may do in search for shelter. The vertical movement could indicate whether 

or not they may prefer to move up to seek shelter, perhaps for height in trees, or down, in which 

case they may prefer to burrow in, perhaps in cracks and crevices, in the substrate. The horizontal 

movement may indicate shelter seeking in the substrate, shallowly, under leaves or other ground 

litter.  

A vertical criss-cross of corrugated cardboard baffle was suspended in the middle of each 

container, near the side window (figure 8.8). It was raised 5 cm from the bottom of the container, 

and the baffle itself was 6 cm high. The cross sectional space between the layers of cardboard could 

YSI model 30 handheld: salinity, conductivity & temperature system, YSI Incorporated, OH, U.S.A. 
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fit at least two midges. This provided enough room for them to move around once they had entered 

the artificial shelter. 

5 cm 

6 cm 

Plastic tubes holding 
carbohydrate source 

Organza netting 

Vertically oriented 
corrugated cardboard strips 

Petri dish containing 
substrate & moisture 

Plastic cover to 
prevent escape 

(approximately to scale) 

Figure 8.8.  Apparatus for experiment 5. Container with a baffle made of corrugated cardboard. The spaces 

between layers of he cardboard were meant to be for shelter, in which midges could crawl in to 

avoid light. 

The treatment combinations are as listed in table 8.1. Access to the carbohydrate source was 

provided from tubes at the ceiling of the container. The containers were checked each day for dead 

midges or to count those which had sought shelter in the vertical baffle. Spaces between the 

corrugated cardboard could be looked through from the window on the ceiling of the container. The 

lit bottom, seen through from the top, permitted midge to bee seen in the corrugations: where a 

passage was blocked and appeared dark, it was assumed that the cardboard was occupied by at least 

one midge. 

8.2.3.6 Apparatus for Experiment 6 

Instead of a vertical baffle as shelter, a horizontally oriented baffle was installed into this set of 

containers. The baffle was made out of the same corrugated cardboard as ones used in experiment 

5. It was in the shape of an arc, to fit the curvature of the paper cup cross section (figure 8.9), 

where it was fitted 5 cm from the base of the container. From the outside, the shelter penetrated the 

inside of the container wall, making a ledge approximately 1 cm wide. The outer edge was covered 

161 



8 Adult Maintenance and Oviposition in the Laboratory 

with plain writing paper, which could be removed to see if midges were in the holes. The paper 

also prevented the specimens from escaping. It was postulated that midges, which landed on the 

ledge, could crawl into the interstitial spaces of the corrugated cardboard, as they would if they 

were to land on a leaf or other foliage on the ground in their natural habitat. All of the habitat 

variables are listed in table 8.1. 

Plastic tubes holding 
carbohydrate source 

Organza netting 

horizontally oriented 
corrugated cardboard strips 

Petri dish containing 
substrate & moisture 

Plastic cover to 
prevent escape 

(approximately to scale) 

Figure 8.9.  Apparatus for experiment 6. Midge container has a horizontally oriented shelter made of 

corrugated cardboard. 

8.2.3.7 Midge Collection for Experiments 6 (A and B) 

An aspirator (figure 8.2) was used to collect unfed female midges for experiment 6A and an aerial 

net (figure 8.3) was used for experiment 6B. In the laboratory, the net-containment units were 

cooled to immobilise the midges and to avoid causing damage while transferring them into 

different containers (as in figure 8.9). Some unfed specimens were captured and placed 

immediately into their designated treatment containers, while others were placed into glass jars, 

with 30 to 40 specimens in each jar, to be blood-fed in the laboratory for other studies. The open 

ends of the glass jars were covered with organza material and secured with rubber bands around the 

rim of the opening. 
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8.2.3.8 Apparatus for Experiment 7 

In this experiment, the cells were empty (“dry cells”) apart from the single midge and contained no 

substrate, moisture, carbohydrate or hiding places (figure 8.10).  All occupied cells were kept in the 

dark in a constant temperature room at 21°C, which controlled humidity set at 90% RH. Sixty 

unfed midges (grouped in 20s for convenience), and 40 blood-fed midges (EC’s blood) (also 

grouped in 20s) were used for this experiment. The daily numbers of survivors were recorded. The 

dead midges were examined under a binocular microscope for the presence of eggs, to see if any 

had developed during incubation. 

(approximately to scale) 

Figure 8.10.  Apparatus for experiment 7. The containment cell was made of a truncated pipette bulb, and a 
Gilson’s pipette tip was used as the cover. Each cell contains one fed or unfed midge. 

8.2.3.9 Apparatus for Experiment 8 

Eighty midges were collected using the method described in section 8.2.1.4 (figure 8.4). Sixty were 

blood-fed on three naïve volunteers (i.e. little previous exposure to midge bites) (GC, FM, AC), 

twenty midges per person, and another twenty were fed on EC, who had been subject to many 

thousands of midge bites over the previous few years. Blood-feeding took place in the laboratory as 

soon as possible after capture. 

Each midge cell contained saline (canal water) agar as the substrate (figure 8.11), which served as a 

source of moisture and on which the midges could oviposit. No carbohydrate were given, and all 

the specimens were kept at a constant 21°C, and 90% RH. The number of live midges was counted 

daily. 

(approximately to scale) 

Saline agar 

Figure 8.11. Apparatus for experiment 8. Containment cell with saline agar. 
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8.2.3.10 Apparatus for Experiment 9 

Experiment 8 (section 8.2.3.9) was repeated in this section with 4 naïve volunteers (CS, GC, JF, 

SH), and one long-exposed volunteer (EC). Again, the blood-fed midges were kept in individual 

cells with saline agar substrate (figure 8.12) upon which the midges could oviposit. Due to the 

scarcity of specimens from the field at the time of this experiment, only ten midges were fed per 

subject. Each midge was kept in an individual cell. The open end of the cell was pushed deep 

enough into an apple square such that the attachment remained firm, and from which the midges 

could not escape. Apple squares were used as plugs, instead of Gilson’s pipette tips, in this 

experiment, to provide a source of carbohydrate. All specimens were kept in dark at and ambient 

temperature of 22°C. Live midges were counted daily. 

(approximately to scale) 

Figure 8.12. Apparatus for experiment 9. Containment cells containing saline agar substrate plugged into an 

apple square. 

8.2.3.11 Apparatus for Experiment 10  

In this experiment, the closed environment permitted several choices for the midge: blood-fed 

midges could choose the kind of environment they would find the most suitable in which to hide 

during egg maturation (figure 8.13). Once eggs were matured, they could then choose an 

environment suitable for oviposition. Ten midges were fed on each of two naïve volunteers (FM 

and AC), and then they were placed into two separate introduction cells (G) and attached to the 

apparatus. Each apparatus was then kept in a separate cardboard box which was placed in a 

constant temperature facility set at 21°C. A blackened 75 Watt electric light bulb was used to raise 

the ambient temperature for the second box to approximately 35°C. The blackened light bulb was 

placed inside the shoebox adjacent to the apparatus. 
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Figure 8.13.  Apparatus for experiment 10. Choice experiment set up with cells connected through apple 

square joints. Environmental conditions inside each cell varied according to the substrate type. 
Cell G is the introduction cell, where midges were first introduced to the apparatus. A window 

has been cut out from a section of cell F, and covered with organza. 

All of the environmental variables used and their related cell labels are given in table 8.2. The 

carbohydrate source was in the form of squared apple blocks, used as connectors between cells, 

such that the midges could wander through the ‘corridors’ in search for optimum conditions. The 

frequency of visits into each cell, labelled A to G, was recorded once daily until all the midges 

were dead. Visual checks on cell substrates for recent oviposition were also performed daily.  

This experiment was not completed due to a fault in the apparatus design, i.e. the squared apple 

blocks were not secure connectors between the various cells. As the apple blocks dried, they shrank 

and allowed the midges to escape. 

 

(approximately to scale) 
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Table 8.2. Environmental variables for experiment 10. 

Temperature Substrate Illumination Cell Type Cell Label 

Plain agar Light Normal A 

Saline agar Light Normal B 

None Dark Normal C 

21°C Sand Light Normal D 

None Light Normal E 

None Light Windowed F 

None Light Intro-cell G

E
nv

iro
nm

en
ta

l V
ar

ia
bl

es
 

Plain agar Light Normal A 

Saline agar Light Normal B 

None Dark Normal C 

35°C Sand Light Normal D 

None Light Normal E 

None Light Windowed F 

None Light Intro-cell G 

Cell A – plain agar matrix made from tap water; 
Cell B – saline agar matrix made from canal water;  
Cell C – dark, opaque sheaths used darken cell; 
Cell D – unwashed canal sand used as substrate;  
Cell E – no substrate;  
Cell F – rectangular windows cut into the pipette bulb, covered with organza to
 prevent escape. 

8.2.3.12 Apparatus for Experiment 11 

This experiment used apparatus similar to that described in the previous section (8.2.3.11), but it 

was redesigned to ensure the midges did not escape through the apple connector blocks. This time, 

the apple connectors were replaced with wooden ones to ensure tight fitting attachments (figure 

8.14) from which the midges could not escape. The experiment was carried out at two different 

temperatures: 21°C and 35°C. Instead of having a blank, normally lit cell E, the cell contained cut 

apple as its source of carbohydrate. Treatment combinations are given in table 8.3.  
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Figure 8.14.  Apparatus for experiment 11. Similar design as that of the apparatus 11 with the exception of 
the use of wooden joints rather than apple squares. 

Table 8.3.  Environmental variables for experiment 11 

Four temperature trials were undertaken. Two temperature trials were run together, when the 

constant temperature room was set at 21°C, while another two trials were run when the constant 

temperature room was set at 35°C. This avoided the use of any heating component. 

Live counts were recorded daily, with the dead midges being checked for the presence of matured 

eggs. 

8.2.3.13  Apparatus for Experiment 12 

In this experiment, blood-fed midges were maintained in separate, dry containment cells. The cells 

were implanted into the core of an apple, which thus acted as a base for the individual containment 

cells and also provides moisture and a source of carbohydrate (figure 8.15). Each cell contained 

one midge. 
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Figure 8.15.  Apparatus for experiment 12. Apple core used as base for plugs of individual containment 
cells. 

8.2.3.14  Apparatus for Experiment 13 

Fresh field specimens were fed on naïve volunteer GC’s blood. A set of cells was attached to one 

another with wooden joints, such that there was at least one pair of cells for each of the three 

possible orientations: up, down and laterally (figure 8.16). All the cells were identical and 

contained no supplementary sources of moisture, substrate or carbohydrate. The cells could only be 

distinguished by their orientation, relative to the cell from which the ten midges were introduced 

into the system. To introduce midges, one of the sheathed cells (d1) was removed and replaced 

with another containing ten midges.  

 

 

Dry cells 
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Figure 8.16.  Apparatus for experiment 13. The cells were numbered for convenient cell identification and 

cell referral in the presentation of results (e.g. cell 2.4 refers to the 4th diagonally positioned 

cell, 1.1 refers to a horizontally positioned cell, and d2 identifies the darkened cell closest to 

the diagonally positioned group of cells). 

To maintain high relative humidity, the setup was placed within a closed chamber (a plastic box 

similar to that used in section 8.2.3.3 (figure 8.6) and was partly filled with concentrated saline 

solution. Props were used to keep the apparatus from coming into contact with the water at any 

time during the experiment. Although the polythene bulbs would be completely impervious to 

moisture, there would be some stabilisation of the humidity between the outside atmosphere and 

the inside by diffusion through the wooden blocks. Therefore, it was assumed that the humid 

outside atmosphere had created a humid atmosphere inside the apparatus due to diffusion through 

the timber. 

Each cell was labelled for easy identification. Once daily, the number of midges in each cell was 

counted. The abdomens of the dead midges were checked for the presence of any eggs. 

8.2.3.15  Apparatus for Experiment 14 

Only unfed females were used in this trial. A structure similar to experiment 13 was set up, but 

with only six cells (figure 8.17). Four of the cells were horizontally oriented and two were 

vertically oriented. Of the four horizontal cells, two were darkened using opaque sheaths and 

positioned opposite each another. The rest of the cells were left exposed to ambient lighting 

conditions. No substrates or carbohydrate sources were used in any of the cells. 
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Figure 8.17.  Apparatus for experiment 14. The cells were numbered for convenient cell identification and 

cell referral in the presentation of results. 

Three sets of cells were constructed. Each was exposed to one of the three different ambient 

conditions summarised in table 8.4 below. The first set was a closed container (similar to the one 

used in figure 8.6 (section 8.2.3.4). It was partly filled with concentrated saline solution to maintain 

a high relative humidity. The second set was left exposed to ambient laboratory conditions. The 

third set was placed in a constant temperature facility, with relative humidity set at 70%. Since the 

laboratory ambient temperature fluctuated between 22°C and 23°C, the constant-temperature room 

was set to approximately that temperature, i.e. 22.5°C. The average relative humidity in the 

laboratory at the beginning of this experiment was measured with a whirling hygrometer and was 

approximately 60%. 

Table 8.4. Environmental variables for experiment 14 

 

 

 RH-Chamber Laboratory CT-Room 
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8.2.3.16  Apparatus for Experiment 15 

Studies have shown that carbohydrates play an important role in midge survival, in nature, as well 

as in the laboratory. This experiment was designed to determine whether blood-fed and unfed 

midges prefer to remain near a carbohydrate source after blood-feeding in the laboratory. If they 

do, then it was assumed that unfed midges would be found more frequently in the agar cell than 

would the blood-fed midges. Having obtained a blood-meal, blood-fed females would not need as 

much carbohydrate as the unfed midges.  

Three groups of unfed and three groups of blood-fed midges, in groups of five, were contained in 

individual darkened cells. Each cell containing midges were introduced into the apparatus shown in 

figure 8.18. In this “choice” experiment midges could move towards plain agar or cut apple. The 

plain agar provided humidity only, while the apple provided humidity and carbohydrates. Daily 

counts were taken of the live midge numbers and the cell in which they were located was recorded. 

Figure 8.18.  Apparatus for experiment 15. Midges were introduced into the system from a darkened cell 
placed in the middle of the apparatus.  Once in the apparatus, midges could choose a preferred 

environment. 

Due to the low number of available midges from the field at the time of this experiment, only five 

midges for each feed status were used in each apparatus. Survivability for both the unfed and the 

blood-fed midges was also assessed for three different environments (laboratory bench, high 

humidity chamber and constant temperature room). There were two replicates per nourishment 

status per environment.  

 

(approximately to scale) 

Cut apple

Plain agar
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8.2.3.17 Apparatus for Experiment 16 

Experiments reported earlier (sections 8.1.3.1 to 8.1.3.4 and 8.1.3.9 to 8.1.3.12) had tested canal 

water or other artificial substrates on which field collected eggs had hatched. These substrates, 

while possibly suitable for rearing eggs to eclosion, are apparently unsuitable for oviposition. 

Whatever it is that the midges look for in sites suitable for oviposition can probably be found on the 

beaches themselves. 

To acquire the “unknown” element or elements from the breeding sites, filter paper was used to 

absorb moisture on the sand at low tide by leaving them on the moist substrate for approximately 

3 hours. The beach site chosen was Rosemont Ave., Broadbeach Waters, where studies on the 

juvenile distribution (Chapters 2 and 3) were undertaken. Multiple sheets of filter paper were 

placed at different positions across the beach, corresponding to positions 3, 4 and 5 on the 5�u5 plot 

described in Chapter 2, where the eggs had been recovered. During collections, the surface of the 

filter paper was checked for recently oviposited eggs, however none were found. Blank “imbibed” 

filter paper sheets were placed in airtight zip-lock bags, and brought back to the laboratory. Each 

set of filter paper sheets from each position was placed in a Petri dish (figure 8.19). Some distilled 

water was added every second day to keep the filter paper moist. Three replicates were used for 

every position on the sample plot, with each being placed into the container the five blood-fed 

midges were introduced. All midge specimens were fed on the blood of volunteer AC. The midges 

were captured and fed on the same day as the filter papers were obtained from the beach. These 

plates were monitored daily for dead midges, those with matured eggs and for any oviposited eggs 

on the filter papers. 

Ventilation screen 

Layers of filter paper 
soaked in canal water at 
various positions across 
the beach 

(approximately to scale) 

Figure 8.19.  Apparatus for experiment 16. Filter paper in an oviposition chamber 
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8.2.3.18 Apparatus for Experiment 17 

This experiment combined the methods used for maintaining adult midges in the laboratory, 

described in section 8.2.3.13 with the use of similar apparatus set up as described in the previous 

section 8.2.3.17, however, distilled water was used as a source of moisture instead of beach-

imbibed canal water. Blood-fed midges were placed in individual cells, connected to apple, and 

given time to digest their blood-meal. Five midges were removed every second day and placed into 

Petri dishes (figure 8.20) partially lined with filter paper moistened with distilled water. All dishes 

were kept in a plastic box and kept away from light other than when removed for observations. Ten 

midges were removed every second day. The dead midges were checked for the presence of eggs in 

their abdomen. 

(approximately to scale) 

Midge cell attached 
to Petri dish 

Filter paper quarter 
moistened with distilled 
water 

Figure 8.20.  Apparatus for experiment 17. A detachable pipette bulb was used to hold a number of midges 

for easy introduction into the apparatus to avoid any risk of specimens escaping. 
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8.2.4  Numerical Treatment 

The number of midges found alive each day was recorded for each apparatus and these data used to 

calculate “mean survival”. This result is a measure of the average survival of each midge (in days) 

in any apparatus. The calculation is summarised in the equation below: 

�¦ �>(S �� Sd ) �u d �@
�� 5 . 0 d ��1Survival Mean �  

S 0 

where d is the number of days from commencement until a given day on which S midges still 

survived, and so Sd is the number of midges surviving on day d, and Sd–1 is the number surviving on 

the previous day, S0 the number with which the experiment commenced and (Sd–1 – Sd) represents 

the number of midges that had died between day d–1 and d. 

For example, if all of the specimens had died by the second day (day 1, counting the set up day as 

day 0), then the mean survival would be 0.5. If, in a different data set, they all died on the third day 

(day 2) after introduction into that apparatus (assuming no deaths on the second day), the calculated 

mean survival would be 1.5 days, and so forth. 

8.2.5  Statistical Analysis 

The general linear factorial ANOVA was used to determine any significance in the differences of 

mean survival between treatments for each of the experiments performed. The calculated mean 

survival in days for each of the treatments is the dependent variable, such that apparatus type in 

each treatment combination in each experiment provided a single data point for the analysis of 

variance. For example, in the 2�u3�u4 design of experiment 1, comparing light and dark illumination 

by three kinds of substrate by four kinds of moisture, each treatment combination obtains one 

dependent data point (i.e. 24 cases). 

In most instances, this meant that a full factorial design could not analysed, but, given that the 

interest lies in the main effects, a mains effect ANOVA was often used, or only lower order 

interactions were estimated. 
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8.3  Results and Analysis 

For each of the results presented below, the apparatus type is illustrated at the top of the results 

tables. The full data table is reproduced in Appendix 4. 

8.3.1  Exploratory Experiments 1 to 3 

8.3.1.1 Experiment 1 

The midges captured after being blood-fed in the field were transferred into apparatus type 1 

(figure 8.4) in groups of 10. The mean survival in various conditions is listed in table 8.5. 

Table 8.5.  Results for experiment 1.  

Illumination Substrate Moisture Mean survival (days) 

filter paper 
distilled water 

salt solution 

0.6 

0.5 

light paper towel 
distilled water 

salt solution 

0.5 

0.5 

sand 
distilled water 0.5 

salt solution 0.5 

filter paper 
tapwater 

canal water 

0.5 

0.5 

dark paper towel 
tapwater 

canal water 

0.5 

0.5 

sand 
tapwater 

canal water 

0.5 

0.5 

Observations: Midges were rarely observed to settle on the crumpled strips of paper. During 

observations, midges continuously roamed on the sides of the containers, with most midges 

continuing to fly upwards, crawling on the netting material. Some midges became and remained 

stuck to the moist substrate. None were observed to have taken a carbohydrate meal. In almost all 

cases, midges died by the second day. Most of the midges were found adhered to the moist strips of 

paper or the walls of the container. The dead midges stuck on the container walls had shrunken 

abdomens, while those which were found on the moist substrate appeared to be normal, with the 

red colour from the blood-meal still visible through the cuticle. No eggs were found on any of the 

substrates provided.  
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8.3.1.2 Experiment 2 

Field blood-fed and captured midges were transferred into apparatus type 2 (figure 8.5). The 

environmental variables used in this experiment and mean survival times are given in table 8.6. 

Table 8.6. Results for experiment 2. 

Illumination Substrate Moisture Mean survival (days) 

distilled water 0.5 

filter paper 
tapwater 

canal water 

0.5 

0.6 

salt solution 0.5 

distilled water 0.8 

light paper towel 
tapwater 

canal water 

0.5 

0.5 

salt solution 0.5 

distilled water 0.5 

sand 
tapwater 

canal water 

0.5 

0.5 

salt solution 0.5 

distilled water 0.5 

filter paper 
tapwater 

canal water 

0.5 

0.5 

salt solution 0.7 

distilled water 0.5 

dark paper towel 
tapwater 

canal water 

0.6 

0.5 

salt solution 0.5 

distilled water 0.9 

sand 
tapwater 

canal water 

0.5 

0.5 

salt solution 1.1 

Observations: As was observed in the previous trial, midges were again seen constantly to fly 

upwards toward the light. The modifications made to the container, to vary the distributions of 

humidity within the container, did not seem to make any difference to midge survival or behaviour. 

Again, almost all midges died by the second day. Some midges were stuck to the container walls 

by their wings, or onto the filter paper. Two dead midges were found on the tip of the honey 

solution dispenser. This find may be an indication that at least two of the midges sought a 

carbohydrate meal. No eggs were found. 
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8.3.1.3 Experiment 3 

Midges which had been captured after blood-feeding on the field were placed in groups of 10 into 

each treatment container (figure 8.5). The treatment containers were then placed inside humidity 

chambers in groups of 6 (figure 8.6). Mean survival figures for the various combinations of 

conditions are given In table 8.7. 

Table 8.7.  Results for experiment 3 

Illumination Substrate Moisture Mean survival (days) 

distilled water 0.5 

filter paper 
distilled water 

tapwater 

0.5 

0.5 

light 

paper towel 

salt solution 

distilled water 

salt solution 

0.8 

0.5 

0.5 

sand 
canal water 

canal water 

0.5 

0.5 

distilled water 0.5 

filter paper 
tapwater 

tapwater 

0.7 

0.5 

dark 

paper towel 

salt solution 

tapwater 

canal water 

0.5 

0.5 

0.5 

sand 
canal water 

canal water 

0.5 

0.5 

Observations: Once again, almost all specimens were found dead by the second day. In 6 out of 16 

containers, midges were found stuck to the honey source. The rest were stuck on the walls of the 

container and were found on the substrate at the bottom of the tubes. No eggs were recovered from 

any of the substrates. 

8.3.1.4 Overall Effects in Experiments 1 to 3 

The relatively sparse data obtained from experiments 1 to 3 were analysed by factorial ANOVA, in 

a 4-way factorial ANOVA (apparatus × light × substrate × moisture), estimating only the first order 

interactions and main effects. Only the light × substrate interaction was significant, and it was at 

p = 0.015. No term involving apparatus had a p < 0.25. 

The analysis was repeated without the apparatus variable, and the 3-way first order factorial 

ANOVA is reported in table 8.8. Once again, only the light × substrate interaction was significant. 
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Table 8.8.  Factorial ANOVA results for apparatus 1, 2 and 3. 

Effect SS df MS F p 

Illumination 0.0376 1 0.0376 0.45 0.55 

Substrate 0.0239 2 0.0119 0.14 0.87 

Moisture 0.0898 3 0.0299 0.80 0.54 

Illumination × Substrate 0.1281 2 0.0641 6.28 0.0048 

Illumination × Moisture 0.0821 3 0.0274 2.68 0.062 

Substrate × Moisture 0.1348 6 0.0225 2.20 0.067 

Residual 0.3471 34 0.0102 

According to the interaction plot (figure 8.21), the mean survival is only ~0.55 days, and this is 

unaffected by light or substrate where the substrates are filter paper or paper towel, but in the case 

of sand substrates, survival is lower (~0.50) days in the light and higher (~0.70 days) in the dark.  

These differences are only very small and midge longevity was very short, but the existence of 

some significant differences in survival attributable to the conditions in which the midges are kept 

gives support for the hypothesis that a favourable environment can be identified. 
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Figure 8.21.  Interaction plot for Illumination × Substrate for data from experiments 1 to 3 (pooled) (means 

and 95% confidence intervals). 
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8.3.2  Longevity Experiments 

8.3.2.1 Experiment 4A 

Midges were captured after being blood-fed in the field. They were then transferred in groups of 

ten into each treatment container (figure 8.7). The results for the combinations of variables are 

given in table 8.9.  

Table 8.9.  Results for experiment 4 — blood-fed midges. 

Illumination Substrate Moisture Mean survival (days) 

light agar distilled water 

tapwater 

canal water 

1.8 

1.3 

1.6 

salt solution 1.6

 filter paper distilled water 

tapwater 

canal water 

1.0 

0.7 

1.7 

salt solution 1.1

 paper towel distilled water 

tapwater 

canal water 

2.2 

1.2 

0.8 

salt solution 1.8

 sand distilled water 1.3 

tapwater 

canal water 

1.5 

1.2 

salt solution 0.5 

dark agar distilled water 

tapwater 

canal water 

2.1 

1.0 

1.0 

salt solution 1.1

 filter paper distilled water 

tapwater 

canal water 

1.6 

1.0 

0.5 

salt solution 2.0

 paper towel distilled water 

tapwater 

canal water 

2.1 

1.0 

1.6 

salt solution 1.1

 sand distilled water 1.5 

tapwater 

canal water 

1.9 

0.6 

salt solution 1.1 
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Observations: Survival improved a little under these conditions. Some midges were still alive by 

the end of the third day. The mean survival of blood-fed midges in a container ranged between 0.5 

and 2.2 days. No midges, alive or dead, were observed stuck to the walls of the container. Dead 

midges were usually found at the bottom of the container, on or near the Petri dish. In most 

containers, one or more midges were also stuck to the bottom of a carbohydrate dispenser, where 

the sugary fluids seeped. This observation seems to suggest that midges do seek carbohydrate 

meals even after taking a blood-meal.  

The abdomens of these fed flies were dissected to check for the presence of eggs, however none 

were detected. Many had partly distended crops filled with a clear liquid, again suggesting that 

carbohydrate feeding had taken place. Other Culicoides species have been reported to display a 

similar condition after having taken sugar meals (Jamnback 1961, Linley 1965, 1966b, Magnarelli 

1978, Mullens 1985, Lillie and Kline 1986). It seems likely that the clear liquid was a sugar 

solution from the carbohydrate meals taken before capture or during captivity. 

A pale, reddish colour could be seen on the side of the first to the fourth abdominal segments. 

However, it is not clear whether this was an indication of multiparity. Some newly emerged lab-

reared flies, which had not obtained any blood-meal, also had a similar, but much paler, reddish-

brown abdominal wall pigmentation. The colour of the latter, however, was more uniformly and 

ventrally spread over all the abdominal segments. 

Analysis: a three-way second-order factorial ANOVA (i.e. containing only main effects and one-

way interactions) was computed on the mean survival values. The ‘strongest’ effect in the model 

was highly non-significant (p = 0.33). The model was re-computed as a three-way main effects 

ANOVA and again no effects were significant. The ANOVA table is reproduced in table 8.10. 

Table 8.10.  Main Effects ANOVA results for apparatus 4, blood-fed midges. 

Effect SS df MS F p 

Illumination 0.0003 1 0.0003 0.0015 0.97 

Substrate 0.5309 3 0.1770 0.86 0.47 

Moisture 1.5809 3 0.5270 2.57 0.077 

Residual 4.9125 34 0.2047 

8.3.2.2 Experiment 4B 

Midges were captured without being blood-fed in the field. They were then transferred in groups of 

ten into each treatment container (figure 8.7). The results for the combinations of variables are 

given in table 8.11.  
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Table 8.11.  Results for experiment 4 — non-fed midges. 

Illumination Substrate Moisture Mean survival (days) 

distilled water 2.10 

agar 
tapwater 

canal water 

2.40 

2.55 

salt solution 1.15 

distilled water 2.20 

filter paper 
tapwater 

canal water 

2.00 

2.15 

light 
salt solution 

distilled water 

2.25 

1.80 

paper towel 
tapwater 

canal water 

2.05 

1.65 

salt solution 1.00 

distilled water 1.70 

sand 
tapwater 

canal water 

0.90 

1.65 

salt solution 2.05 

distilled water 1.70 

agar 
tapwater 

canal water 

2.35 

2.85 

salt solution 1.45 

distilled water 1.70 

filter paper 
tapwater 

canal water 

1.95 

1.95 

dark 
salt solution 

distilled water 

1.45 

2.00 

paper towel 
tapwater 

canal water 

2.10 

1.35 

salt solution 2.25 

distilled water 2.35 

sand 
tapwater 

canal water 

1.55 

2.10 

salt solution 2.25 

Observations: Survival improved further with unfed flies. Some midges were still alive by the end 

of the fourth day and a few on the fifth. The mean survival of blood-fed midges in a container 

ranged between 0.9 and 2.85 days. Otherwise, observations are similar to those made on fed 

midges in this same apparatus.  

Analysis: a three-way second-order factorial ANOVA (i.e. containing only main effects and one-

way interactions) was computed on the mean survival values. The ‘strongest’ effect in the model 

(the substrate × moisture interaction; p = 0.045) was only barely significant at �D = 0.05, as shown 

in table 8.12. Taking this interaction as being probably of little importance, the model was re­
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computed as a three-way main effects ANOVA and no effects were significant. The ANOVA table is 

reproduced in table 8.13.  

Table 8.12.  Factorial ANOVA results for apparatus 4, non-fed midges. 

Effect SS df MS F p 

Illumination 0.0957 1 0.0957 0.48 0.59 

Substrate 0.4302 3 0.1434 0.26 0.85 

Moisture 0.3815 3 0.1272 0.45 0.73 

Illumination × Substrate 0.8627 3 0.2876 2.59 0.12 

Illumination × Moisture 0.0702 3 0.0234 0.21 0.89 

Substrate × Moisture 3.3063 9 0.3674 3.31 0.045 

Residual 1.0001 9 0.1111 

Table 8.13.  Main Effects ANOVA results for apparatus 4, blood-fed midges. 

Effect SS df MS F p 

Illumination 0.0957 1 0.0957 0.44 0.51 

Substrate 0.4302 3 0.1434 0.66 0.59 

Moisture 0.3815 3 0.1272 0.58 0.63 

Residual 5.2394 24 0.2183 

8.3.2.3 Effects of Blood-Feed Status in Experiment 4 

All the data obtained from experiment 4 were combined, to permit a four-way second order 

factorial ANOVA to be computed (blood-feed status × light × substrate × moisture). The ‘strongest’ 

interaction term had a very weak (non)significance of p = 0.25, and the strongest main effect was 

blood-feed status with p = 0.087. A main effects ANOVA was then computed, and the blood-feed 

status term was very highly significant (p = 6.1×10–6). The ANOVA table is given in table 8.14. 

Table 8.14.  Main Effects ANOVA results for apparatus 4, all midges. 

Effect SS df MS F p 

Blood-feed Status 5.319 1 5.319 25.04 6.1×10–6 

Illumination 0.043 1 0.043 0.20 0.66 

Substrate 0.507 3 0.169 0.80 0.50 

Moisture 0.940 3 0.313 1.48 0.23 

Residual 11.682 55 0.212 

Clearly, the survival of midges in the laboratory is strongly affected by whether they have been fed, 

or not. Figure 8.22 shows the actual effects of blood-feed status on longevity. The effect is most 

remarkable: as is clear from figure 8.22, the midges actually live longer when unfed (~1.85 days) 

than when fed (~1.3 days)! 
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Figure 8.22.  Mean survival fed and unfed in experiment 4 (means and 95% confidence intervals) 

8.3.2.4 Experiment 5 

Midges were collected unfed from the field using an aspirator, returned to the laboratory and placed 

into un-waxed paper cups (figure 8.8), each of which was equipped with a substrate/moisture 

container, carbohydrate dispensers and vertically positioned artificial shelter. The results from the 

combinations of variables examined are given in table 8.15. 

Observations: At no time were midges observed to have used the baffle as shelter. The mean 

survival ranged between 0.5 and 2.85 days. The dead midges were found scattered at the bottom of 

the containers, with a few stuck to the carbohydrate source. No eggs were detected in any of the 

dead midges or on any of the containers.  

Analysis: The strongest interaction term had a very weak (non)significance of p = 0.49, and the 

strongest main effect was substrate with p = 0.49. Given the complete lack of value of the 

interaction terms, a main effects ANOVA was then computed. According to the main effects 

ANOVA, no variable used in this experiment had any significant effect on mean survival. The main 

effects ANOVA is reported in table 8.16. 
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Table 8.15.  Results for experiment 5. 

Illumination Substrate Moisture Mean survival (days) 

distilled water 1.85 

agar 
tapwater 

canal water 

2.00 

1.30 

salt solution 2.10 

distilled water 1.50 

filter paper 
tapwater 

canal water 

1.85 

0.70 

light 
salt solution 

distilled water 

1.65 

1.05 

paper towel 
tapwater 

canal water 

0.90 

1.65 

salt solution 2.85 

distilled water 1.20 

sand 
tapwater 

canal water 

1.40 

0.65 

salt solution 0.50 

distilled water 2.60 

agar 
tapwater 

canal water 

1.55 

0.50 

salt solution 0.90 

distilled water 1.25 

filter paper 
tapwater 

canal water 

0.60 

2.30 

dark 
salt solution 

distilled water 

2.65 

1.60 

paper towel 
tapwater 

canal water 

2.20 

2.10 

salt solution 1.55 

distilled water 1.55 

sand 
tapwater 

canal water 

1.80 

0.75 

salt solution 0.50 

Table 8.16.  Main Effects ANOVA results for apparatus 5. 

Effect SS df MS F p 

Illumination 0.049 1 0.049 0.11 0.74 

Substrate 2.221 3 0.740 1.65 0.21 

Moisture 0.636 3 0.212 0.47 0.70 

Residual 10.799 24 0.450 

184 



8 Adult Maintenance and Oviposition in the Laboratory 

8.3.2.5 Experiment 6A 

Midges were collected unfed in the field using a modified aspirator (figure 8.2), returned to the 

laboratory and placed in paper cups, containing a Petri dish and horizontally positioned shelter. The 

list of treatment combinations and means survival figures is given in the Results table 8.17. 

Table 8.17.  Results for experiment 6A (use of aspirator). 

Illumination Substrate Moisture Mean survival (days) 

distilled water 3.10 

agar 
tapwater 

canal water 

1.85 

1.60 

salt solution 2.10 

distilled water 2.80 

filter paper 
tapwater 

canal water 

2.10 

1.30 

light 
salt solution 

distilled water 

0.80 

1.15 

paper towel 
tapwater 

canal water 

2.45 

1.95 

salt solution 1.65 

distilled water 1.60 

sand 
tapwater 

canal water 

1.60 

0.80 

salt solution 0.60 

distilled water 1.00 

agar 
tapwater 

canal water 

1.95 

0.95 

salt solution 2.35 

distilled water 1.45 

filter paper 
tapwater 

canal water 

2.70 

1.55 

dark 
salt solution 

distilled water 

1.25 

2.50 

paper towel 
tapwater 

canal water 

2.40 

0.65 

salt solution 1.25 

distilled water 0.50 

sand 
tapwater 

canal water 

0.75 

0.50 

salt solution 1.80 

Observations: No midges were ever seen using the shelter. The range of mean survival changed 

little from experiment 5, with a minimum of 0.50 and maximum of 3.10 days.  
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Analysis: The strongest interaction term had a very weak (non)significance of p = 0.44, and the 

strongest main effect was substrate with p = 0.51. Given the complete lack of value of the 

interaction terms, a main effects ANOVA was then computed. According to the main effects 

ANOVA, there was a weakly significant (p = 0.043) effect of substrate type on mean survival. The 

main effects ANOVA is reported in table 8.18 and the weak substrate effect is plotted in figure 8.23. 

Table 8.18.  Main Effects ANOVA results for apparatus 6, midges caught with aspirator. 

Effect SS df MS F p 

Illumination 0.475 1 0.475 1.26 0.27 

Substrate 3.698 3 1.199 3.17 0.043 

Moisture 2.991 3 0.997 2.63 0.073 

Residual 9.089 24 0.379 
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Figure 8.23.  Mean survival on different substrates in experiment 6A (means and 95% confidence intervals) 

Apparently, the means survival of midges in experiment 6A (horizontal refuge spaces, aspirated 

from field) is about the same (~1.75 days) with paper or agar substrates, but a little shorter with 

sand as a substrate (1.0 days). This difference is not very significant, however, at p = 0.043. 

8.3.2.6 Experiment 6B 

In this experiment, midges were caught in an organza net (figure 8.3) in an attempt to protect them 

from any mechanical damage that might occur with use of the aspirator I previous midge collecting 
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sessions. Treatments from the previous experiment (6A) were repeated here. The only difference is 

the method of capture of midges in the field. The results are given in table 8.19. 

Table 8.19. Results for experiment 6B (collected with organza net). 

Illumination Substrate Moisture Mean survival (days) 

distilled water 2.3 

agar 
tapwater 

canal water 

3.2 

2.6 

salt solution 2.2 

distilled water 1.25 

filter paper 
tapwater 

canal water 

4.25 

2.75 

light 
salt solution 

distilled water 

3.75 

4.25 

paper towel 
tapwater 

canal water 

4.10 

2.45 

salt solution 2.55 

distilled water 3.15 

sand 
tapwater 

canal water 

2.25 

2.65 

salt solution 1.80 

distilled water 2.80 

agar 
tapwater 

canal water 

3.20 

3.30 

salt solution 2.25 

distilled water 2.40 

filter paper 
tapwater 

canal water 

4.00 

1.65 

dark 
salt solution 

distilled water 

2.70 

2.90 

paper towel 
tapwater 

canal water 

2.55 

3.15 

salt solution 3.90 

distilled water 2.00 

sand 
tapwater 

canal water 

3.65 

4.05 

salt solution 2.05 

Observations: Attempts at laboratory blood-feeding of field-caught unfed midges in this 

experiment were unsuccessful Midges, which were placed in glass jars for feeding, flew up towards 

the opening, crawled around on the net, but made no attempt to feed. Blood-feeding was attempted 

in 10 containers, each containing approximately 40 midges. Only in two cases did two midges 

obtain some blood-meal. However, they did not feed to the point of satiation. Feeding had to occur 
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on the same evening the midges were captured, as all unfed midges kept in the glass jars were 

usually found dead by the next day. 

The abdomens of the two partially fed midges that died during the course of the experiment were 

checked visually for eggs. No eggs were visible beneath the reddish abdominal cuticle, which was 

presumed to be the residual colouration from its previous blood-meal.  

Due to the lack of numbers of blood-fed midges, only unfed midges were used for this experiment. 

The mean survival seemed better in this experiment (1.24 to 4.25 days) than its partner (6A) where 

the midges were collected by aspirator.  

Analysis: Results were very similar to those from experiment 6A. The strongest interaction term 

had a very weak (non)significance of p = 0.45, and the strongest main effect was substrate with 

p = 0.57. Once again, given the complete lack of value of the interaction terms, a main effects 

ANOVA was then computed. According to the main effects ANOVA, no variable used in this 

experiment had any significant effect on mean survival. The main effects ANOVA is reported in 

table 8.20. 

Table 8.20.  Main Effects ANOVA results for apparatus 6, midges caught with net. 

Effect SS df MS F p 

Illumination 0.035 1 0.035 0.054 0.82 

Substrate 1.433 3 0.478 0.74 0.54 

Moisture 3.105 3 1.035 1.61 0.21 

Residual 15.422 24 0.643 

8.3.2.7 Effects of Refuge Orientation (Experiments 5 and 6A) 

Experiments 5 and 6A only differed in the orientation of the corrugated cardboard used to provide 

refuge for the midges in the paper cups. The effect of this difference was evaluated with a four-way 

second order factorial ANOVA computed as (refuge orientation × light × substrate × moisture). The 

‘strongest’ interaction term (orientation × illumination) had a very weak (non)significance of 

p = 0.38. A main effects ANOVA was then computed, and the substrate term was highly significant 

(p = 0.0048). The ANOVA table is given in table 8.21. 
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Table 8.21.  Main Effects ANOVA results for corrugated cardboard refuges. 

Effect SS df MS F p 

Refuge Orientation 0.186 1 0.186 0.48 0.49 

Illumination 0.110 1 0.110 0.28 0.60 

Substrate 5.595 3 1.865 4.81 0.0048 

Moisture 2.830 3 0.944 2.43 0.075 

Residual 21.324 55 0.388 

Clearly, the orientation of the cardboard refuge makes no difference to the survival of the midges. 

There is, however, a notable effect of substrate type on survival, and the effect is plotted in figure 

8.24. The figure shows, just as did figure 8.23, that sand is an inferior substrate (means survival 

~1.0 days), but agar and the two types of paper are fairly similar (~1.7 days). 
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Figure 8.24.  Effect of substrate as revealed in experiments 5 and 6A (means and 95% confidence intervals) 

8.3.2.8 Effects of Mode of Capture of Midges (Experiments 6A and 6B) 

The two parts of experiment 6 differed only in the manner of collection of the unfed midges. The 

effect of this difference was evaluated with a four-way second order factorial ANOVA computed as 

(capture method × light × substrate × moisture). The ‘strongest’ interaction term (capture method × 

illumination) had a very weak (non)significance of p = 0.43. A main effects ANOVA was then 

computed, and the capture method term was very highly significant (p = 1.7×10–9), while the 

moisture source terms was also significant (p = 0.034. The ANOVA table is given in table 8.22. 
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Table 8.22.  Main Effects ANOVA results for manner of collection of midges. 

Effect SS df MS F p 

Capture Method 26.330 1 26.330 51.91 1.7×10–9 

Illumination 0.127 1 0.127 0.25 0.62 

Substrate 3.420 3 1.140 2.25 0.093 

Moisture 4.707 3 1.569 3.09 0.034 

Residual 27.8956 55 0.507 

Figures 8.25 and 8.26 show the effects of capture method and moisture source graphically. 
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Figure 8.25.  Difference in mean survival attributable Figure 8.26.  Difference in mean survival attributable 

to method of capture (mean and 95% to moisture source (mean and 95% 

confidence intervals). confidence intervals). 

Capture of midges by net increased survival considerably, from ~1.6 days when an aspirator was 

used to ~2.8 days. Due to the improvement in mean survival rates from the previous experiments, 

midges were subsequently obtained from the field using the field net (figure 7.1). They were kept 

and blood-fed in the insectary (figure 7.2) for future experiments. 

The relatively weak effect of moisture source may be simply fortuitous, considering the number of 

analyses carried out here. If the effect has any reality, it suggests that midges survive better when 

their substrate is moistened with (or agar is made with) tap water (means survival ~2.7 days) rather 

than distilled, canal or salt solution (~2.1 days). There could be a possible, although unlikely, 

beneficial effect of tapwater chlorination, perhaps some residue of chlorine in the substrates 

moistened with tapwater, which provided some antibacterial or other preservative effect in the 

midges’ environment. This seems most unlikely, and the effect is more likely to be spurious. 
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8.3.2.9 Differences in Longevity Attributable to Feeding Volunteers: Experiment 12  

Midges were captured in the field with a modified aerial net, kept in an insectary and blood-fed in 

the laboratory. Midges were fed on five naïve volunteers and kept in individual dry cells (figure 

8.15). Separate groups of cells were used for each volunteer and were attached to sections of 

apples. The apple provided moisture and carbohydrates. The mean survival is given in table 8.23. 

Table 8.23.  Results for experiment 12. 

Blood Source Mean  Survival (days) 

EZ 11.50 

FM 7.80 

GC 10.10 

GC 5.84 

GC 6.20 

PS 11.03 

SH 10.70 

SH 9.80 

SH 13.10 

SH 7.71 

Observations: The midge mean survival ranged between 5.84 days and 13.1 days, when fed on 

these naïve volunteers. The mean survival appears to vary according to the blood source, however 

the variance is non-significant (p = 0.41, table 8.24). 

Table 8.24.  One-way ANOVA of blood source on mean survival (experiment 12). 

Effect SS df MS F p 

Volunteer 25.30 4 6.33 1.21 0.41 

Residual 26.12 5 5.22 

8.3.2.10 Effect of Blood Source on Longevity: Experiments 7, 8 and 9 

Previous attempts to maintain blood-fed females in the laboratory met with little success. In 

experiment 4 it was found that unfed midges had greater longevity than fed midges kept in similar 

conditions — subsequent experiments 4 to 6, reported above, used only unfed midges.  

These experiments (7, 8 and 9) contrast the effect of feeding status on mean survival. Midges were 

captured using a modified organza net, and were placed in an insectary for blood-feeding in the 

laboratory as described in section 7.2. In experiment 7, midges were maintained either fed (on EC) 

or unfed, and maintained singly in dry pipette bulb cells (figure 8.10). In experiment 8 all midges 

were blood-fed, using volunteers with little previous history of midge exposure or the experimenter 
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(EC) who had extensive recent exposure to midge bites, and then maintained singly in pipette bulbs 

with a layer of agar made with canal water. In experiment 9 the midges were fed on volunteers and 

then kept in a container comprising two pipette bulbs with canal-water agar and connected with a 

piece of apple, to allow access to a supplementary feeding carbohydrate source. The results for 

these experiments are given in table 8.25. 

Table 8.25.  Results for experiments 7, 8 and 9 (effect of blood source and carbohydrate). 

Experiment Container Blood Source Exposure Status Mean Survival 

6.65 

7 dry pipette 
bulb 

nil 

EC

no feeding 

 exposed 

6.65 

5.35 

2.75 

1.65 

GC naïve 6.40 

8 pipette bulb 
with agar 

FM

AC

 naïve 

 naïve 

6.25 

5.85 

EC exposed 2.70 

SH naïve 11.50 

GC naïve 10.30 

9 2 pipette bulbs 
with apple 

JF

CS

 naïve 

 naïve 

12.50 

11.60 

EC exposed 
2.60 

2.60 

Observations: The unfed and naïve volunteer-fed midge mean survival time, in the absence of a 

carbohydrate source (apple), ranged between 5.35 and 6.65 days. When apple was provided and 

naïve blood used, mean survival extended to about 12 days The mean survival of EC-fed midges, 

with or without access to apple, ranged between 1.65 and 2.75 days. Without carbohydrate 

supplementation no eggs were recovered and no evidence of egg maturation was seen upon 

dissection of the dead midges.  

From the visual observations of the midges which had been given access to supplementary 

carbohydrates (experiment 9), and with the aid of a binocular microscope at 40�u magnifications, 

the abdomens were seen to be still dark red, even though 10 days had passed since the last blood-

feeding. Elongated, ovoid shapes were just visible in abdomens of six specimens. Three of these 

had been fed on each naïve volunteer. Maintaining blood-fed midges alive long enough for egg 

maturation in the laboratory is the major objective of this work. Egg maturation has been achieved 

here for the first time in this study. 

Analysis: This experiment is difficult to analyses as a factorial design as there are too many empty 

cells. Even if the blood sources are categorised as none, naïve (GC, FM, AC) and exposed (EC), a 
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factorial analysis is still unattainable. In order to reduce the number of variables, some two-group 

comparisons were conducted. Taking only data from either non-fed or naïve volunteer-fed midges 

(as a group, as justified by the results of experiment 12, above), from experiments 7 and 8, there 

was no difference in mean survival between these two experiments (which differed by both 

whether the midges were blood-fed and whether the pipette bulbs were dry or had agar — these 

two effects were completely confounded). There are two explanations for the lack of difference in 

this comparison (table 8.26) and that is either (and most likely) (i) there is no effect of either 

presence/absence of agar or being fed on either naïve volunteers’ blood / not fed at all, or (ii) these 

effects are opposite and almost precisely cancel each other out. 

Table 8.26.  Equal variances t-test of survival of unfed and naïve-blood-fed midges (experiments 7 and 8). 

Contrast A Contrast B Mean Standard t df p 
Error 

Unfed 

Fed 

Dry cell 

Agar in cell 

6.22 

6.17 

0.43 

0.16 
0.108 4 0.92 

In an attempt to separate these two confounded effects, mean survival was compared between 

experiments 7 and 9 for midges fed on the highly exposed volunteer’s blood. This comparison was 

completely confounded with both the presence (or absence) of agar and apple as a food 

supplement. Once more no effect was found (table 8.27), and two interpretations are possible, 

either (i) there is no effect of either presence/absence of agar or presence/absence of carbohydrate 

supplementation, or, less likely, (ii) these effects are opposite and almost precisely cancel each 

other out. 

Table 8.27.  Equal variances t-test of survival of EC blood-fed midges (experiments 7 and 9). 

Contrast A Contrast B Mean Standard t df p 
Error 

Dry cell 

Agar in cell 

No CH supplementation 

Apple available 

2.20 

2.60 

0.55 

0 
0.727 2 0.60 

Taking the reasonable, although not certain, assumption that the design of the cell does not make 

much difference to longevity of the midges, the mean survival of midges fed on naïve volunteers’ 

blood was compared between experiments 8 and 9. This comparison confounded apparatus type 

with carbohydrate supplementation. A very strong effect of carbohydrate supplementation was 

found (table 8.28). Although the standard errors of the two groups appear quite different, variances 

were homogeneous according to Levene’s test for heteroscedasticity (p = 0.34). 
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Table 8.28.  Equal variances t-test of survival of naïve volunteer-blood-fed midges (experiments 7 and 9). 

Contrast Mean Standard t df p 
Error 

No CH supplementation 

Apple available 

6.17 

11.48 

0.16 

0.45 
9.62 5 0.00021 

Given that the key effects which appear to operate in this data set are the source of blood and the 

presence of supplementary carbohydrate feeding, a first order factorial ANOVA was computed 

(blood type × carbohydrate). The ANOVA table is given in table 8.29. Since the analysis is based 

on a random-effects model, F values are not directly computable from the relevant mean squares. 

Table 8.29. ANOVA of survival of unfed and blood-fed midges (experiments 7, 8 and 9). 

Effect SS df MS F p 

Blood Type 121.01 2 60.50 3.23 0.37 

Carbohydrate 21.68 1 21.68 1.19 0.47 

Blood Type × Carbohydrate 18.18 1 15.18 40.33 0.000083 

Residual 4.51 10 0.45 

The strong interaction effect in the data is illustrated in figure 8.27. It is clear that when midges are 

fed on the blood of the “exposed” volunteer (EC) mean survival is low (~2.5 days) and the 

availability of supplementary carbohydrates makes no difference. If I midges are either not given a 

blood meal or given blood from naïve volunteers survival improves to ~6 days if no carbohydrate is 

given, but if carbohydrate is available, mean survival increase to ~11.5 days. Since in these 

experiments no study was done with unfed midges given access to apple, the benefit of 

supplementation to unfed female midges is unclear. Midges in a very different apparatus, but 

collected unfed and given access to a range of carbohydrates in experiment 6B lived only about 3 

days (figure 8.25) so the increased longevity found here must be attributable to the uses of small 

and humid enclosures (pipette bulbs). 

Additional investigations into the presence of eggs were carried out on midges after they had lived 

long periods. The abdomens were separated from the rest of the body. The ventral abdominal 

cuticle was removed to expose the viscera. The abdomen was mounted on a concave slide, and 

viewed under a compound microscope with 40�u magnifications. The structures seen in the 

abdomen (figure 8.28) provide evidence of the successful development of eggs in these midges. 
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Figure 8.27.  Interaction between supplementary food type and blood source (experiment 7, 8 and 9) — 
means and 95% confidence intervals. 

) 

50�P 

Egg outline (tip

Figure 8.28.  Gravid midge abdomen, from experiment 9. The arrow pointing toward the anterior, on the top 

right, shows the orientation of the abdomen. The egg outlines seen above are sausage-like, 
arranged in longitudinal clusters in the abdomen.  
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8.3.2.11 Choice of Environment: Experiments 10 and 11 

It was postulated that mated, blood-fed females would seek shelter and remain inactive until their 

eggs had matured for oviposition. Because biting midges have been shown to be sensitive to low 

levels of humidity, an appropriate shelter was designed to be dimly lit and humid environment. 

When the midges were ready to oviposit, they presumably leave their putative shelter in search of 

an appropriate oviposition site. If their preference for a dimly lit environment, then more midges 

would be found in the darkened cell, at least for the first few days of the experiment. If, after 

having matured their eggs, the appropriate environment for oviposition was accessible, then it was 

expected that some midges would be found in such an environment.  

Midges were blood-fed on two naïve volunteers (FM, AC). In experiment 10 ten midges were 

placed into each apparatus as shown in figure 8.13 and table 8.29, which was made up of cells 

containing different substrates, joined by apple blocks. Each of the four apparatus used was placed 

inside a shoebox. Two shoeboxes were exposed to a fixed temperature of 21°C. The other two were 

exposed to 35°C temperatures. The number of midges in each cell, as observed daily, indicating 

how frequently each cell was visited, were recorded. The results are given in table 8.30. 

Table 8.30.  Results for experiment 10 (first four days only). 

A B C D E F G

1 1 1 0 11 6 24 

Temperature  (intro-cell) 

21°C 

35°C 1 0 2 1 10 8 22 

Total 2 1 3 1 21 14 46 

Cell A – plain agar matrix made from tap water 
Cell B – saline agar matrix made from canal water 
Cell C – dark, opaque sheaths used darken cell 
Cell D – unwashed canal sand used as substrate 
Cell E – no substrate 
Cell F – rectangular windows cut into the pipette bulb, 

covered with organza to prevent escape 

Observations: On the fourth day of the experiment, the apple square connectors were found to 

have desiccated. It had shrunken enough to allow midges to escape from the system, with 6 out of 

10 midges being lost from the apparatus exposed to 21°C, while 5 out of 10 midges were lost from 

the apparatus that was exposed to 35°C temperatures. As a consequence of these losses, the 

experiment was discontinued. A similar apparatus, used for further study, is presented in the next 

section. 

During the four days of the experiment, hardly any midges were found frequenting cell C 

(darkened normal cell) in either of the apparatus set-ups. The cells in which the midges were most 
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frequently found were cell G (introduction cell), followed by cell E (normal uncovered cell), and 

finally cell F (uncovered, windowed cell).  

In experiment 11 the treatments and methods of experiment 10 were repeated. The apparatus as 

shown in figure 8.14 and table 8.31, which was made up of cells containing different substrates, 

joined by wooden blocks. Counts of midge in the particular locations are given in table 8.31. The 

key to the nature of each cell is as given in the footnote to table 8.30. 

Table 8.31.  Results for experiment 11. 

Cell Conditions 

Blood Temperature 
Source 

Lighting Substrate � Total Mean survival Type Label 
Count (days) 

light plain agar normal A 4 

light saline agar normal B 2 

dark none normal C 3 
GC � light apple normal D 0 7.6 

light none normal E 17 

light none window F 6 

light none introduction G 46 
21°C 

light plain agar normal A 5 

light saline agar normal B 4 

dark none normal C 6 
SH � light apple normal D 2 7.5 

light none normal E 15 

light none window F 10 

light none introduction G 39 

light plain agar normal A 0 

light saline agar normal B 0 

dark none normal C 2 

light apple normal D 1 

light none normal E 19 

light none window F 7 

light none introduction G 52 

light plain agar normal A 1 

light saline agar normal B 0 

dark none normal C 1 

light apple normal D 0 

light none normal E 19 

light none window F 7 

light none introduction G 47 

GC 7.3 

35°C 

SH 7.0 

Observations: Midges lived an appreciable time, and a few long enough to develop a few eggs. 

This outcome will be considered later in the section 
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Analysis: There was little difference in survival between blood sources (means of 7.25 to 7.45 

days) nor between temperatures (means 7.15 and 7.55 days). 

Due to numerous empty cells in a fully factorial analysis of these data, a fractional factorial design 

was analysed, in which the main effects and first order interactions involving temperature were 

estimated by ANOVA. The dependent variable was log10(y+1) transformed counts of numbers of 

midges in each cell. Significant effects of temperature and substrate were found (table 8.32) 

Table 8.32.  Analysis of variance of preference for locations (experiment 11). 

Effect SS df MS F p 

Temperature 0.3177 1 0.3177 4.07 0.14 

Volunteer 0.0275 1 0.0275 0.69 0.42 

Illumination 2.2146 1 2.2146 20.45 0.14 

Substrate 6.5479 3 2.1826 14.40 0.028 

Ventilation 0.7905 1 0.7905 100.4 0.063 

Temperature × Illumination 0.1083 1 0.1083 2.70 0.12 

Temperature × Substrate 0.4547 3 0.1516 3.78 0.033 

Temperature × Ventilation 0.0079 1 0.0079 0.20 0.66 

Residual 0.6010 15 0.0401 

The main effect of  substrate is subordinated by the interaction between temperature and substrate, 

and this interaction is shown in figure 8.29. 
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Figure 8.29.  Interaction between Temperature and Substrate in experiment 11 — means and 95% 

confidence intervals. 
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From figure 8.29 it is clear that midges were more likely to be present in cells which lacked 

substrate than others, and at 21°C perhaps least likely to be in the cell with the apple. At 35°C they 

were equally likely to be in cells with any substrate, but more often found in cells without 

substrate. The interaction effect is mostly attributable to the effect that 35°C flies were roughly as 

frequently seen in cells without agar as they were at 21°C, but much less frequently seen in cells 

with agar than at the lower temperature. Flies were seen in all substrates more frequently at 21°C 

than at 35°C, which simply indicates that they lived marginally longer at the lower temperature, 

although this effect was not significant (p = 0.14) 

The number of gravid females found in each of the four trials is given in table 8.33, below. All 

these females died late in the experiment. No oviposition had taken place, however; and no eggs 

were apparent in the fully blood-fed midges which died earlier than 7 days after feeding. 

Table 8.33.  Number of gravid females found in experiment 11. 

Temperature Blood Midges with 
source eggs 

21 SH 1 

21 GC 1 

35 SH 2 

35 GC 2 

8.3.2.12 Choice of Environment: Experiment 13 

Ten midges, blood-fed on GC, were placed into the introduction cell (d1) and attached to apparatus 

as shown in figure 8.16 and table 8.34. The number of midges in each cell, indicating the frequency 

of visits to each cell, were recorded and given in table 8.34. Dead midges were checked for the 

presence of eggs.  

Table 8.34.  Results for experiment 13. 

Intro / d1 1.1 1.2 1.3 1.4 2.1 2.2 2.3 2.4 d2 Mean-
survival (days) 

11 2 7 0 16 0 0 1 1 0 3.3 

Cell labels:  �
Cells d1 and d2 refer to the darkened cells at the ends of the apparatus.�
Cells numbered 1.n refer to the vertically and horizontally positioned cells: �

d1 - introduction cell 1.1 - first horizontal cell (front) 
1.2 - first vertical cell (top) 1.3 - second horizontal cell (back) 
1.4 - second vertical cell (bottom). 

Cells numbered 2.n refer to the diagonally positioned cells: 
2.1 - first diagonal up and forward 2.2 - second diagonal up and backward 
2.3 - third diagonal down & backward  2.4 - fourth diagonal down and forward. 

199 



8 Adult Maintenance and Oviposition in the Laboratory 

Observations: On day four of the experiment, some fungal growth was detected on the outside of 

both of the wooden joints. Later, on the sixth day, fungal growth was observed on the inside of the 

connectors. This growth may have played a role in the deaths of the midges kept in this apparatus. 

Analysis: Midges were most frequently (59%) found in the downward vertical cells (cell 1.4) and 

the introduction cell. The preferred cell (downward vertical) was closest to the cell from which they 

were first introduced. The differences in numbers between cells (assuming random distribution) 

was very highly significant (�O2
9 = 75.7, p = 1.2×10–12). 

The mean survival was only 3.3 days and dissection did not reveal any eggs in the midges. 

8.3.2.13 Choice of Environment: Experiment 14 

Ten unfed midges were placed into each of three introduction cells (I). Each was attached to one of 

the cells shown in figure 8.17 and table 8.35. The number of midges in each location were recorded 

and is reported in table 8.35. 

Table 8.35. Results for experiment 14 (identifying codes given in figure 8.17). 

Location I d1 d2 1 2 3 Mean survival 
(days) 

CT-room 69 0 0 4 12 17 3.5 

RH-chamber 6 3 4 6 11 32 4.9 

laboratory 15 0 0 5 8 23 4.6 

Total 90 3 4 15 31 72 

Observations: In experiment 13 (section 8.3.2.12), fungal growth was found on the wooden 

connectors. Similar fungal growth was also observed here, but only on those parts of the apparatus 

in the high humidity chamber. This fungal growth appeared despite prior sterilisation of equipment 

under ultraviolet light.  

Analysis: The mean survival time was 3.5 days in the constant temperature room; 4.9 days in the 

high humidity chamber; and 4.6 days for those exposed to laboratory conditions. 

Similar to the results found in experiment 13, most of the midges in experiment 15 were found in 

the introduction cell (42%), and then the downward vertical cell (33%). The darkened cells were 

rarely visited (3.3%). There was a very highly significant departure from random distribution of 

midges in the various cells (�O2
5 = 189, p = 5.0×10–39). There were also differences between the 

locations of the midges in different environments (�O2
8 = 71.1, p = 3.0×10–12), but the least 

difference in choices of cells was between the apparatus maintained in the RH chamber and 

laboratory (�O2
4 = 11.94, p = 0.018). The difference between the aggregate of the choices shown in 
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(�O

these two environments and the choices made in the CT room is that midges in the CT room were 

much more given to remain in the introduction cell (68% remained cf 19%), but in the other 

environments they moved to the downward cell (cell 3 — 49% moved cf 17% in the CT room) 
2
5 = 57.1, p = 4.8×10–11). 

The midges showed little interest in the darkened cells, and only 7 of 215 observations of location 

were in the darkened cells. 

8.3.2.14 Experiment 15 

Five midges were introduced into each of 12 apparatus as shown in figure 8.18 and table 8.37. The 

midges were counted every 24 hours, whether they were in the agar, apple or introduction cells. 

The results are given in table 8.36. 

Observations: None of the midges lived long enough to develop eggs. 

Analysis: Table 8.36 shows the cross-tabulation of midge observations in the three cells, 

partitioned by blood-fed status. The pattern of fed midges is not significantly different from unfed 

midges (�O2
2 = 5.69, p = 0.058). The distribution of midges (fed and unfed, combined) between 

habitats differed from random allocation (�O2
2 = 11.93, p = 0.0026): more midges were seen in the 

agar cells and less in the apple cells than would be expected if they were not showing a preference.  

Table 8.36.  Frequency of observations in cell locations (experiment 15). 

Cell 

Introduction Apple Agar 

Blood-fed 
Status 

Unfed 

Fed 

45 

35 

23 

37 

43 

61 

 Total 80 60 104 

The results show that the unfed midges tended to avoid the carbohydrate source. This would 

indicate that they prefer to shelter in the moist agar cell environment. The numbers recorded 

visiting the apple cells may suggest that unfed midges might have initially obtained some 

carbohydrates and then moved towards a humid environment in which to rest. Although the 

differences between fed and unfed midges were not statistically significant, there was a tendency 

for blood-fed midges tended to collect in the agar cells. 

A factorial analysis of variance on the mean survival time (feeding status × environment) showed 

that no main effect, nor the interaction, was significant. When the ANOVA was recomputed as a 

main effects model, the environment term was highly significant, as listed in table 8.38 and 

illustrated in figure 8.30. 
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Table 8.37.  Results for experiment 15. 

Feeding 
Status 

Environment Cell Total count Mean Survival 
(days) 

introduction 5 

laboratory 

apple 

agar 

introduction 

2 

3 

5 

1.5 

apple 

agar 

1 

8 

2.3 

introduction 8 

Unfed RH-chamber 

apple 

agar 

introduction 

3 

3 

5 

2.3 

apple 

agar 

4 

5 

2.3 

introduction 9 

CT-room 

apple 

agar 

introduction 

9 

13 

13 

5.7 

apple 

agar 

4 

11 

5.1 

introduction 5 

laboratory 

apple 

agar 

introduction 

6 

8 

7 

3.3 

apple 

agar 

10 

8 

4.5 

introduction 6 

Fed RH-chamber 

apple 

agar 

introduction 

3 

3 

5 

1.9 

apple 

agar 

3 

11 

3.3 

introduction 6 

CT-room 

apple 

Agar 

introduction 

7 

17 

6 

5.5 

apple 

agar 

8 

14 

5.1 

Table 8.38.  Main effects ANOVA of survival of unfed and blood-fed midges (experiment 15). 

Effect SS df MS F p 

Blood-fed Status Type 1.613 1 1.613 2.71 0.14 

Environment 19.487 2 9.743 16.35 0.0015 

Residual 4.767 8 0.596 
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Figure 8.30.  Main effect of environment type on mean survival (experiment 15) —means and 95% 

confidence intervals). 

It is clear that midges lived a similar time (~2.5 days) in the laboratory and RH chamber, but longer 

(~5.2 days) in the CT room. 

8.3.2.15 Experiment 16 

The midges were captured from the field, fed in the laboratory (on naïve volunteer AC) and placed 

into an oviposition container, as shown in figure 8.19 and table 8.39, in groups of five. The bottom 

of the container was lined with imbibed filter paper from a canal beach. Live midges were counted 

daily, while dead midges and the filter paper were checked for eggs. These results are given in 

table 8.39. 

Table 8.39.  Results for experiment 16. 

Beach Mean survival Midges 
Position (days) with Eggs 

3 3.1 0 

3 2.5 0 

3 2.3 0 

4 3.3 0 

4 2.7 0 

4 1.5 0 

5 2.3 0 

5 1.5 0 

5 1.7 0 

203 



8 Adult Maintenance and Oviposition in the Laboratory 

Observations: No matured eggs were found in any of the dead specimens, or on the moist filter 

paper. 

Analysis: The average survival rate for midges kept with imbibed canal-beach water was very low 

(~2.3 days) and there was little difference between positions from which the canal-beach water was 

obtained (F2,6 = 1.39, p = 0.32). This experiment yielded little gain or insight.  

8.3.2.16 Experiment 17 

The midges were first blood-fed in the laboratory and contained in dry cells plugged into apple 

sections and allowed some time to digest the blood-meal. Every third day, five midges were 

transferred, into an apparatus shown in figure 8.29 and table 8.40. Daily observations were made to 

see if oviposition had taken place. The results are given in table 8.40. 

Table 8.40.  Results for experiment 17. 

Date Fed Date Days in Cell Oviposition Midges with 
Transferred with Apple (number of eggs

females) 

 15-Apr-01 3 0 4 

 18-Apr-01 6 0 5 

12-Apr-01 21-Apr-01 9 2 5 

 24-Apr-01 12 1 4 

 27-Apr-01 15 0 3 

Observations: Oviposition was successfully achieved in two instances where midges were 

transferred 9 days after having taken a blood-meal (dishes C) and one at 12 days (dish D). The eggs 

were first detected only one day after the midges were transferred from the apple to the oviposition 

substrate apparatus. 

The first female that laid eggs was found dead very near to the cluster. Most of the eggs were laid 

in a cluster, while a few were located very close to the main cluster of eggs (figure 8.31). The eggs 

were light brown in colour (not as dark as those extracted from the field, described in Chapter 2 of 

this report). No embryonic larval eyespots could be seen in any of the eggs under 40�u 

magnifications at this time. Twelve eggs were laid in total. 
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Figure 8.31. First oviposition: female C. molestus next to its batch of eggs. 

A second midge in dish C oviposited on the day after the first eggs were detected. The female 

midge that had laid the eggs was still alive. Her abdomen appeared shrunken compared with the 

other two midges in the same dish, which had not yet oviposited at that time. This time, unlike the 

first oviposition, the eggs were not laid in a clump. Some of the eggs were found near the edge and 

beneath the filter paper, while others were scattered on the filter paper. Fourteen eggs were found 

in total from this oviposition. As was seen in the previous oviposition, all the eggs were pale in 

colour and no eyespots were visible on any of the eggs.  

The third oviposition was in dish D, 14 days after the midge had taken a blood-meal and the second 

day after being transferred into the oviposition dish. Thirteen eggs were counted; they were found 

scattered all over the filter paper, and on the underside of the Petri dish lid. The egg characteristics 

were the same as previously described for the oviposited eggs: light brown in colour and without 

any visible eyespots. 

All the eggs were transferred onto a plain (0.7%) agar dish and observed, over time, for any 

possible development. The eggs that were deposited on filter paper were transferred along with the 

filter paper, without being removed from it. Those that were found on the plastic surface of the 

Petri dish was removed using a little water and a very fine-nosed pipette. The eggs from the first 

batch had darkened by the day following their discovery. On the ninth day of observation, eyespots 

were detected on one of the eggs. The colour change and eyespot observed in the first batch of eggs 

was not observed in subsequently deposited eggs. None of the eggs developed to eclosion. 
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8.3.3  Main Effects of Variables on Mean Survival 

If all the results obtained from the groups of experiments were combined, some incongruity would 

be found. This outcome would occur because the experimental designs varied between experiments 

and their objectives. The first three experiments were undertaken to find an optimum environment 

for oviposition, assuming that oviposition would take place. The lack of success in these 

experiments changed the major objective to that of maintaining adults in captivity for long enough 

periods, before and after blood-feeding, to obtain matured eggs. Different experimental designs 

were used pursue this objective. Once unfed adults could be maintained for a number of days, 

similar results were sought with blood-fed adults. Despite these differences in objectives, it is still 

desirable to compare the full spectrum of experiments to determine which conditions are most 

favourable for adult survival. 

To avoid the partitioning of results into a very large number of different cells for the analysis, 

certain levels of some variables were combined so that the model would be less complex for 

analysis. The combining of levels was done as follows: 

�x��� For “blood sources”, only three levels are retained – (1) the highly exposed experimenter 

(EC), (2) all other naïve volunteers and (3) none. 

�x��� Moisture sources were combined to make up three levels – canal and salt water as (1) saline, 

all other as (2) fresh and (3) none. 

�x��� Substrate values were combined into three levels – (1) sand, all other substrates as (2) other 

and (3) none. 

Because of numerous empty cells even in this condensed data set, a factorial ANOVA was not 

computable, and interpretation of interactions would have been very difficult with such a design 

anyway. The data were, thus, analysed using main effects ANOVA to show the overall effects of 

the apparatus design, blood source, substrate and moisture.  

There were too few cases in which carbohydrate supplementation was not available to be able to 

show the effect of this variable, but it is clear from work reported previously, that this does benefit 

longevity (e.g. section 8.3.2.10). The main effect of moisture class (saline or fresh) was not 

significant, and was dropped from the model to simplify conclusions, So doing hardly changed any 

significances for remaining variables.  Table 8.41 shows the main effects ANOVA of the retained 

variables computed on mean survival. Both substrate was non-significant (p = 0.074) but other 

variables were very highly significant. 
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Table 8.41.  Main effects ANOVA of mean survival against key variables (all experiments). 

Effect SS df MS F p 

Apparatus Type 187.01 3 62.34 67.96 ~0 

Capture Method 26.33 1 26.33 28.71 1.9×10–7 

Blood Type 59.32 2 29.66 32.33 3.4×10–13 

Substrate Class 2.94 1 2.94 3.21 0.074 

Residual 226.55 247 0.92 

Figure 8.32, below, shows the simple effects of apparatus type on mean survival. This figure shows 

that apparatus types 1 to 3 (experiments 1 to 3) provided relatively low mean survival times, but 

subsequent changes in apparatus improved this performance steadily, and apparatus 11 (experiment 

9) and 14 (experiment 12) proved most valuable in permitting longevity of the midges. 
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Figure 8.32.  Longevity of midges in various apparatus, statistically controlled for effects of capture method, 

blood-feed status and substrate class (means and 95% confidence intervals). 

The ANOVA of survival time (table 8.41) reported that capture method and blood type were also 

important influences on longevity, while substrate class was not (p = 0.074). All these effects, 

when statistically-controlled or other related effects on longevity, are plotted in figures 8.33 

to 8.35. 
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Figure 8.33.  Main effects of capture method. Figure 8.34.  Main effects of blood-feed type.   
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 Figure 8.34. Main effects of type of substrate. 

From figure 8.33 it is clear that all midges live about the same average time (~3.5 days), no matter 

how collected, with the exception of collecting by aspirator, when mean survival is only about 

2.5 days. Evidently, the concern about mechanical damage to some midges in the process of 

aspiration was justified. 

Figure 8.43 clearly shows the entirely unexpected effect of the long-exposed volunteer’s blood on 

longevity. Unfed midges live on average about 3.1 days, fed on “naïve” volunteer’s blood they live 

~5.0 days, but when fed on the blood of the researcher (EC) they live only ~2.0 days. The cause of 

this remarkable “toxicity” of the researcher’s blood is not examined further here, but is a very 

curious result. 
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There was no significant difference in longevity attributable to substrate type, but the data obtained 

here suggest that sand and nil substrate are equal (mean survival ~3.3 days) and other substrates 

(agar and paper) may be slightly superior (survival ~3.6 days p = 0.074). 

8.4  Discussion 

8.4.1  Apparatus, Substrate,  Moisture and Oviposition 

From this study, it is clear that apparatus type affects the longevity of midges kept in the 

laboratory. The overall analysis showed that apparatus types 1, 2, 3, 15 and 18 were least effective. 

The first three comprised polycarbonate jars, and there might be some chemical emissions which 

reduce longevity of midges kept in them (even though they were openly ventilated through a large 

organza-covered hole in the top). Apparatus 15 was un-replicated and provided only a single very 

low result, while apparatus 18 (canal-imbibed filter paper discs) was surprisingly unsatisfactory, 

but was dramatically different to the other apparatus types used here. 

The substrate type does not appear to be of any particular importance in adult survival, although in 

section 8.3.2.7 (experiments 5 and 6A) sand was shown to be a poor substrate in the particular 

apparatus.  In nature, so far as is known, C. molestus oviposits only on sand. Sand would appear to 

be of critical components necessary in stimulating oviposition, but it is not necessarily a substrate 

of choice for the period in which the female is digesting her blood meal and maturing her eggs. 

Given the probable importance of sand to stimulating oviposition, it was hoped that the “other” 

components which contribute to stimulation of oviposition would be obtainable from the imbibed 

filter paper experiment (experiment 16, section 8.3.2.15). However no oviposition and only very 

low longevity was achieved using that method.  

In combination with various substrates, moisture source was also varied to investigate any effects 

such a combination might have on survival and oviposition. The types of moisture had no 

significant effect on mean survival. Adult C. molestus in the laboratory are very prone to 

desiccation, and therefore moisture must be an important resource for survival, although the actual 

source of that moisture seems to be unimportant. Where dry cells were used in combination with 

apple squares or sections, adequate humidity inside the cells was evidently maintained by moisture 

evaporating from the apple. 

Many combinations of moisture sources and substrates, in part chosen as they would permit easy 

detection of recently-deposited eggs (i.e. other substrates than sand), were used in the attempt to 

induce C. molestus to oviposit, initially without success. Oviposition was achieved in the end with 
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apparatus type 19 (experiment 17, section 8.3.2.16), using a very modest combination of resources. 

What evidently made the difference was the initial maintenance of specimens in dry cells attached 

to apple sections (cf experiment 12 section 8.3.2.9), before they were transferred to a container 

(Petri dish) supplied only with some filter paper moistened with distilled water.  

It is often supposed that midges seek hiding places immediately after blood-feeding, where they 

rest and digest their recently acquired blood-meal, during which time egg maturation occurs. Once 

the eggs are matured, gravid midges then leave their hiding place to search for a suitable substrate 

upon which to oviposit. This supposition implies that there are cues which trigger different 

behaviour at different adult stages; i.e. recent-acquisition of a blood-meal would trigger the midge 

to seek resting places for egg maturation, after which the midge then searches for oviposition sites. 

The needs of the first (resting) stage was eventually satisfied by successful egg maturation in the 

laboratory. The second stage was only achieved in the last trial (experiment 17, section 8.3.2.16). 

In early trials, midges were expected to oviposit in the same container in which they had been 

maintained. If a novel oviposition-searching behaviour, and thus change in environment, is a 

necessary cue for oviposition, this may explain why oviposition had not been successful in single-

container rearing systems, even when survival was long. The last apparatus type, in which there 

was one container for egg maturation, and a second container for oviposition, evidently 

incorporates the necessary cues to trigger oviposition. 

8.4.2  Nutritional Status and Oviposition 

From experiments 7, 8 and 9 (section 8.3.2.10) , and particularly figure 8.27, it is clear that, if other 

requirements are met, then supplementary carbohydrate feeding contributes greatly to midge 

longevity (mean survival carbohydrate fed 11.5±0.36 days, carbohydrate denied 6.2±0.42 days — 

mean ± standard error — p = 0.00021). In some experiments, the midges had been observed resting 

on the apple used as a carbohydrate source. These observations underline the importance of 

carbohydrate source on adult longevity in captivity.  

The importance of blood source specificity on the success of egg maturation has been reported in 

other studies (Gluchova 1958, Amosova 1959, Roberts 1960, Kettle 1962). The effect of blood 

source is quite anomalous in this study. Blood quality was classified in three categories: sourced 

from volunteers who had (i) frequent or (ii) little, previous exposure to midge bites, or (iii) no 

blood-feeding at all. Experiment 12 (section 8.3.2.9) showed that blood from volunteers previously 

little exposed to midge bites was more or less uniformly suitable for midge nutrition. In contrast, 

the experimenter (EC) had enured many thousands of midge bites I the course of this study, and 

midges fed on his blood lived even less time than those starved of both blood and carbohydrate. It 
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seems clear that EC’s blood was actually toxic to the midges. It is speculated that blood from a 

source who has had high exposure to midge bites may contain antigens which have detrimental 

effects on the midge given that, in this case at least, it shortens the longevity of the midges which 

fed on it.  

8.5  Conclusions 

Apparatus type, blood source and supplementary carbohydrate feeding are critical to both midge 

survival as well as to achievement of oviposition. Oviposition was achieved by following two 

simple steps: 1) resting phase for egg maturation, during which blood-fed midges were provided a 

small, dark and humid environment and access to carbohydrate; and 2) the actual egg laying phase, 

when the midges were transferred into a small container provided only with moist filter paper. 

The most interesting effect, and perhaps a very important one, is the effect of blood source on 

midge survival. Midges obtaining their blood-meal from volunteer EC, who had been frequently 

exposed to previous midge bites, were short-lived, while those denied a blood meal lived longer 

and those given blood from naïve volunteers lived, long enough for egg maturation, and oviposition 

in some instances.  
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9  Field Oviposition and Larval Mig ration 

Abstract 

 

Trays, filled with sand which were free of eggs and larvae, were left on a canal estate beach in the 

Gold Coast region for 1, 2 and 3 days, after which they were checked for eggs, larvae and pupae.  

No eggs or larvae were recovered from trays left out for one day, only large larvae from trays left 

out for two days, and small numbers of eggs and large larvae were recovered from the trays that 

had been exposed for 3 days. These small numbers of eggs suggest that C. molestus does not lay its 

eggs in clumps in the field, as has been suggested from studies reported here (Chapter 2).  

The recovery of numbers of large larvae from the trays, supports previous suggestions that large 

larvae can swim in the water to move around on the beach.  
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9.1  Introduction 

Work on adult survival and oviposition of C. molestus has proven demanding. Although 

oviposition has been achieved, the process to obtain laboratory laid eggs routinely and reliably is, 

as yet, incompletely understood. Thus far, there has been no success in hatching any laboratory laid 

eggs. This lack of success has prompted the need to obtain recently laid eggs from the field, and to 

find out how long they take to hatch. 

In Chapter 6, questions were raised about the mobility of C. molestus larvae on the beaches. It was 

suspected that larvae could swim on the surface or in the water column, which rises and falls with 

the tides, to move around on the beach (Fergusson and Bell 1988). Results from Chapter 6 also 

support this possibility. 

9.1.1  Objectives 

The objectives of this study were: 

1. To obtain freshly-laid eggs from the field and determine if  they will eclose in experimental 

substrates; and 

2. To determine if larvae move around the beaches, as shown by their capacity to colonise 

“clean” sand trays placed on beaches 

9.2  Methods 

9.2.1 Rosemont Site 

Egg samples were obtained from the beach at Rosemont Avenue, Broadbeach Waters. The location 

and a description of this site have been discussed in Chapters 1 and 2. 

9.2.2 Field Equipment 

In this experiment, trays were modified for the purpose of obtaining 1- to 3-day old eggs from the 

beach (figure 9.1). The sand trays are made of a plastic food container (Décor™). A number of 

holes were cut into the sides and bottom of each tray and covered in the stainless steel wire mesh 

(SS 20µ) for drainage. The 20 micron gaps in the mesh were small enough to retain sand grains, 
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eggs and small larvae. A central hole was cut into the middle of the base, providing a tight fi t 

(preventing larval movement in and out of the tray and loss of eggs) through which an aluminium 

peg was placed. This peg was then pushed into the beach to keep the trays from getting washed 

away by any tidal movement. 

 

12 cm 

4.5 cm 

Drainage (stainless 
steel mesh) 

19.5 cm 

Figure 9.1.  Sand tray: wire mesh used is stainless steel (20µ).  

9.2.3  Field Procedure 

The purpose of this study was to obtain eggs from the field, and to confirm whether or not larval 

migration, via the water column, could be demonstrated. Samples were taken from areas of the 

beach where, in previous studies, both eggs and larvae had been reliably recovered. Chapter 2 

presents a more detailed analysis of where larvae and eggs were found within a small area on the 

beach over a short period of time. Chapter 2 identifies peak distribution tendencies for eggs and 

larvae to be located in an area, 2 and 3 metres wide, between the Mean Tide Level (MTL) and Low 

Tide Level (LTL).  

The size and location of the sample area is shown in figure 9.2. The diagram is of a part of the 

Rosemont beach layout where the 5�u5 metre sample plot, used in Chapter 1, is outlined. The 

3�u3 metre plot area, where samples for this study were placed, are shown in the diagram.  
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Figure 9.2.  Rosemont sample site. Samples were taken from positions 4, 5 and 6. The dotted region just 

below the revetment wall indicates where dry sand, free of eggs and larvae, was collected. The 

arrows in the 3�u3 m sample area indicates that transects A and B were randomly positioned 

anywhere across the 3 m width. 

The sand samples were obtained from the beach just below the revetment wall. This region of the 

beach is presumed to be too dry for survival of any of the juvenile stages of C. molestus to survive, 

and none have been recovered from there in previous studies. Each sample tray was filled with 

500 cm3 of dry sand (free of any large debris). The sand was collected on the day of 

commencement of the study from locations near the study site. 

The trays were placed on the sand randomly within each 1 m2 quadrat of each transect A or B. The 

trays were pressed into the sand so that the sand surface within the tray was level to that outside the 

tray. The wall of the trays partially protruded, about 2 cm, above the sand to prevent small 

organisms which may crawl near the surface of the sand, from getting in. 

In the first set of sand collections, six trays were laid out on the sand, once every two days, in 

2 columns of 3 trays (figure 9.2). These trays were left on the site during the low tide of one day 

and picked up 24 hours later and processed for extraction in the laboratory. On the second set of 

sand collections, 3 trays were left on the beach for two days before collection. For the third sand 

sampling set, 3 trays were left for three days before collection and extraction. 

9.2.4  Laboratory Procedure 

The methods used for extraction were those described in Chapter 2. All samples were processed to 

extract eggs, larvae and pupae. 
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9.3 Results 

The data from the field sampling results were recorded into 3 categories that reflected the length of 

time the trays were left in the field, that is for 1, 2 and 3 days. No eggs, larvae or pupae were 

recovered from the trays exposed for a single day.  

Table 9.1 shows the results obtained from the trays that had been exposed for two days (table 9.2). 

Only large larvae, but no eggs, small larvae or pupae, were recovered from these trays. However, 

both eggs and large larvae were recovered from the trays that were left for three days. No small 

larvae or pupae were recovered from any of the trays.  

Table 9.1. Recoveries from traps exposed for 2 days 

Juvenile Stage Eggs Large Larvae 

Position 4 5 6 4 5 6 

Date of Recovery       

07/02/01 0 0 0 0 1 0 

08/02/01 0 0 0 0 0 0 

10/02/01 0 0 0 1 1 0 

11/02/01 0 0 0 1 0 1 

13/02/01 0 0 0 1 1 2 

14/02/01 0 0 0 2 0 0 

 

9.4  Discussion 

The recovery from the sand trays of only small numbers of eggs from the field was unexpected. It 

was previously believed that eggs of C. molestus were laid in clumps on the substrate (Cribb and 

Chitra 1999). Indeed the oviposition results from Chapter 7 lend some support for this assumption. 

The low number of eggs extracted from each of the sand trays suggests that, on the scale of the 

sand trays, eggs are laid singly and scattered. This kind of oviposition pattern has been described 

for other midges, e.g. C. vexans (Jobling 1953).  

The recovery of the larvae from the trays appears to support previous suggestions by Reye (1972) 

and Ferguson and Bell (1988) that the larvae can swim in the water column and that they may 

travel around the beach in a similar manner. 
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Table 9.2. Recoveries from traps exposed for 3 days 

Juvenile Stage  Eggs Large Larvae 

Position 4 5 6 4 5 6 

Date of Recovery       

20/02/01 0 0 0 0 2 0 

21/02/01 0 2 0 0 1 3 

25/02/01 1 2 0 1 0 1 

26/02/01 1 0 0 0 1 1 

02/03/01 0 0 0 0 2 0 

03/03/01 1 1 0 1 0 0 

07/03/01 0 0 1 0 0 0 

08/03/01 0 0 0 0 0 0 

12/03/01 0 0 0 1 4 1 

13/03/01 3 0 0 0 0 1 

17/03/01 0 1 0 1 3 0 

18/03/01 0 0 0 2 0 0 

22/03/01 1 0 0 3 1 2 

23/03/01 0 0 0 0 0 0 

06/04/01 0 0 0 2 1 2 

07/04/01 2 1 1 0 0 0 

11/04/01 0 2 0 2 1 1 

12/04/01 0 0 0 2 2 1 

16/04/01 1 0 0 0 0 1 

17/04/01 0 0 0 0 2 0 

21/04/01 2 1 0 0 0 0 

22/04/01 0 0 0 2 1 0 

 

9.5  Conclusion 

This study has clearly demonstrated that freshly laid eggs, on the experimental sand substrate, are 

recoverable from the field. The few eggs obtained indicates that C. molestus lays its eggs singly 

and scattered, rather than in clumps. Large larvae were also recovered from the trays, supporting 

previous suggestions that the larvae do swim in the water column to move around on the beach. 
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Abstract 

Fresh eggs collected from the field took between 1 and 11 days to hatch in the laboratory (mean 3.0 

days from field trays, 3.5 days from open beach sand). The reared hatchlings only survived to the 

second instar and only 17% survived three weeks. Some field-collected larger larvae were reared to 

adults and partial ovarial development was observed in only one, unfed, adult female, reared from 

such larvae. This result may be an indication that C. molestus is facultatively anautogenous.  

Nearly 80% of field-collected eggs hatched, which, considering the quite harsh mechanical 

treatment required to extract them from the sand, indicates that eggs are quite robust. Newly-

hatched larvae were much less robust, but pupae showed good eclosion rates. 
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10.1  Objectives 

The objectives of this study were: 

1. to determine how long it took for eggs to hatch in the laboratory and  

2. to document the development of hatchlings to adult. 

 This chapter follows on the work reported in Chapter 9. 

10.2  Methods 

10.2.1  Field Procedure 

The field protocol used for obtaining eggs and larvae are described in Chapter 9. Freshly laid eggs 

were collected from clean (i.e. egg- and larvae-free) sand trays that were placed on the beach, 

between 1 and 4 metres below Mean Tide Level (MTL). The trays were left exposed for 2 to 3 days 

for oviposition to take place. More eggs, of unknown age, were collected from the same area 

directly from the fi rst 2 cm layer of sand on the beach. 

10.2.2  Laboratory Procedure 

The methods used for extracting eggs and larvae are described in Chapter 2. Egg-sized particles 

were flushed from the substrate using a jet of water, and retained in a sieve apparatus for further 

observations. 

10.2.3  Eggs and First Instar Larvae 

All eggs recovered from the field were grouped by the date they were extracted and placed in 0.5% 

plain agar dishes. These dishes were kept in a plastic box and incubated at room temperature 

(21° �r 3°C) in darkness. A small number of dead or dying nematodes (Panagrellus selusiae) were 

added into each hatchling dish (Kettle et al. 1975). The bacteria growing on the decaying nematode 

bodies are believed to provide food for the first instars. The dishes were observed daily for 

hatchlings and exuvia. 
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10.2.4  Larvae 

Larvae were collected from the sand samples and placed in 0.5% plain agar dishes, in groups of 

10 larvae. These larvae were kept in the same plastic box as the eggs. Panagrellus selusiae were 

added to each dish as a food source. Daily observations were made to check for any pupae which 

had developed, and also whether any food replenishment was needed.  

10.2.5  Pupae 

No pupae were directly recovered in any of the sand samples taken from the field during this study. 

The pupae that developed in the laboratory were reared from larvae recovered from the sand 

samples, placed in emergence containers (figure 10.1), and incubated at room temperature 

(21° �r 3°C).  

 

Containment cell

Emergence funnel

Opening 

 4 cm Petri dish lined 
with moist filter paper

Figure 10.1.  Emergence container for pupae/adults. 

Pupae were removed from the larval dishes and inserted into the dish through a small opening on 

the side of the funnel. The opening was plugged with cotton wool to prevent escape. Emergents 

were trapped in the containment cell at the top of the apparatus. The containment cells are the same 

polyethylene pipette bulbs as used throughout Chapter 8. 

10.2.5  Emerging Adults 

Adult midges, which had recently emerged from the pupae containers, were captured in the 

containment cells at the end of the funnel, as shown in figure 10.1. Female midges were isolated 
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into a different cell (figure 10.2), and were exposed to human skin (naïve volunteers) for blood-

feeding. Irrespective of the success in blood-feeding, these midges were maintained in cells and 

were provided with moisture and carbohydrate by plugging them into cut apples. This procedure 

was described in Chapter 8 (section 8.2.3.13).  

 

Lightly applied to exposed 
skin for blood-feeding 

Figure 10.2.  Isolation cell for blood-feeding.  

For blood-feeding, the open end of the cell  was placed vertically  downward onto the skin of the 

volunteer (GC). The enclosure was tapped lightly to induce midges to be in contact with the skin. 

Once in the open end, the midge could crawl onto the skin to bloodfeed. 

When possible, one male emergent was placed in the container with two or three females. The 

container was fastened onto an apple (e.g. as in section 8.2.1.13) and left for one day, to see if 

mating could take place in the laboratory. Blood-feeding was reattempted the next day to see if the 

midges would blood-feed after being in captivity overnight. Irrespective of blood-feeding success, 

the cell containers were then reconnected to the apple block. One live female was removed each 

second day to be dissected and checked for ovarial development.  

10.3  Results 

10.3.1  Egg Surv ival and Hatching Time 

Since only a few eggs were recovered from the trays, additional eggs were recovered from the 

same beach by collecting further samples from the first 2 cm layer of sand. In the laboratory, the 

open beach-collected eggs were recovered and incubated to eclosion separately from the eggs 

recovered from the “clean” sand trays. The data of the hatching of the eggs recovered from the 

trays (no more than 3 days old) are given in table 10.1 (samples from two and three day exposures 

are combined), while the data of the eggs (of unknown age) from the beach sand are given in table 

10.2. 
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Table 10.1.  Survival of eggs recovered from trays. 

Days from recovery to hatching Date 
Collected 

Number 
of eggs 1 2 3 4 5 6 7 8 9 to 14

Proportion 
Hatched 

20/02/01 0                     

21/02/01 2   1   1           all  

25/02/01 3 1 2               all  

26/02/01 1                   none 

02/03/01 0                     

03/03/01 2         1   1     all  

07/03/01 0                     

08/03/01 1   1               all  

12/03/01 0                     

13/03/01 3 1   1             66% 

17/03/01 1       1           all  

18/03/01 0                     

22/03/01 1     1             all  

23/03/01 0                     

06/04/01 0                     

07/04/01 4       2       1   75% 

11/04/01 0                     

12/04/01 0                     

16/04/01 1       1            all 

17/04/01 0                     

21/04/01 3       1           33% 

22/04/01 0                     

Overall 22 2 4 2 6 1 0 1 1 0 77% 

Note: the grey area indicates that no eggs were recovered on days 9 to 14. 

The trays from which these eggs were recovered were exposed on the beach to be for two or three 

days, and they were collected at low tide of the last day. Since no eggs were obtained from trays 

that were exposed for one day (section 9.3), but some eggs were recovered from trays that were left 

for two days, recovered eggs are either 1 or 2 days old, but unlikely to be 3. Using the same 

estimation method as for survival of fed female midges (section 8.2.4) the mean time between 

collection and hatching was 3.03 days. If the average time of oviposition was –1 days (noting that 

day 0 counts as one day), then the average time for an egg to hatch is 5 days from oviposition. 

In order to evaluate these data, consider that the trays were recovered on day 0, and thus were put 

out on days –2 (for two day exposures) or –3 (for three day exposures). Since previous study 

suggests that no eggs are laid in sand trays on the fi rst day of exposure, then eggs were laid in the 

two-day trays on day –1 and in the three-day containers on days –1 and –2. 

If it is postulated that eggs require at least three days from laying to hatching, then hatching on 

day 1 was from eggs laid on day –2 in the three-day sand trays, and the increased hatching on day 2 
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was from delayed hatching of day –2 eggs, plus day –1 eggs from both 2-day and 3-day sand 

containers. Minimum hatching times of two or four days do not match the observed rate of 

hatching reported in table 10.1. Of course, delayed hatching must also occur, since some eggs 

hatched as late as day 8. 

Most of the eggs collected on the open beach (table 10.2) hatched within the fi rst week or so from 

recovery, and a few hatched even later than that. In one extreme case, one hatched 11 days after 

extraction. Based on dates of eclosion, the mean period after collection to hatching was 3.57 days. 

Table 10.2.  Survival of eggs recovered from around the sample plot. 

Days from recovery to hatching Date 
Collected 

Number
of Eggs 1 2 3 4 5 6 7 8 9 10 11 12 to 14 

Proportion 
Hatched 

02/03/01 0                           

03/03/01 2           1             50% 

07/03/01 7     2         3   1 1   all 

08/03/01 2       1                 50% 

12/03/01 8   1     3 1     2 1     all 

13/03/01 4     2                   50% 

17/03/01 5   2 1                   60% 

18/03/01 0                           

22/03/01 1                         all 

23/03/01 5   4 1                   all 

06/04/01 8 3 3                     75% 

07/04/01 5   5                     all 

11/04/01 1         1               all 

12/04/01 4 4                       all 

16/04/01 4 1                       25% 

17/04/01 8   3 3     1             88% 

21/04/01 9     1   3   1   4       all 

22/04/01 4 1                       25% 

 77 9 18 10 1 7 3 1 3 6 2 1 0 79% 

Note: the grey area indicates that no eggs were recovered on days 12 to 14. 

The pattern of eclosion over the days subsequent to recovery was remarkably similar between the 

trays of known age and the open beach recoveries of unknown (and, on average, probably greater) 

age. When the two distributions were compared (using Clump analysis1), the two distributions were 

signif icantly different (�O2
10 = 21.92, p = 0.010). On the assumption that open-beach collected eggs 

                                                           
1  Clump analysis is an r × 2 contingency analysis based on a Chi-square calculation. Unlike Chi-square 

testing it is suitable for very small expected frequencies as it uses a bootstrapping technique to estimate 
the probability  distribution from the data, rather than rely on an approximation to the Chi distribution 
which is poor with small expected frequencies (Sham and Curtis 1995). 
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would be older than those known to have been recently laid in the trays, the fi t of the two 

distributions was compared with the tray-collected eggs lagged 1 to 3 days (table 10.3). 

Table 10.3.  Similarities in hatching distribution between beach-collected eggs and tray-collected eggs, 

lagged 0 to 3 days. 

Lag of Tray Hatching 
data (days) 

Chi-Square df p 

0 21.92 10 0.010 

1 10.23 9 0.38 

2 14.79 8 0.042 

3 11.39 7 0.13 

From table 10.3 it is clear that the match in pattern of emergence over time was poor with lags of 0 

and 2 days, but better with 1 and 3 days. The 3-day lag is based on relatively little data, so probably 

does not indicate a good match, but a poor definition. It appears that beach-collected eggs were 

about one day older, on average, than those collected in the trays. While to use these data to 

estimate minimum or mean hatching time would require a simulation approach that is beyond the 

intent of this work, these data are consistent with the above suggestions that minimum time to 

hatching is 3 days, and mean time is 5 days. 

10.3.2  Hatching and Neonatal Observations 

First instars emerged from the shell through a longitudinal spli t near the apex of the eggshell. 

Visible features of the emergence process of the first instar Culicoides had been described by 

Will iams (1951) and Jobling (1953). In hatching the neonate gradually elongates until it reaches 

approximately 1.5 times the length of the egg, before beginning to wriggle out of the shell. The 

elongation process itself takes about three minutes at approximately 21°C.  Once freed from the 

shell, the larvae wriggles in the typical anguiliform undulations of the later instar larvae.  

At this stage, the larva was nearly transparent and, it was only clearly visible against a dark 

background. It wriggled away from the eggshell, weakly at first, with frequent stops. The side-to-

side head motion as seen in older larvae while feeding, was also seen here. All fi rst instars 

remained on the surface of the agar on which the eggs were laid, being unable to penetrate. It was 

difficult to handle fi rst instars in the fi rst few minutes after hatching. They were covered with a 

fi lm of moisture which made it easy to slide them on the agar surface. Unfortunately, due to their 

delicate nature, many were injured during the initial attempts to move them. It is likely that these 

injuries resulted in the early deaths of many first instars.  

As a point of entry, a slit was made in the agar with a fine needle. The larva was then gently pushed 

over the slit. It was only necessary to touch the caudal end of the larva to make it wriggle forward, 
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until it reached the opening. In most cases, the larva would enter the agar through the opening. The 

movement seemed unencumbered once in the medium, although the larvae were observed to make 

frequent stops. Many first instars refused to enter the medium. These lingered on the surface to 

enter the agar at a later time or remained on the surface until death. 

10.3.3  Hatchling Survi val 

The count of days for the hatchling survival data started with the day of egg extraction as day 0. 

The day of eclosion and the day that larvae died are shown in tables 10.4 and 10.5. The letter “d” i s 

used to represent each dead larva found on any particular day (e.g. 2 deaths are written as dd). In 

table 10.5 the numbers in the column labelled “Lost” indicate the number of larvae that were 

unaccounted for, having escaped from the Petri dish or been lost in the agar medium. 

The few larvae which died very early during the trial may have been injured by mechanical damage 

due to handling. It was hoped that at least some of the larvae would live long enough to develop 

into adult fl ies, but this did not occur.  

The first instars could be identified by their length, which averaged 925�P. It is not known how long 

the larvae remained as fi rst instars, however, one exuvium was discovered on day 10 from a group 

extracted on March 12. The larger larvae, now presumed to be second instars, measured between 

1400�P and 1600�P. No hatchlings survived to reach the third instar.  

Table 10.4.  Hatchling survival from eggs recovered from sand trays. 

Days to Hatching and Deaths Dates of 
Recovery 
of Eggs 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21

21/02/01  1  1  d      d          

25/02/01 1 2      dd    d          

03/03/01     1  1           d  d  

08/03/01  1                    

13/03/01 1  1 d       d           

17/03/01    1    d              

22/03/01   1     d              

07/04/01    2    1         d  d   

16/04/01    1     d             

21/04/01    1       d           

Only 12% of larvae hatched from and trays survived three weeks after hatching, and 18% when 

recovered from open beach sand. Evidently neonatal larvae are very delicate and easily injured, or 

they have a high intrinsic mortality rate. 
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Table 10.5.  Hatchling survival from eggs recovered from sand. 

Days to Hatching and Deaths Dates of 
Recovery 
of Eggs 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21

Number 
Lost 

03/03/01      1  d               

07/03/01   2     3  1 1  d     d  ddd  3 

08/03/01    1   d                

12/03/01  1   3 1   2 1 d  dd d   d     3 

13/03/01   2          d   d       

17/03/01  2 1   d   d         d     

23/03/01  4 1        d    d  dd     1 

06/04/01 3 3   dd     d            3 

07/04/01  5      dd    dd          1 

11/04/01     1       d           

12/04/01 4   ddd                d   

16/04/01 1           d           

17/04/01  3 3   1 dd dd  d    dd         

21/04/01   1  3  1  4d d  dd  dddd        2 

22/04/01 1     d                 

Where the day of hatching is known, the time until death can be unambiguously determined. The 

distribution of deaths after hatching, when computed in accord with section 8.2.4, provides that the 

mean survival until death (of those larvae that died, and for which a hatching date could be reliably 

determined) was 6.2 days. Even if the date of hatching could not be clearly determined, if all the 

larvae from the particular date of collection died, then the average survival period for all of them 

could be determined. Using this method, average period of survival of larvae that eventually died 

was 6.95 days. 

10.3.4  Laboratory Pupal Eclosion 

In the laboratory, most of the larvae recovered from the sand trays pupated. Emergences occurred 

at different times, with mostly female midges being reared. From the 63 larvae recovered, 15 died 

before pupation, 40 pupated, and 29 emerged as adults. Of the new emergents, four were male and 

25 were female. All the pupae were kept in a single emergence dish. 

Of the unmated females, none took any blood-meals when offered. Occasionally, one would land 

on the skin and remain stationery, however, no feeding took place. Each female midge was 

maintained on apple as a source of carbohydrate for up to 8 days. The dead midges were dissected, 

and revealed no apparent ovarial development, as was expected, since they were very probably not 

mated. Figure 10.3 shows the undeveloped ovaries as seen on all of the females that were dissected. 

 

 227



10  Egg and Juvenile Development 

Figure 10.3.  Undeveloped ovaries of a female C. molestus. 

Mating in the laboratory was apparently not achieved. Only four males emerged from the group of 

pupae. Each of these four were placed in a cell with 3 female midges, which had most recently 

emerged (unfed). If mating had occurred, it did so undetected, and any attempts to blood-feed 

females in the containers failed. One female was removed every second day to check for any 

ovarial development.  

Of the twelve females used in this trial, one female, surprisingly, had partially developed ovaries 

(figure 10.4). This finding is most unexpected since C. molestus has never been reported to be 

facultatively autogenous. This study needs to be repeated to confirm the results. The findings reveal 

that mating can apparently take place in the laboratory, although it has not directly been observed, 

other than its consequence.  

Figure 10.4.  Partially developed 
ovaries of a female C. molestus. 

228 



11   Conclusions 

11.1  Juvenile Distribut ion and Response to Habitat Treatment 

Knowing where and how juveniles of C. molestus are distributed on the beach is important when 

habitat-oriented control is to be developed. The results from Chapter 2 showed that the eggs of C. 

molestus are distributed around MTL, but higher concentrations were found below this level. The 

eggs were also recovered from depths of 9 cm. The larvae are more widely distributed across the 

beach than the eggs, and also concentrated lower down the beach than MTL. The pupae are 

concentrated at a particular position on the beach which coincides with the level where most 

frequent adult emergences occur.  

Juveniles were located at similar elevations\s relative to the tide on a gently sloping and steeper 

beach, and correspondingly, they were spread across a larger horizontal extent on the gentler 

sloping beach. There was very little change in location of juveniles through the year. 

Control by applications on infested beaches of larvicides with a short half- lif e has been the primary 

method of control employed by Gold Coast City Council. The above studies suggest that such 

applications should be done starting from low down the beach, when much of the beach sand is 

exposed. Eggs and larvae occur to considerable depths in the sand (>10 cm, probably) and it seems 

likely that surface chemical sprays would fail to reach this depth, and some juveniles may escape 

such treatment.  

Chapter 6 studied how a treated beach is reinfested by juvenile C. molestus. Reinvasion by large 

larvae, rather than recolonisation by eggs, occurred first. It is yet unclear where the large larvae had 

come from, and it is speculated that the larvae that had somehow escaped treatment found refuge 

deeper in the sand than the depth of sampling or on the open canal water. It has been shown in 

Chapter 9 that larvae can swim in or on the water and redistribute themselves widely around the 

beach. If the treatment is short-lived, returning or dispersing larvae could survive if the toxoxcity 

has fallen sufficiently. Insecticide treatment appeared to kill all juveniles I the shallower layers of 

the beach and the treatment evidently renders the beach unsuitable for oviposition for up to two 

months. Despite prompt reappearance of small numbers of large larvae, a recently treated area 

experiences considerably lower midge activity for at least two months. 
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11.2  Adult Bi ting Activity 

The monthly and annual biting activity of C. molestus was studied in Chapters 3 and 4, 

respectively. The month-long study of the midge biting activity, based on daily biting rate 

measurements, revealed that midge activity peaked during new and full moon, particularly the full 

moon. This could not be detected, however, in the annual study based on weekly observations. The 

annual study also demonstrated four peaks of midge biting activity during the year. Two major 

peaks occur in spring and autumn, and two weaker peaks were found in summer and winter. This is 

taken as suggestion that the species has four generations per year. 

The diurnal biting cycle of C. molestus was studied in Chapter 7. It is clear from the data that biting 

is crepuscular and is largely confined to the period around sunset.  

Equipped with this information, it is now possible to adjust when and where treatment is to be 

applied. For example, larvicides would be most effective if applied a month or so before the 

anticipated spring and autumn peaks, while larvae are still present in greatest numbers. For long-

term control, optimal beach treatment should be when maximum numbers of small (=vulnerable?) 

larvae are present, shortly after the spring and autumn peaks. At these times the biting problem will  

be diminishing, but the effect of control is maximised. The former timing will most efficiently 

reduce the older juveniles that are about ready to emerge, while the latter will target younger 

juveniles hatched from recently-laid eggs. Larvicide should be applied from as low on the beach as 

possible, when nearly all the intertidal sand is exposed, and applied up the beach to a few metres 

above mean tide level.  

This may seem like a simple operation when only a limited amount of area is to be covered, but 

considering the 250 km length of canal beaches on the Gold Coast, this operation requires the use 

of many boats and manpower, and is therefore likely to be expensive.  

Street fogging with adulticides by is another method which is used to control the adult populations. 

Since it is known when they are most active during the year and during the day, it is possible to 

schedule fogging operations during these times. In particular, around sunset during the Spring peak 

in October is probably the most effective time to apply adulticides. 

A more permanent and less expensive method of control is necessary; one which targets 

oviposition, which is presumed to be the most vulnerable phase of the insect’s li fe cycle. 
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11.3  Laboratory Rearing of Juveniles and Adult Mi dges 

The development of a laboratory colony is needed with which to examine the process of 

oviposition. If cues for oviposition can be identified, then the factors which stimulate it might be 

managed on beaches to eliminate oviposition, and therefore the pest problem. Substrate 

modification could be done on a pilot scale on beaches, but it would be much quicker and cot-

effective to do so in a controlled manner on a laboratory scale.  

Chapter 8 explored various ways in which adult midges could be maintained in the laboratory. This 

met with little initial success, but apparatus type and blood source were found to be critical factors 

affecting midge survival, and eventually laboratory oviposition was achieved. This work is not 

finalised and more study is required before reliable laboratory oviposition can be achieved. 

For larval laboratory work, juveniles can be obtained from the field and reared in the laboratory. 

Chapter 9 demonstrates that freshly laid eggs can be obtained from the field and successfully 

maintained to hatching. At present, however, hatchlings could only be reared to the second instar 

(Chapter 10). If oviposition is the key event which is vulnerable to habitat modification, some 

small-scale studies in the field may be done with the use of sand trays as described in Chapter 9.  

One laboratory-reared adult, raised from field-collected larvae, partially  developed ovaries, when 

kept confined with a male, and given access to supplementary carbohydrate. There has been no 

previously published speculation about C. molestus being facultatively anautogenous. More work is 

needed to confirm this finding.  

11.4  Further Work  

The curious observation of high toxicity of the author’s blood to midges deserves further study. 

The survival of laboratory-fed midges on blood drawn from other volunteers with varying levels of 

exposure to C. molestus should be studied. The mechanism causing early death of midges when fed 

on the author’s blood, or (it is assumed) any other volunteer who has suffered similarly large 

numbers of bites of this species needs to be explored. There may be valuable pointers to control 

methods here, as well as interesting insights into immunology and the interaction between a midge 

and her blood meal. 

The most important further work emerging from this study is to perfect the methods for obtaining 

laboratory maintenance of blood-fed females and succeeding in achieving reliable oviposition. This 

will  permit rapid progress in characterisation of oviposition cues, and based on this understanding, 

it should be possible to design practicable, and hopefully cost-effective, habitat modifications 

which may ease the midge problem in canal estates. 
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13  Appendices 

13.1  Appendix 1 

Appendix A reports all the data from Chapter 2, Juvenile Distribution in Intertidal Sand. It contains 
the following information: 

Sample Occasion Identifies which one of four sampling occasions during the study period. 

Row Position  Identifies the position (1 to 5) of data collection relative to tide level on the 
5�u5 m sample plot (figure 2.2, p21). 

Column Position Identifies the replicate (A to E) of each of five row positions across the beach 
on the 5�u5 m sample plot (figure 2.2, p21) 

Juvenile  This category identifies the category of life-stage of the juvenile midges: (i) 
eggs, (ii) eggshells, (iii) larvae, (iv) pupae. 

 

Appendix 1 
Juvenile Sample 

Occasion 
Row 

Position 
Column 
Position 

Depth 
(cm) Eggs Eggshells Larvae Pupae 

1 1 C 0.5 0 0 5 0 
1 1 C 1 .0 0 0 0 0 
1 1 C 1.5 0 6 0 0 
1 1 C 2.0 0 2 1 0 
1 1 C 2.5 0 1 10 0 
1 1 C 3.0 0 1 5 0 
1 1 C 3.5 0 0 15 0 
1 1 C 4.0 0 4 15 0 
1 1 C 4.5 0 0 15 0 
1 1 C 5.0 0 1 25 0 
1 1 D 0.5 0 0 0 0 
1 1 D 1 .0 1 21 0 0 
1 1 D 1.5 5 11 3 0 
1 1 D 2.0 8 20 10 0 
1 1 D 2.5 3 18 30 0 
1 1 D 3.0 2 13 20 0 
1 1 D 3.5 0 11 30 0 
1 1 D 4.0 1 15 20 0 
1 1 D 4.5 0 10 20 0 
1 1 D 5.0 0 5 20 0 
1 2 A 0.5 1 6 0 0 
1 2 A 1 .0 0 12 11 0 
1 2 A 1.5 11 44 20 0 
1 2 A 2.0 1 20 12 0 
1 2 A 2.5 1 27 40 0 
1 2 A 3.0 2 40 15 0 
1 2 A 3.5 0 22 50 0 
1 2 A 4.0 1 18 40 0 
1 2 A 4.5 0 10 37 0 
1 2 A 5.0 0 5 45 0 
1 3 B 0.5 2 8 0 0 
1 3 B 1 .0 33 10 15 0 
1 3 B 1.5 18 10 30 0 
1 3 B 2.0 22 18 65 0 



13  Appendices 

242 

Appendix 1 
Juvenile Sample 

Occasion 
Row 

Position 
Column 
Position 

Depth 
(cm) Eggs Eggshells Larvae Pupae 

1 3 B 2.5 31 28 37 0 
1 3 B 3.0 64 40 65 0 
1 3 B 3.5 5 23 50 0 
1 3 B 4.0 5 20 40 0 
1 3 B 4.5 0 15 70 0 
1 3 B 5.0 0 3 35 0 
1 4 C 0.5 0 0 2 0 
1 4 C 1 .0 10 8 30 0 
1 4 C 1.5 1 6 40 0 
1 4 C 2.0 0 6 50 0 
1 4 C 2.5 1 7 80 0 
1 4 C 3.0 0 4 50 0 
1 4 C 3.5 0 14 60 0 
1 4 C 4.0 0 9 30 0 
1 4 C 4.5 1 41 60 0 
1 4 C 5.0 0 3 50 0 
1 5 D 0.5 0 9 3 0 
1 5 D 1 .0 0 18 10 0 
1 5 D 1.5 0 13 2 0 
1 5 D 2.0 0 29 20 0 
1 5 D 2.5 1 16 30 0 
1 5 D 3.0 1 15 20 0 
1 5 D 3.5 2 20 20 0 
1 5 D 4.0 8 23 20 0 
1 5 D 4.5 0 14 20 0 
1 5 D 5.0 0 6 10 0 
1 6 E 0.5 0 20 0 0 
1 6 E 1 .0 0 3 10 0 
1 6 E 1.5 2 4 10 0 
1 6 E 2.0 27 23 40 0 
1 6 E 2.5 11 42 3 0 
1 6 E 3.0 0 12 20 0 
1 6 E 3.5 1 15 40 0 
1 6 E 4.0 4 1 40 0 
1 6 E 4.5 0 20 40 0 
1 6 E 5.0 0 15 30 0 
2 1 A 2.0 0 4 1 1 
2 1 A 4.0 0 6 35 1 
2 1 A 6.0 0 10 30 1 
2 1 A 8.0 0 0 10 0 
2 1 A 10.0 0 0 0 0 
2 2 B 2.0 1 27 1 1 
2 2 B 4.0 0 12 30 2 
2 2 B 6.0 1 0 30 0 
2 2 B 8.0 0 0 10 0 
2 2 B 10.0 0 0 0 0 
2 3 C 2.0 10 9 5 0 
2 3 C 4.0 2 3 5 1 
2 3 C 6.0 0 1 30 1 
2 3 C 8.0 0 1 20 1 
2 3 C 10.0 0 2 10 0 
2 4 D 2.0 10 30 5 0 
2 4 D 4.0 1 7 13 0 
2 4 D 6.0 0 7 21 0 
2 4 D 8.0 0 3 10 1 
2 4 D 10.0 0 1 15 0 
2 5 E 2.0 6 9 6 2 



13  Appendices 

 243

Appendix 1 
Juvenile Sample 

Occasion 
Row 

Position 
Column 
Position 

Depth 
(cm) Eggs Eggshells Larvae Pupae 

2 5 E 4.0 0 11 12 1 
2 5 E 6.0 0 6 10 1 
2 5 E 8.0 0 0 10 0 
2 5 E 10.0 0 0 57 0 
3 0 C 2.0 0 0 0 0 
3 0 C 4.0 0 0 0 0 
3 0 C 6.0 0 0 0 0 
3 0 D 2.0 0 0 0 0 
3 0 D 4.0 0 0 0 0 
3 0 D 6.0 0 0 0 0 
3 1 A 2.0 0 0 0 0 
3 1 A 4.0 0 0 0 0 
3 1 A 6.0 0 0 0 0 
3 2 B 2.0 0 0 0 0 
3 2 B 4.0 0 0 0 0 
3 2 B 6.0 0 0 0 0 
3 3 C 2.0 0 1 0 0 
3 3 C 4.0 0 0 0 0 
3 3 C 6.0 0 0 0 0 
3 4 D 2.0 0 0 0 0 
3 4 D 4.0 0 1 0 0 
3 4 D 6.0 0 0 0 0 
3 5 E 2.0 0 0 0 0 
3 5 E 4.0 0 1 0 0 
3 5 E 6.0 0 0 0 0 
4 1 A 2.0 21 0 0 1 
4 1 A 4.0 0 0 1 0 
4 1 A 6.0 0 0 0 0 
4 2 B 2.0 0 0 0 0 
4 2 B 4.0 0 0 0 0 
4 2 B 6.0 0 0 0 0 
4 3 C 2.0 0 1 0 0 
4 3 C 4.0 0 2 0 0 
4 3 C 6.0 0 1 0 0 
4 4 D 2.0 0 0 1 0 
4 4 D 4.0 0 0 2 0 
4 4 D 6.0 0 0 0 0 
4 5 E 2.0 0 0 0 0 
4 5 E 4.0 0 0 0 0 
4 5 E 6.0 0 0 0 0 
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13.2  Appendix 2 

The data presented in Appendix 2 is that of Chapter 3, Location and Seasonality of Juveniles. It 
contains the following categories: 

Season Identifies to the time of year (Spring, Summer, Autumn, Winter) when samples were 
collected. 

Site Identifies which of two sites (Alvarado or Rosemont) where the samples were being 
collected. 

Position Identifies to position of the collected sample as elevation in metres above 
(represented by a positive number) and below (negative number) MTL. 

S-larvae Number of small larvae in the sample, log10(y+1) transformed. 

L-larvae Number of large larvae in the sample, log10(y+1) transformed. 

Pupae Number of pupae in the sample, log10(y+1) transformed. 

 

Appendix 2 

Season Site 
Position 

(m AMTL) 
Eggs Small larvae Large larvae Pupae 

Spring Alvarado 0.41 0 0 0 0 
Spring Alvarado 0.41 0 0 0 0 
Spring Alvarado 0.15 0 5 4 2 
Spring Alvarado 0.15 0 0 0 1 
Spring Alvarado -0.10 1 13 2 2 
Spring Alvarado -0.10 0 9 16 4 
Spring Alvarado -0.36 6 10 16 0 
Spring Alvarado -0.36 6 15 3 2 
Spring Alvarado -0.62 4 6 28 0 
Spring Alvarado -0.62 1 0 8 0 
Spring Alvarado -0.87 0 0 1 0 
Spring Alvarado -0.87 0 0 1 0 

Summer Alvarado 0.41 0 1 0 0 
Summer Alvarado 0.41 0 0 0 0 
Summer Alvarado 0.41 0 3 8 0 
Summer Alvarado 0.41 0 15 1 0 
Summer Alvarado 0.41 0 0 0 0 
Summer Alvarado 0.41 0 0 0 0 
Summer Alvarado 0.41 0 3 5 0 
Summer Alvarado 0.41 0 0 3 0 
Summer Alvarado 0.41 0 1 15 0 
Summer Alvarado 0.41 0 0 0 0 
Summer Alvarado 0.15 0 1 0 0 
Summer Alvarado 0.15 0 0 0 0 
Summer Alvarado 0.15 0 10 5 0 
Summer Alvarado 0.15 0 0 2 0 
Summer Alvarado 0.15 0 2 3 4 
Summer Alvarado 0.15 0 0 7 6 
Summer Alvarado 0.15 0 0 0 0 
Summer Alvarado 0.15 0 8 21 2 
Summer Alvarado 0.15 5 8 13 1 
Summer Alvarado 0.15 0 0 19 0 
Summer Alvarado -0.10 5 0 11 0 
Summer Alvarado -0.10 0 0 7 0 
Summer Alvarado -0.10 0 12 0 1 
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Appendix 2 

Season Site 
Position 

(m AMTL) 
Eggs Small larvae Large larvae Pupae 

Summer Alvarado -0.10 0 2 1 0 
Summer Alvarado -0.10 2 3 9 3 
Summer Alvarado -0.10 1 0 7 0 
Summer Alvarado -0.10 3 0 12 5 
Summer Alvarado -0.10 0 5 11 2 
Summer Alvarado -0.10 7 0 10 1 
Summer Alvarado -0.10 3 0 6 0 
Summer Alvarado -0.36 5 0 7 0 
Summer Alvarado -0.36 0 10 6 0 
Summer Alvarado -0.36 0 0 0 0 
Summer Alvarado -0.36 0 0 10 0 
Summer Alvarado -0.36 2 2 9 0 
Summer Alvarado -0.36 1 8 0 0 
Summer Alvarado -0.36 3 5 11 0 
Summer Alvarado -0.36 0 0 5 0 
Summer Alvarado -0.36 7 0 7 0 
Summer Alvarado -0.36 3 0 17 1 
Summer Alvarado -0.62 0 0 0 0 
Summer Alvarado -0.62 0 10 6 0 
Summer Alvarado -0.62 0 0 0 0 
Summer Alvarado -0.62 0 0 0 0 
Summer Alvarado -0.62 1 17 2 0 
Summer Alvarado -0.62 0 2 17 0 
Summer Alvarado -0.62 0 10 10 0 
Summer Alvarado -0.62 0 13 12 0 
Summer Alvarado -0.62 0 0 3 0 
Summer Alvarado -0.62 0 0 0 0 
Summer Alvarado -0.87 0 0 0 0 
Summer Alvarado -0.87 0 0 0 0 
Summer Alvarado -0.87 0 0 0 0 
Summer Alvarado -0.87 0 0 0 0 
Summer Alvarado -0.87 0 0 1 0 
Summer Alvarado -0.87 0 0 0 0 
Summer Alvarado -0.87 0 0 0 0 
Summer Alvarado -0.87 0 0 0 0 
Summer Alvarado -0.87 0 0 0 0 
Summer Alvarado -0.87 0 0 0 0 
Autumn Alvarado 0.41 0 0 0 0 
Autumn Alvarado 0.41 0 0 0 0 
Autumn Alvarado 0.41 0 0 5 0 
Autumn Alvarado 0.41 0 0 1 0 
Autumn Alvarado 0.41 0 1 0 0 
Autumn Alvarado 0.41 0 0 4 0 
Autumn Alvarado 0.41 0 0 3 0 
Autumn Alvarado 0.41 0 0 0 0 
Autumn Alvarado 0.41 0 0 5 0 
Autumn Alvarado 0.41 0 0 8 0 
Autumn Alvarado 0.15 0 0 2 0 
Autumn Alvarado 0.15 0 5 17 0 
Autumn Alvarado 0.15 0 7 8 0 
Autumn Alvarado 0.15 0 0 17 0 
Autumn Alvarado 0.15 0 4 2 0 
Autumn Alvarado 0.15 0 0 3 0 
Autumn Alvarado 0.15 0 3 0 0 
Autumn Alvarado 0.15 0 4 5 1 
Autumn Alvarado 0.15 1 0 6 1 
Autumn Alvarado 0.15 0 0 8 0 
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Appendix 2 

Season Site 
Position 

(m AMTL) 
Eggs Small larvae Large larvae Pupae 

Autumn Alvarado -0.10 66 7 0 2 
Autumn Alvarado -0.10 65 25 9 0 
Autumn Alvarado -0.10 35 25 11 4 
Autumn Alvarado -0.10 18 30 15 0 
Autumn Alvarado -0.10 3 13 23 5 
Autumn Alvarado -0.10 0 3 14 0 
Autumn Alvarado -0.10 4 0 11 2 
Autumn Alvarado -0.10 1 14 11 0 
Autumn Alvarado -0.10 0 5 14 5 
Autumn Alvarado -0.10 2 17 2 1 
Autumn Alvarado -0.36 0 0 4 0 
Autumn Alvarado -0.36 0 0 1 0 
Autumn Alvarado -0.36 3 15 12 0 
Autumn Alvarado -0.36 1 0 6 0 
Autumn Alvarado -0.36 5 19 14 0 
Autumn Alvarado -0.36 19 15 29 0 
Autumn Alvarado -0.36 5 22 8 0 
Autumn Alvarado -0.36 1 8 8 1 
Autumn Alvarado -0.36 0 0 2 0 
Autumn Alvarado -0.36 0 4 11 0 
Autumn Alvarado -0.62 0 0 3 0 
Autumn Alvarado -0.62 0 0 0 0 
Autumn Alvarado -0.62 0 0 4 0 
Autumn Alvarado -0.62 0 0 1 0 
Autumn Alvarado -0.62 5 19 14 0 
Autumn Alvarado -0.62 0 0 5 0 
Autumn Alvarado -0.62 0 2 18 0 
Autumn Alvarado -0.62 0 0 11 0 
Autumn Alvarado -0.62 0 0 1 0 
Autumn Alvarado -0.62 0 2 6 0 
Autumn Alvarado -0.87 0 0 0 0 
Autumn Alvarado -0.87 0 0 0 0 
Autumn Alvarado -0.87 0 0 0 0 
Autumn Alvarado -0.87 0 0 0 0 
Autumn Alvarado -0.87 0 0 0 0 
Autumn Alvarado -0.87 0 0 0 0 
Autumn Alvarado -0.87 0 0 0 0 
Autumn Alvarado -0.87 0 0 0 0 
Autumn Alvarado -0.87 0 0 0 0 
Autumn Alvarado -0.87 0 0 0 0 
Winter Alvarado 0.41 0 0 0 0 
Winter Alvarado 0.41 0 0 0 0 
Winter Alvarado 0.41 0 0 3 0 
Winter Alvarado 0.41 0 1 0 0 
Winter Alvarado 0.15 2 20 15 0 
Winter Alvarado 0.15 0 10 18 0 
Winter Alvarado 0.15 2 3 4 1 
Winter Alvarado 0.15 0 28 1 0 
Winter Alvarado -0.10 1 17 4 2 
Winter Alvarado -0.10 5 28 25 5 
Winter Alvarado -0.10 13 20 24 0 
Winter Alvarado -0.10 19 5 6 0 
Winter Alvarado -0.36 5 17 13 0 
Winter Alvarado -0.36 11 0 27 0 
Winter Alvarado -0.36 11 12 3 0 
Winter Alvarado -0.36 14 7 3 0 
Winter Alvarado -0.62 2 16 7 0 
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Appendix 2 

Season Site 
Position 

(m AMTL) 
Eggs Small larvae Large larvae Pupae 

Winter Alvarado -0.62 0 15 12 0 
Winter Alvarado -0.62 0 15 8 0 
Winter Alvarado -0.62 0 1 2 0 
Winter Alvarado -0.87 0 0 0 0 
Winter Alvarado -0.87 0 0 0 0 
Winter Alvarado -0.87 0 0 0 0 
Winter Alvarado -0.87 0 0 0 0 
Spring Rosemont 0.55 0 0 0 0 
Spring Rosemont 0.55 0 0 0 0 
Spring Rosemont 0.34 0 5 10 0 
Spring Rosemont 0.34 0 0 2 0 
Spring Rosemont 0.13 0 0 0 0 
Spring Rosemont 0.13 0 0 0 0 
Spring Rosemont -0.07 18 10 50 18 
Spring Rosemont -0.07 4 17 15 4 
Spring Rosemont -0.28 6 6 4 6 
Spring Rosemont -0.28 6 0 27 6 
Spring Rosemont -0.48 4 0 3 4 
Spring Rosemont -0.48 3 0 5 3 
Spring Rosemont -0.69 0 0 0 0 
Spring Rosemont -0.69 0 0 0 0 
Spring Rosemont -0.90 0 0 0 0 
Spring Rosemont -0.90 0 0 0 0 

Summer Rosemont 0.55 0 0 0 0 
Summer Rosemont 0.55 0 0 0 0 
Summer Rosemont 0.55 0 0 0 0 
Summer Rosemont 0.55 0 0 0 0 
Summer Rosemont 0.55 0 0 0 0 
Summer Rosemont 0.55 0 0 0 0 
Summer Rosemont 0.55 0 0 0 0 
Summer Rosemont 0.55 0 0 0 0 
Summer Rosemont 0.55 0 0 0 0 
Summer Rosemont 0.55 0 0 0 0 
Summer Rosemont 0.55 0 0 0 0 
Summer Rosemont 0.55 0 0 0 0 
Summer Rosemont 0.34 0 0 0 0 
Summer Rosemont 0.34 0 0 0 0 
Summer Rosemont 0.34 0 0 0 0 
Summer Rosemont 0.34 0 0 2 0 
Summer Rosemont 0.34 0 9 27 0 
Summer Rosemont 0.34 7 40 19 0 
Summer Rosemont 0.34 0 2 7 0 
Summer Rosemont 0.34 0 0 11 0 
Summer Rosemont 0.34 0 0 8 0 
Summer Rosemont 0.34 0 5 17 0 
Summer Rosemont 0.34 0 0 0 0 
Summer Rosemont 0.34 0 0 0 0 
Summer Rosemont 0.13 0 25 1 0 
Summer Rosemont 0.13 24 16 3 0 
Summer Rosemont 0.13 7 25 27 3 
Summer Rosemont 0.13 22 35 6 3 
Summer Rosemont 0.13 17 5 8 4 
Summer Rosemont 0.13 16 18 13 10 
Summer Rosemont 0.13 1 25 14 0 
Summer Rosemont 0.13 0 16 42 1 
Summer Rosemont 0.13 0 0 0 1 
Summer Rosemont 0.13 0 0 0 1 
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Appendix 2 

Season Site 
Position 

(m AMTL) 
Eggs Small larvae Large larvae Pupae 

Summer Rosemont 0.13 0 0 0 0 
Summer Rosemont 0.13 15 15 15 15 
Summer Rosemont -0.07 2 0 0 0 
Summer Rosemont -0.07 3 0 0 0 
Summer Rosemont -0.07 43 42 58 0 
Summer Rosemont -0.07 48 20 4 0 
Summer Rosemont -0.07 21 43 27 23 
Summer Rosemont -0.07 44 45 13 29 
Summer Rosemont -0.07 8 2 26 7 
Summer Rosemont -0.07 13 8 33 6 
Summer Rosemont -0.07 4 35 61 5 
Summer Rosemont -0.07 14 20 52 3 
Summer Rosemont -0.07 0 0 14 13 
Summer Rosemont -0.07 0 0 8 4 
Summer Rosemont -0.28 3 0 0 0 
Summer Rosemont -0.28 0 0 0 2 
Summer Rosemont -0.28 7 30 38 1 
Summer Rosemont -0.28 26 80 27 2 
Summer Rosemont -0.28 26 20 16 3 
Summer Rosemont -0.28 72 64 20 4 
Summer Rosemont -0.28 8 17 14 4 
Summer Rosemont -0.28 17 2 5 0 
Summer Rosemont -0.28 38 30 35 3 
Summer Rosemont -0.28 33 10 28 2 
Summer Rosemont -0.28 3 30 61 2 
Summer Rosemont -0.28 8 21 16 3 
Summer Rosemont -0.48 14 0 0 0 
Summer Rosemont -0.48 16 0 0 2 
Summer Rosemont -0.48 1 20 20 0 
Summer Rosemont -0.48 0 0 21 0 
Summer Rosemont -0.48 4 4 6 0 
Summer Rosemont -0.48 2 0 10 0 
Summer Rosemont -0.48 7 0 1 0 
Summer Rosemont -0.48 7 0 1 1 
Summer Rosemont -0.48 11 15 20 0 
Summer Rosemont -0.48 16 10 17 0 
Summer Rosemont -0.48 23 35 35 0 
Summer Rosemont -0.48 16 10 13 0 
Summer Rosemont -0.69 0 0 0 0 
Summer Rosemont -0.69 2 0 0 0 
Summer Rosemont -0.69 0 0 2 0 
Summer Rosemont -0.69 0 0 1 0 
Summer Rosemont -0.69 0 0 0 0 
Summer Rosemont -0.69 0 0 1 0 
Summer Rosemont -0.69 2 0 0 0 
Summer Rosemont -0.69 0 0 0 0 
Summer Rosemont -0.69 11 0 3 0 
Summer Rosemont -0.69 16 0 2 0 
Summer Rosemont -0.69 17 27 1 0 
Summer Rosemont -0.69 13 3 0 0 
Summer Rosemont -0.90 0 0 0 0 
Summer Rosemont -0.90 0 0 0 0 
Summer Rosemont -0.90 0 0 0 0 
Summer Rosemont -0.90 0 0 0 0 
Summer Rosemont -0.90 0 0 0 0 
Summer Rosemont -0.90 0 0 0 0 
Summer Rosemont -0.90 0 0 0 0 
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Appendix 2 

Season Site 
Position 

(m AMTL) 
Eggs Small larvae Large larvae Pupae 

Summer Rosemont -0.90 0 0 0 0 
Summer Rosemont -0.90 0 0 0 0 
Summer Rosemont -0.90 0 0 0 0 
Summer Rosemont -0.90 0 0 0 0 
Summer Rosemont -0.90 0 5 0 0 
Autumn Rosemont 0.55 0 0 0 0 
Autumn Rosemont 0.55 0 0 23 0 
Autumn Rosemont 0.55 0 0 0 0 
Autumn Rosemont 0.55 0 0 0 0 
Autumn Rosemont 0.55 0 2 0 0 
Autumn Rosemont 0.55 0 0 0 0 
Autumn Rosemont 0.55 0 0 0 0 
Autumn Rosemont 0.55 0 0 0 0 
Autumn Rosemont 0.55 0 0 0 0 
Autumn Rosemont 0.55 64 0 0 0 
Autumn Rosemont 0.34 0 0 26 7 
Autumn Rosemont 0.34 2 53 24 6 
Autumn Rosemont 0.34 0 30 12 0 
Autumn Rosemont 0.34 0 25 0 1 
Autumn Rosemont 0.34 0 61 0 0 
Autumn Rosemont 0.34 1 23 1 1 
Autumn Rosemont 0.34 0 0 0 0 
Autumn Rosemont 0.34 0 0 0 0 
Autumn Rosemont 0.34 0 0 0 0 
Autumn Rosemont 0.34 0 0 0 0 
Autumn Rosemont 0.13 8 31 10 0 
Autumn Rosemont 0.13 4 30 13 1 
Autumn Rosemont 0.13 0 45 21 1 
Autumn Rosemont 0.13 3 51 3 2 
Autumn Rosemont 0.13 0 0 0 0 
Autumn Rosemont 0.13 0 0 0 0 
Autumn Rosemont 0.13 0 0 0 0 
Autumn Rosemont 0.13 0 0 0 0 
Autumn Rosemont 0.13 0 0 0 0 
Autumn Rosemont 0.13 0 0 0 0 
Autumn Rosemont -0.07 10 10 35 3 
Autumn Rosemont -0.07 16 0 46 0 
Autumn Rosemont -0.07 26 27 50 2 
Autumn Rosemont -0.07 29 45 12 3 
Autumn Rosemont -0.07 9 73 13 1 
Autumn Rosemont -0.07 13 41 13 3 
Autumn Rosemont -0.07 0 1 42 8 
Autumn Rosemont -0.07 4 1 4 4 
Autumn Rosemont -0.07 0 1 29 8 
Autumn Rosemont -0.07 7 0 34 5 
Autumn Rosemont -0.28 7 15 21 0 
Autumn Rosemont -0.28 2 4 10 0 
Autumn Rosemont -0.28 0 18 12 0 
Autumn Rosemont -0.28 0 12 6 0 
Autumn Rosemont -0.28 5 15 4 0 
Autumn Rosemont -0.28 25 20 25 0 
Autumn Rosemont -0.28 8 3 29 7 
Autumn Rosemont -0.28 12 12 42 8 
Autumn Rosemont -0.28 0 8 27 11 
Autumn Rosemont -0.28 15 18 13 8 
Autumn Rosemont -0.48 1 0 3 0 
Autumn Rosemont -0.48 0 0 14 0 
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Appendix 2 

Season Site 
Position 

(m AMTL) 
Eggs Small larvae Large larvae Pupae 

Autumn Rosemont -0.48 0 2 13 0 
Autumn Rosemont -0.48 0 0 20 0 
Autumn Rosemont -0.48 0 0 0 0 
Autumn Rosemont -0.48 0 0 0 0 
Autumn Rosemont -0.48 30 1 49 4 
Autumn Rosemont -0.48 16 22 52 8 
Autumn Rosemont -0.48 16 34 18 9 
Autumn Rosemont -0.48 15 7 28 4 
Autumn Rosemont -0.69 1 0 0 0 
Autumn Rosemont -0.69 0 0 2 0 
Autumn Rosemont -0.69 0 0 0 0 
Autumn Rosemont -0.69 0 0 0 0 
Autumn Rosemont -0.69 0 0 1 0 
Autumn Rosemont -0.69 0 0 0 0 
Autumn Rosemont -0.69 9 0 5 0 
Autumn Rosemont -0.69 14 0 12 0 
Autumn Rosemont -0.69 12 0 0 0 
Autumn Rosemont -0.69 19 0 6 0 
Autumn Rosemont -0.90 0 0 0 0 
Autumn Rosemont -0.90 0 0 0 0 
Autumn Rosemont -0.90 0 0 0 0 
Autumn Rosemont -0.90 0 0 0 0 
Autumn Rosemont -0.90 0 0 0 0 
Autumn Rosemont -0.90 0 0 0 0 
Autumn Rosemont -0.90 0 0 0 0 
Autumn Rosemont -0.90 0 0 0 0 
Autumn Rosemont -0.90 0 0 0 0 
Autumn Rosemont -0.90 0 0 0 0 
Winter Rosemont 0.55 0 0 0 0 
Winter Rosemont 0.55 0 0 0 0 
Winter Rosemont 0.55 0 0 0 0 
Winter Rosemont 0.55 0 1 2 0 
Winter Rosemont 0.34 10 22 2 0 
Winter Rosemont 0.34 5 16 5 0 
Winter Rosemont 0.34 15 8 1 1 
Winter Rosemont 0.34 2 35 13 0 
Winter Rosemont 0.13 8 20 21 3 
Winter Rosemont 0.13 5 27 6 7 
Winter Rosemont 0.13 0 0 0 0 
Winter Rosemont 0.13 0 0 0 0 
Winter Rosemont -0.07 3 38 26 0 
Winter Rosemont -0.07 11 15 32 4 
Winter Rosemont -0.07 1 26 26 0 
Winter Rosemont -0.07 4 37 12 3 
Winter Rosemont -0.28 19 25 3 0 
Winter Rosemont -0.28 8 15 9 0 
Winter Rosemont -0.28 10 31 14 0 
Winter Rosemont -0.28 4 8 4 0 
Winter Rosemont -0.48 0 0 1 0 
Winter Rosemont -0.48 0 0 0 0 
Winter Rosemont -0.48 1 0 0 0 
Winter Rosemont -0.48 0 0 1 0 
Winter Rosemont -0.69 0 0 0 0 
Winter Rosemont -0.69 0 0 0 0 
Winter Rosemont -0.69 0 0 0 0 
Winter Rosemont -0.69 0 0 0 0 
Winter Rosemont -0.90 0 0 0 0 
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Appendix 2 

Season Site 
Position 

(m AMTL) 
Eggs Small larvae Large larvae Pupae 

Winter Rosemont -0.90 0 0 0 0 
Winter Rosemont -0.90 0 0 0 0 
Winter Rosemont -0.90 0 0 0 0 
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13.3  Appendix 3 

Appendix 3 contains data collected for Chapter 5, Annual Biting Cycle. 

Date When sample was collected. 

Sample Denotes the nth sampling day. 

S-larvae Small larvae. 

Time Refers to the midpoint of the ten-minute sampling session as minutes after 
commencement of sampling. Sunset is 30 minutes on this time-scale. 

Catch The number of specimens collected in the ten-minute sampling occasion. 

NtTotal Refers to the total number of specimens collected on the day. 

SqrtCatch Square root transformed Catch. 

RH Relative Humidity read at the site. 

Tmin Minimum temperature (°C) read during a sampling occasion. 

Tavg Average temperature (°C) calculated for the sampling occasion. 

Tmax Maximum temperature (°C) read during a sampling occasion. 

Wmin Minimum wind-speed (ms–1) read during a sampling occasion. 

Wavg Average wind-speed (ms–1) calculated for the sampling occasion. 

Wmax Maximum wind-speed (ms–1) read during a sampling occasion. 

Direction Wind direction (degrees bearing eastwards from north). 

Cloud Approximate cloud cover during a sampling occasion. 

Light Light intensity (Lux) reading. 

6-Temp Temperature (°C) reading at 1800 obtained from the Southport Seaway weather 
tower. 

6-Wet Bulb Wet-bulb temperature (°C) reading at 1800 obtained from the Southport Seaway 
weather tower. 

6-Dew pt Dew point reading (°C) at 1800 obtained from the Southport Seaway weather tower. 

6-RH Relative humidity (%) reading at 1800 obtained from the Southport Seaway weather 
tower. 

6-Wdirn Wind direction (degrees bearing eastwards from north) reading at 1800 obtained 
from the Southport Seaway weather tower. 

6-Wspeed Wind-speed (ms–1) reading at 1800 obtained from the Southport Seaway weather 
tower. 

6-BarPress Barometer pressure reading at 1800 obtained from the Southport Seaway weather 
tower. 

Rain Volume of rain (mm) recorded at 1800 obtained from the Southport Seaway weather 
tower. 
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Date Sample Time Catch 
Night 
Total 

RH Tmin Tavg Tmax Wmin Wavg Wmax Direction Cloud Light 
6-

Temp 

6-
Wet 
Bulb 

6-
Dew 
pt. 

6-
RH 

6-
Wdirn 

6-
Wspeed 

6-
Bar 

Press 
Rain 

14/09/1997 1 5 6 51   20.2   0.28   10 4080 20.1 16.0 12.8 63 55 3.33 1024 0 
14/09/1997 1 15 14    20.2   0.28   10 2000 20.1 16.0 12.8 63 55 3.33 1024 0 
14/09/1997 1 25 13    20.2   0.28   10 927 20.1 16.0 12.8 63 55 3.33 1024 0 
14/09/1997 1 35 12    20.2   0.28   10 430 20.1 16.0 12.8 63 55 3.33 1024 0 
14/09/1997 1 45 4    20.2   0.28   10 64 20.1 16.0 12.8 63 55 3.33 1024 0 
14/09/1997 1 55 2    20.2   0.28   10 5 20.1 16.0 12.8 63 55 3.33 1024 0 
26/09/1997 2 5 0 0   19.1   0.43   100  21.9 20.7 20.0 90 28 0.63 1016 0 
27/09/1997 2 15 0    19.1   0.43   100  21.9 20.7 20.0 90 28 0.63 1016 0 
28/09/1997 2 25 0    19.1   0.43   100  21.9 20.7 20.0 90 28 0.63 1016 0 
29/09/1997 2 35 0    19.1   0.43   100  21.9 20.7 20.0 90 28 0.63 1016 0 
30/09/1997 2 45 0    19.1   0.43   100  21.9 20.7 20.0 90 28 0.63 1016 0 
01/10/1997 2 55 0    19.1   0.43   100  21.9 20.7 20.0 90 28 0.63 1016 0 
05/10/1997 3 5 14 116   23.2   1.50   75 1965 20.0 16.3 13.5 66 48 3.13 1021 0.2 
05/10/1997 3 15 20    23.2   1.50   75 1807 20.0 16.3 13.5 66 48 3.13 1021 0.2 
05/10/1997 3 25 17    23.2   1.50   75 900 20.0 16.3 13.5 66 48 3.13 1021 0.2 
05/10/1997 3 35 31    23.2   1.50   75 295 20.0 16.3 13.5 66 48 3.13 1021 0.2 
05/10/1997 3 45 22    23.2   1.50   75 36 20.0 16.3 13.5 66 48 3.13 1021 0.2 
05/10/1997 3 55 12    23.2   1.50   75 8 20.0 16.3 13.5 66 48 3.13 1021 0.2 
10/10/1997 4 5 32 174  20.4 21.4 24.5 0.21 1.09 1.87   5450 20.8 17.6 15.3 71 128 2.99 1019 0 
10/10/1997 4 15 49   20.4 21.4 24.5 0.21 1.09 1.87   2730 20.8 17.6 15.3 71 128 2.99 1019 0 
10/10/1997 4 25 30   20.4 21.4 24.5 0.21 1.09 1.87   1570 20.8 17.6 15.3 71 128 2.99 1019 0 
10/10/1997 4 35 29   20.4 21.4 24.5 0.21 1.09 1.87   582 20.8 17.6 15.3 71 128 2.99 1019 0 
10/10/1997 4 45 28   20.4 21.4 24.5 0.21 1.09 1.87   115 20.8 17.6 15.3 71 128 2.99 1019 0 
10/10/1997 4 55 6   20.4 21.4 24.5 0.21 1.09 1.87   15 20.8 17.6 15.3 71 128 2.99 1019 0 
19/10/1997 5 5  104           15.8 15.4 15.3 96 143 4.17 1020 38.0 
19/10/1997 5 15             15.8 15.4 15.3 96 143 4.17 1020 38.0 
19/10/1997 5 25             15.8 15.4 15.3 96 143 4.17 1020 38.0 
19/10/1997 5 35             15.8 15.4 15.3 96 143 4.17 1020 38.0 
19/10/1997 5 45             15.8 15.4 15.3 96 143 4.17 1020 38.0 
19/10/1997 5 55             15.8 15.4 15.3 96 143 4.17 1020 38.0 
26/10/1997 6 5  43           21.8 18.3 16.3 69 65 4.10 1023 0 
26/10/1997 6 15             21.8 18.3 16.3 69 65 4.10 1023 0 
26/10/1997 6 25             21.8 18.3 16.3 69 65 4.10 1023 0 
26/10/1997 6 35             21.8 18.3 16.3 69 65 4.10 1023 0 
26/10/1997 6 45             21.8 18.3 16.3 69 65 4.10 1023 0 
26/10/1997 6 55             21.8 18.3 16.3 69 65 4.10 1023 0 
03/11/1997 7 5 7 62  22.9 23.1 23.9 0.15 0.96 2.40  100 638 22.0 19.8 18.8 81 60 3.19 1018 0 
03/11/1997 7 15 19   22.9 23.1 23.9 0.15 0.96 2.40  100 208 22.0 19.8 18.8 81 60 3.19 1018 0 
03/11/1997 7 25 23   22.9 23.1 23.9 0.15 0.96 2.40  100 109 22.0 19.8 18.8 81 60 3.19 1018 0 
03/11/1997 7 35 11   22.9 23.1 23.9 0.15 0.96 2.40  100 12 22.0 19.8 18.8 81 60 3.19 1018 0 
03/11/1997 7 45 2   22.9 23.1 23.9 0.15 0.96 2.40  100 4 22.0 19.8 18.8 81 60 3.19 1018 0 
03/11/1997 7 55 0   22.9 23.1 23.9 0.15 0.96 2.40  100 m 22.0 19.8 18.8 81 60 3.19 1018 0 
11/11/1997 8 5 9 83  21.6 23.6 24.9 0.16 0.29 0.40  40 1290 24.2 21.9 21.0 81 10 5.63 1015 0 
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11/11/1997 8 15 19   21.6 23.6 24.9 0.16 0.29 0.40  40 570 24.2 21.9 21.0 81 10 5.63 1015 0 
11/11/1997 8 25 11   21.6 23.6 24.9 0.16 0.29 0.40  40 312 24.2 21.9 21.0 81 10 5.63 1015 0 
11/11/1997 8 35 14   21.6 23.6 24.9 0.16 0.29 0.40  40 160 24.2 21.9 21.0 81 10 5.63 1015 0 
11/11/1997 8 45 22   21.6 23.6 24.9 0.16 0.29 0.40  40 65 24.2 21.9 21.0 81 10 5.63 1015 0 
11/11/1997 8 55 8   21.6 23.6 24.9 0.16 0.29 0.40  40 40 24.2 21.9 21.0 81 10 5.63 1015 0 
14/11/1997 9 5 0 0  27.2 28.0 28.6 0.19 0.26 0.31  100 3870 23.8 21.5 20.3 81 45 3.89 1012 0 
14/11/1997 9 15 0   27.2 28.0 28.6 0.19 0.26 0.31  100 2940 23.8 21.5 20.3 81 45 3.89 1012 0 
14/11/1997 9 25 0   27.2 28.0 28.6 0.19 0.26 0.31  100 890 23.8 21.5 20.3 81 45 3.89 1012 0 
14/11/1997 9 35 0   27.2 28.0 28.6 0.19 0.26 0.31  100  23.8 21.5 20.3 81 45 3.89 1012 0 
14/11/1997 9 45 0   27.2 28.0 28.6 0.19 0.26 0.31  100  23.8 21.5 20.3 81 45 3.89 1012 0 
14/11/1997 9 55 0   27.2 28.0 28.6 0.19 0.26 0.31  100  23.8 21.5 20.3 81 45 3.89 1012 0 
21/11/1997 10 5  47           22.5 18.9 16.3 69 133 5.00 1020 0 
21/11/1997 10 15             22.5 18.9 16.3 69 133 5.00 1020 0 
21/11/1997 10 25             22.5 18.9 16.3 69 133 5.00 1020 0 
21/11/1997 10 35             22.5 18.9 16.3 69 133 5.00 1020 0 
21/11/1997 10 45             22.5 18.9 16.3 69 133 5.00 1020 0 
21/11/1997 10 55             22.5 18.9 16.3 69 133 5.00 1020 0 
28/11/1997 11 5  33  25.3 25.4 26.2 0.17 0.62 1.22  100 1890 24.2 22.6 21.8 86 90 5.83 1012 0 
28/11/1997 11 15    25.3 25.4 26.2 0.17 0.62 1.22  100 902 24.2 22.6 21.8 86 90 5.83 1012 0 
28/11/1997 11 25    25.3 25.4 26.2 0.17 0.62 1.22  100 322 24.2 22.6 21.8 86 90 5.83 1012 0 
28/11/1997 11 35    25.3 25.4 26.2 0.17 0.62 1.22  100 95 24.2 22.6 21.8 86 90 5.83 1012 0 
28/11/1997 11 45    25.3 25.4 26.2 0.17 0.62 1.22  100 28 24.2 22.6 21.8 86 90 5.83 1012 0 
28/11/1997 11 55    25.3 25.4 26.2 0.17 0.62 1.22  100 8 24.2 22.6 21.8 86 90 5.83 1012 0 
05/12/1997 12 5  5  24.5 25.2 27.1 0.11 0.42 1.08  50 1920 23.5 20.6 19.0 76 113 5.63 1016 0 
05/12/1997 12 15    24.5 25.2 27.1 0.11 0.42 1.08  50 1090 23.5 20.6 19.0 76 113 5.63 1016 0 
05/12/1997 12 25    24.5 25.2 27.1 0.11 0.42 1.08  50 621 23.5 20.6 19.0 76 113 5.63 1016 0 
05/12/1997 12 35    24.5 25.2 27.1 0.11 0.42 1.08  50 262 23.5 20.6 19.0 76 113 5.63 1016 0 
05/12/1997 12 45    24.5 25.2 27.1 0.11 0.42 1.08  50 100 23.5 20.6 19.0 76 113 5.63 1016 0 
05/12/1997 12 55    24.5 25.2 27.1 0.11 0.42 1.08  50 10 23.5 20.6 19.0 76 113 5.63 1016 0 
12/12/1997 13 5 0 0  24.2 24.5 24.5 0.03 1.14 2.23  50 1712 22.8 19.7 18.0 74 113 3.47 1017 0 
12/12/1997 13 15 0   24.2 24.5 24.5 0.03 1.14 2.23  50 974 22.8 19.7 18.0 74 113 3.47 1017 0 
12/12/1997 13 25 0   24.2 24.5 24.5 0.03 1.14 2.23  50 445 22.8 19.7 18.0 74 113 3.47 1017 0 
12/12/1997 13 35 0   24.2 24.5 24.5 0.03 1.14 2.23  50 95 22.8 19.7 18.0 74 113 3.47 1017 0 
12/12/1997 13 45 0   24.2 24.5 24.5 0.03 1.14 2.23  50 13 22.8 19.7 18.0 74 113 3.47 1017 0 
12/12/1997 13 55 0   24.2 24.5 24.5 0.03 1.14 2.23  50 5 22.8 19.7 18.0 74 113 3.47 1017 0 
19/12/1997 14 5  1  26.8 27.8 29.7 0.22 1.29 2.33  30 3434 24.8 24.2 24.3 95 93 4.58 1012 0.4 
19/12/1997 14 15    26.8 27.8 29.7 0.22 1.29 2.33  30 1180 24.8 24.2 24.3 95 93 4.58 1012 0.4 
19/12/1997 14 25    26.8 27.8 29.7 0.22 1.29 2.33  30 635 24.8 24.2 24.3 95 93 4.58 1012 0.4 
19/12/1997 14 35    26.8 27.8 29.7 0.22 1.29 2.33  30 209 24.8 24.2 24.3 95 93 4.58 1012 0.4 
19/12/1997 14 45    26.8 27.8 29.7 0.22 1.29 2.33  30 39 24.8 24.2 24.3 95 93 4.58 1012 0.4 
19/12/1997 14 55    26.8 27.8 29.7 0.22 1.29 2.33  30 8 24.8 24.2 24.3 95 93 4.58 1012 0.4 
26/12/1997 15 5 22 105  26.5 27.3 29.1 0.28 1.21 2.18  95 2100 25.8 23.6 22.5 82 58 3.61 1012 0.2 
26/12/1997 15 15 29   26.5 27.3 29.1 0.28 1.21 2.18  95 2270 25.8 23.6 22.5 82 58 3.61 1012 0.2 
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26/12/1997 15 25 24   26.5 27.3 29.1 0.28 1.21 2.18  95 1070 25.8 23.6 22.5 82 58 3.61 1012 0.2 
26/12/1997 15 35 12   26.5 27.3 29.1 0.28 1.21 2.18  95 653 25.8 23.6 22.5 82 58 3.61 1012 0.2 
26/12/1997 15 45 6   26.5 27.3 29.1 0.28 1.21 2.18  95 376 25.8 23.6 22.5 82 58 3.61 1012 0.2 
26/12/1997 15 55 12   26.5 27.3 29.1 0.28 1.21 2.18  95 119 25.8 23.6 22.5 82 58 3.61 1012 0.2 
05/01/1998 16 5 9 47 85 23.6 25.0 25.2 0.17 0.89 1.18  0 3170 24.7 20.7 18.8 68 80 2.99 1013 0 
05/01/1998 16 15 10  85 23.6 25.0 25.2 0.17 0.89 1.18  0 2000 24.7 20.7 18.8 68 80 2.99 1013 0 
05/01/1998 16 25 12  85 23.6 25.0 25.2 0.17 0.89 1.18  0 583 24.7 20.7 18.8 68 80 2.99 1013 0 
05/01/1998 16 35 11  85 23.6 25.0 25.2 0.17 0.89 1.18  0 186 24.7 20.7 18.8 68 80 2.99 1013 0 
05/01/1998 16 45 4  85 23.6 25.0 25.2 0.17 0.89 1.18  0 28 24.7 20.7 18.8 68 80 2.99 1013 0 
05/01/1998 16 55 1  85 23.6 25.0 25.2 0.17 0.89 1.18  0 10 24.7 20.7 18.8 68 80 2.99 1013 0 
09/01/1998 17 5 30 119 80 25.0 25.2 25.4 0.12 1.18 1.96  100 2000 24.4 21.5 20.3 76 115 4.79 1015 5.6 
09/01/1998 17 15 4  80 25.0 25.2 25.4 0.12 1.18 1.96  100 1400 24.4 21.5 20.3 76 115 4.79 1015 5.6 
09/01/1998 17 25 23  80 25.0 25.2 25.4 0.12 1.18 1.96  100 655 24.4 21.5 20.3 76 115 4.79 1015 5.6 
09/01/1998 17 35 26  80 25.0 25.2 25.4 0.12 1.18 1.96  100 192 24.4 21.5 20.3 76 115 4.79 1015 5.6 
09/01/1998 17 45 26  80 25.0 25.2 25.4 0.12 1.18 1.96  100 57 24.4 21.5 20.3 76 115 4.79 1015 5.6 
09/01/1998 17 55 10  80 25.0 25.2 25.4 0.12 1.18 1.96  100 11 24.4 21.5 20.3 76 115 4.79 1015 5.6 
16/01/1998 18 5 8 114 100 24.1 24.6 25.9 2.27 3.60 4.90  100 2064 25.1 23.5 22.5 87 95 5.21 1012 0.8 
16/01/1998 18 15 4  100 24.1 24.6 25.9 2.27 3.60 4.90  100 1206 25.1 23.5 22.5 87 95 5.21 1012 0.8 
16/01/1998 18 25 36  100 24.1 24.6 25.9 2.27 3.60 4.90  100 484 25.1 23.5 22.5 87 95 5.21 1012 0.8 
16/01/1998 18 35 29  100 24.1 24.6 25.9 2.27 3.60 4.90  100 110 25.1 23.5 22.5 87 95 5.21 1012 0.8 
16/01/1998 18 45 25  100 24.1 24.6 25.9 2.27 3.60 4.90  100 34 25.1 23.5 22.5 87 95 5.21 1012 0.8 
16/01/1998 18 55 12  100 24.1 24.6 25.9 2.27 3.60 4.90  100 4 25.1 23.5 22.5 87 95 5.21 1012 0.8 
23/01/1998 19 5 4 21 85 27.6 27.7 27.8 0.09 1.63 2.74  90 2470 26.0 23.7 22.8 82 48 5.83 1010 0 
23/01/1998 19 15 4  85 27.6 27.7 27.8 0.09 1.63 2.74  90 1590 26.0 23.7 22.8 82 48 5.83 1010 0 
23/01/1998 19 25 7  85 27.6 27.7 27.8 0.09 1.63 2.74  90 975 26.0 23.7 22.8 82 48 5.83 1010 0 
23/01/1998 19 35 3  85 27.6 27.7 27.8 0.09 1.63 2.74  90 524 26.0 23.7 22.8 82 48 5.83 1010 0 
23/01/1998 19 45 0  85 27.6 27.7 27.8 0.09 1.63 2.74  90 165 26.0 23.7 22.8 82 48 5.83 1010 0 
23/01/1998 19 55 3  85 27.6 27.7 27.8 0.09 1.63 2.74  90 35 26.0 23.7 22.8 82 48 5.83 1010 0 
02/02/1998 20 5 0 0 84 26.5 26.8 27.2 0.45 1.30 2.12  40 1410 24.6 23.0 22.0 87 140 3.26 1013 0 
02/02/1998 20 15 0  84 26.5 26.8 27.2 0.45 1.30 2.12  40 757 24.6 23.0 22.0 87 140 3.26 1013 0 
02/02/1998 20 25 0  84 26.5 26.8 27.2 0.45 1.30 2.12  40 320 24.6 23.0 22.0 87 140 3.26 1013 0 
02/02/1998 20 35 0  84 26.5 26.8 27.2 0.45 1.30 2.12  40 98 24.6 23.0 22.0 87 140 3.26 1013 0 
02/02/1998 20 45 0  84 26.5 26.8 27.2 0.45 1.30 2.12  40 13 24.6 23.0 22.0 87 140 3.26 1013 0 
02/02/1998 20 55 0  84 26.5 26.8 27.2 0.45 1.30 2.12  40 3 24.6 23.0 22.0 87 140 3.26 1013 0 
09/02/1998 21 5 8 28 86 27.2 27.5 27.6 0.76 1.20 1.90  40 1410 21.7 21.0 20.5 94 183 3.33 1019 12.4 
09/02/1998 21 15 8  86 27.2 27.5 27.6 0.76 1.20 1.90  40 600 21.7 21.0 20.5 94 183 3.33 1019 12.4 
09/02/1998 21 25 11  86 27.2 27.5 27.6 0.76 1.20 1.90  40 291 21.7 21.0 20.5 94 183 3.33 1019 12.4 
09/02/1998 21 35 1  86 27.2 27.5 27.6 0.76 1.20 1.90  40 65 21.7 21.0 20.5 94 183 3.33 1019 12.4 
09/02/1998 21 45 0  86 27.2 27.5 27.6 0.76 1.20 1.90  40 11 21.7 21.0 20.5 94 183 3.33 1019 12.4 
09/02/1998 21 55 0  86 27.2 27.5 27.6 0.76 1.20 1.90  40 9 21.7 21.0 20.5 94 183 3.33 1019 12.4 
14/02/1998 22 5 83 449  29.1   0.91      25.4 23.9 23.3 88 125 3.40 1017 28.0 
27/02/1998 24 5 90  84 26.5 26.7 27.9 0.14 0.36 0.90   3600 25.8 22.4 20.8 73 65 3.47 1018 0.4 
27/02/1998 24 15 45  84 26.5 26.7 27.9 0.14 0.36 0.90   1181 25.8 22.4 20.8 73 65 3.47 1018 0.4 
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27/02/1998 24 25 77  84 26.5 26.7 27.9 0.14 0.36 0.90   485 25.8 22.4 20.8 73 65 3.47 1018 0.4 
27/02/1998 24 35 120  84 26.5 26.7 27.9 0.14 0.36 0.90   85 25.8 22.4 20.8 73 65 3.47 1018 0.4 
27/02/1998 24 45 80  84 26.5 26.7 27.9 0.14 0.36 0.90   16 25.8 22.4 20.8 73 65 3.47 1018 0.4 
27/02/1998 24 55 37  84 26.5 26.7 27.9 0.14 0.36 0.90   5 25.8 22.4 20.8 73 65 3.47 1018 0.4 
06/03/1998 25 5 0 0 83 28.9 29.8 30.8 1.48 2.12 2.54  30 3812 27.0 23.6 22.0 74 250 5.97 1007 0 
06/03/1998 25 15 0  83 28.9 29.8 30.8 1.48 2.12 2.54  30 1263 27.0 23.6 22.0 74 250 5.97 1007 0 
06/03/1998 25 25 0  83 28.9 29.8 30.8 1.48 2.12 2.54  30 586 27.0 23.6 22.0 74 250 5.97 1007 0 
06/03/1998 25 35 0  83 28.9 29.8 30.8 1.48 2.12 2.54  30 170 27.0 23.6 22.0 74 250 5.97 1007 0 
06/03/1998 25 45 0  83 28.9 29.8 30.8 1.48 2.12 2.54  30 51 27.0 23.6 22.0 74 250 5.97 1007 0 
06/03/1998 25 55 0  83 28.9 29.8 30.8 1.48 2.12 2.54  30 14 27.0 23.6 22.0 74 250 5.97 1007 0 
13/03/1998 26 5 64 320 76 26.5 27.2 28.2 0.09 0.14 0.20  20 4033 24.2 20.7 18.5 72 45 3.96 1016 0 
13/03/1998 26 15 39  76 26.5 27.2 28.2 0.09 0.14 0.20  20 1660 24.2 20.7 18.5 72 45 3.96 1016 0 
13/03/1998 26 25 94  76 26.5 27.2 28.2 0.09 0.14 0.20  20 661 24.2 20.7 18.5 72 45 3.96 1016 0 
13/03/1998 26 35 37  76 26.5 27.2 28.2 0.09 0.14 0.20  20 133 24.2 20.7 18.5 72 45 3.96 1016 0 
13/03/1998 26 45 50  76 26.5 27.2 28.2 0.09 0.14 0.20  20 13 24.2 20.7 18.5 72 45 3.96 1016 0 
13/03/1998 26 55 36  76 26.5 27.2 28.2 0.09 0.14 0.20  20 4 24.2 20.7 18.5 72 45 3.96 1016 0 
22/03/1998 27 5 26 151 77 25.4 26.5 27.0 0.00 0.18 0.85  90 2640 25.0 20.9 18.8 68 108 3.47 1019 0 
22/03/1998 27 15 22  77 25.4 26.5 27.0 0.00 0.18 0.85  90 1458 25.0 20.9 18.8 68 108 3.47 1019 0 
22/03/1998 27 25 34  77 25.4 26.5 27.0 0.00 0.18 0.85  90 517 25.0 20.9 18.8 68 108 3.47 1019 0 
22/03/1998 27 35 36  77 25.4 26.5 27.0 0.00 0.18 0.85  90 155 25.0 20.9 18.8 68 108 3.47 1019 0 
22/03/1998 27 45 26  77 25.4 26.5 27.0 0.00 0.18 0.85  90 29 25.0 20.9 18.8 68 108 3.47 1019 0 
22/03/1998 27 55 7  77 25.4 26.5 27.0 0.00 0.18 0.85  90 2 25.0 20.9 18.8 68 108 3.47 1019 0 
28/03/1998 28 5 93 620 88 25.8 26.3 27.0 0.05 0.24 0.61  0 2500 25.2 23.8 23.0 88 103 5.49 1014 0 
28/03/1998 28 15 119  88 25.8 26.3 27.0 0.05 0.24 0.61  0 1175 25.2 23.8 23.0 88 103 5.49 1014 0 
28/03/1998 28 25 271  88 25.8 26.3 27.0 0.05 0.24 0.61  0 546 25.2 23.8 23.0 88 103 5.49 1014 0 
28/03/1998 28 35 70  88 25.8 26.3 27.0 0.05 0.24 0.61  0 202 25.2 23.8 23.0 88 103 5.49 1014 0 
28/03/1998 28 45 48  88 25.8 26.3 27.0 0.05 0.24 0.61  0 30 25.2 23.8 23.0 88 103 5.49 1014 0 
28/03/1998 28 55 19  88 25.8 26.3 27.0 0.05 0.24 0.61  0 4 25.2 23.8 23.0 88 103 5.49 1014 0 
03/04/1998 29 25 13 37 81        0 628 20.4 18.5 17.5 84 213 1.88 1020 12.2 
03/04/1998 29 35 8  81        0 57 20.4 18.5 17.5 84 213 1.88 1020 12.2 
03/04/1998 29 45 16  81        0 8 20.4 18.5 17.5 84 213 1.88 1020 12.2 
03/04/1998 29 55 0  81        0 0 20.4 18.5 17.5 84 213 1.88 1020 12.2 
17/04/1998 31 5 268 934 69 21.6 22.3 22.3 0.83 1.10 1.51  95 2500 20.8 18.9 17.5 82 163 4.58 1021 40.6 
17/04/1998 31 15 66  69 21.6 22.3 22.3 0.83 1.10 1.51  95 2250 20.8 18.9 17.5 82 163 4.58 1021 40.6 
17/04/1998 31 25 364  69 21.6 22.3 22.3 0.83 1.10 1.51  95 1340 20.8 18.9 17.5 82 163 4.58 1021 40.6 
17/04/1998 31 35 96  69 21.6 22.3 22.3 0.83 1.10 1.51  95 175 20.8 18.9 17.5 82 163 4.58 1021 40.6 
17/04/1998 31 45 81  69 21.6 22.3 22.3 0.83 1.10 1.51  95 17 20.8 18.9 17.5 82 163 4.58 1021 40.6 
17/04/1998 31 55 59  69 21.6 22.3 22.3 0.83 1.10 1.51  95 0 20.8 18.9 17.5 82 163 4.58 1021 40.6 
25/04/1998 32 5 16 44 64 23.1 24.1 25.8 0.52 1.04 1.70 90 30 2200 23.4 18.5 15.3 61 295 4.03 1012 0 
25/04/1998 32 15 3  64 23.1 24.1 25.8 0.52 1.04 1.70 90 30 790 23.4 18.5 15.3 61 295 4.03 1012 0 
25/04/1998 32 25 22  64 23.1 24.1 25.8 0.52 1.04 1.70 90 30 199 23.4 18.5 15.3 61 295 4.03 1012 0 
25/04/1998 32 35 3  64 23.1 24.1 25.8 0.52 1.04 1.70 90 30 46 23.4 18.5 15.3 61 295 4.03 1012 0 
25/04/1998 32 45 0  64 23.1 24.1 25.8 0.52 1.04 1.70 90 30 4 23.4 18.5 15.3 61 295 4.03 1012 0 
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25/04/1998 32 55 0  64 23.1 24.1 25.8 0.52 1.04 1.70 90 30 0 23.4 18.5 15.3 61 295 4.03 1012 0 
01/05/1998 33 5 178 718 70 24.0 24.3 25.1 0.00 0.30 0.89  10 1355 23.7 20.7 18.8 75 138 3.61 1022 0 
01/05/1998 33 15 65  70 24.0 24.3 25.1 0.00 0.30 0.89  10 471 23.7 20.7 18.8 75 138 3.61 1022 0 
01/05/1998 33 25 311  70 24.0 24.3 25.1 0.00 0.30 0.89  10 146 23.7 20.7 18.8 75 138 3.61 1022 0 
01/05/1998 33 35 93  70 24.0 24.3 25.1 0.00 0.30 0.89  10 24 23.7 20.7 18.8 75 138 3.61 1022 0 
01/05/1998 33 45 71  70 24.0 24.3 25.1 0.00 0.30 0.89  10 4 23.7 20.7 18.8 75 138 3.61 1022 0 
01/05/1998 33 55 0  70 24.0 24.3 25.1 0.00 0.30 0.89  10 0 23.7 20.7 18.8 75 138 3.61 1022 0 
08/05/1998 34 5 0 56 76 20.8 21.3 22.4 0.00 0.17 0.34 270 50 1130 21.2 16.3 12.5 60 143 1.88 1015 0 
08/05/1998 34 15 6  76 20.8 21.3 22.4 0.00 0.17 0.34 270 50 141 21.2 16.3 12.5 60 143 1.88 1015 0 
08/05/1998 34 25 22  76 20.8 21.3 22.4 0.00 0.17 0.34 270 50 17 21.2 16.3 12.5 60 143 1.88 1015 0 
08/05/1998 34 35 25  76 20.8 21.3 22.4 0.00 0.17 0.34 270 50 15 21.2 16.3 12.5 60 143 1.88 1015 0 
08/05/1998 34 45 3  76 20.8 21.3 22.4 0.00 0.17 0.34 270 50 1 21.2 16.3 12.5 60 143 1.88 1015 0 
08/05/1998 34 55 0  76 20.8 21.3 22.4 0.00 0.17 0.34 270 50 0 21.2 16.3 12.5 60 143 1.88 1015 0 
15/05/1998 35 5 19 293 76 21.6 23.7 23.9 0.35 1.37 2.39 270 90 6500 22.0 20.2 19.5 84 68 5.49 1020 10.6 
15/05/1998 35 15 80  76 21.6 23.7 23.9 0.35 1.37 2.39 270 90 2410 22.0 20.2 19.5 84 68 5.49 1020 10.6 
15/05/1998 35 25 135  76 21.6 23.7 23.9 0.35 1.37 2.39 270 90 1060 22.0 20.2 19.5 84 68 5.49 1020 10.6 
15/05/1998 35 35 32  76 21.6 23.7 23.9 0.35 1.37 2.39 270 90 395 22.0 20.2 19.5 84 68 5.49 1020 10.6 
15/05/1998 35 45 27  76 21.6 23.7 23.9 0.35 1.37 2.39 270 90 80 22.0 20.2 19.5 84 68 5.49 1020 10.6 
15/05/1998 35 55 0  76 21.6 23.7 23.9 0.35 1.37 2.39 270 90 rain 22.0 20.2 19.5 84 68 5.49 1020 10.6 
22/05/1998 36 5 6 42 45 18.6 19.9 23.3 0.04 0.10 0.19 90 0 3340 18.4 14.1 10.5 61 240 3.06 1018 0 
22/05/1998 36 15 5  45 18.6 19.9 23.3 0.04 0.10 0.19 90 0 950 18.4 14.1 10.5 61 240 3.06 1018 0 
22/05/1998 36 25 19  45 18.6 19.9 23.3 0.04 0.10 0.19 90 0 330 18.4 14.1 10.5 61 240 3.06 1018 0 
22/05/1998 36 35 4  45 18.6 19.9 23.3 0.04 0.10 0.19 90 0 100 18.4 14.1 10.5 61 240 3.06 1018 0 
22/05/1998 36 45 8  45 18.6 19.9 23.3 0.04 0.10 0.19 90 0 48 18.4 14.1 10.5 61 240 3.06 1018 0 
22/05/1998 36 55 0  45 18.6 19.9 23.3 0.04 0.10 0.19 90 0 3 18.4 14.1 10.5 61 240 3.06 1018 0 
29/05/1998 37 5 46 650 76 19.7 21.0 24.6 0.03 0.11 1.80 225 0 2560 19.9 16.7 14.3 72 98 2.43 1026 0 
29/05/1998 37 15 203  76 19.7 21.0 24.6 0.03 0.11 1.80 225 0 1070 19.9 16.7 14.3 72 98 2.43 1026 0 
29/05/1998 37 25 170  76 19.7 21.0 24.6 0.03 0.11 1.80 225 0 520 19.9 16.7 14.3 72 98 2.43 1026 0 
29/05/1998 37 35 116  76 19.7 21.0 24.6 0.03 0.11 1.80 225 0 176 19.9 16.7 14.3 72 98 2.43 1026 0 
29/05/1998 37 45 56  76 19.7 21.0 24.6 0.03 0.11 1.80 225 0 25 19.9 16.7 14.3 72 98 2.43 1026 0 
29/05/1998 37 55 59  76 19.7 21.0 24.6 0.03 0.11 1.80 225 0 2 19.9 16.7 14.3 72 98 2.43 1026 0 
05/06/1998 38 5 1 59 77 21.1 23.1 26.3 0.00 0.14 0.30 315 -5 2220 20.9 16.6 13.3 63 325 2.78 1015 0 
05/06/1998 38 15 3  77 21.1 23.1 26.3 0.00 0.14 0.30 315 -4 1390 20.9 16.6 13.3 63 325 2.78 1015 0 
05/06/1998 38 25 23  77 21.1 23.1 26.3 0.00 0.14 0.30 315 -3 450 20.9 16.6 13.3 63 325 2.78 1015 0 
05/06/1998 38 35 15  77 21.1 23.1 26.3 0.00 0.14 0.30 315 -2 155 20.9 16.6 13.3 63 325 2.78 1015 0 
05/06/1998 38 45 9  77 21.1 23.1 26.3 0.00 0.14 0.30 315 -1 56 20.9 16.6 13.3 63 325 2.78 1015 0 
05/06/1998 38 55 8  77 21.1 23.1 26.3 0.00 0.14 0.30 315 0 3 20.9 16.6 13.3 63 325 2.78 1015 0 
12/06/1998 39 5 51 1004 58 21.1 23.4 23.9 0.07 0.34 0.57  20 6970 19.9 17.9 16.8 81 135 2.29 1013 0 
12/06/1998 39 15 192  58 21.1 23.4 23.9 0.07 0.34 0.57  20 4600 19.9 17.9 16.8 81 135 2.29 1013 0 
12/06/1998 39 25 274  58 21.1 23.4 23.9 0.07 0.34 0.57  20 2600 19.9 17.9 16.8 81 135 2.29 1013 0 
12/06/1998 39 35 101  58 21.1 23.4 23.9 0.07 0.34 0.57  20 1000 19.9 17.9 16.8 81 135 2.29 1013 0 
12/06/1998 39 45 213  58 21.1 23.4 23.9 0.07 0.34 0.57  20 33 19.9 17.9 16.8 81 135 2.29 1013 0 
12/06/1998 39 55 173  58 21.1 23.4 23.9 0.07 0.34 0.57  20 2 19.9 17.9 16.8 81 135 2.29 1013 0 
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19/06/1998 40 5 1 223 70 17.6 18.1 18.5 0.12 1.25 2.12 225 10 2250 17.0 15.0 13.3 80 180 3.75 1029 0 
19/06/1998 40 15 29  70 17.6 18.1 18.5 0.12 1.25 2.12 225 10 1048 17.0 15.0 13.3 80 180 3.75 1029 0 
19/06/1998 40 25 54  70 17.6 18.1 18.5 0.12 1.25 2.12 225 10 219 17.0 15.0 13.3 80 180 3.75 1029 0 
19/06/1998 40 35 43  70 17.6 18.1 18.5 0.12 1.25 2.12 225 10 60 17.0 15.0 13.3 80 180 3.75 1029 0 
19/06/1998 40 45 76  70 17.6 18.1 18.5 0.12 1.25 2.12 225 10 25 17.0 15.0 13.3 80 180 3.75 1029 0 
19/06/1998 40 55 20  70 17.6 18.1 18.5 0.12 1.25 2.12 225 10 0 17.0 15.0 13.3 80 180 3.75 1029 0 
25/06/1998 41 5 10 34 50 15.2 17.0 22.1 0.33 0.88 1.86 90 0 2700 15.2 9.9 3.5 46 278 4.86 1016 0 
25/06/1998 41 15 7  50 15.2 17.0 22.1 0.33 0.88 1.86 90 0 1400 15.2 9.9 3.5 46 278 4.86 1016 0 
25/06/1998 41 25 7  50 15.2 17.0 22.1 0.33 0.88 1.86 90 0 792 15.2 9.9 3.5 46 278 4.86 1016 0 
25/06/1998 41 35 4  50 15.2 17.0 22.1 0.33 0.88 1.86 90 0 349 15.2 9.9 3.5 46 278 4.86 1016 0 
25/06/1998 41 45 6  50 15.2 17.0 22.1 0.33 0.88 1.86 90 0 54 15.2 9.9 3.5 46 278 4.86 1016 0 
25/06/1998 41 55 0  50 15.2 17.0 22.1 0.33 0.88 1.86 90 0 5 15.2 9.9 3.5 46 278 4.86 1016 0 
03/07/1998 42 5  670 81 18.5 18.9 19.4 0.12 0.30 0.86 90 100 2700 16.7 14.4 12.8 77 165 3.40 1028 0.8 
03/07/1998 42 15   81 18.5 18.9 19.4 0.12 0.30 0.86 90 100 1566 16.7 14.4 12.8 77 165 3.40 1028 0.8 
03/07/1998 42 25   81 18.5 18.9 19.4 0.12 0.30 0.86 90 100 775 16.7 14.4 12.8 77 165 3.40 1028 0.8 
03/07/1998 42 35   81 18.5 18.9 19.4 0.12 0.30 0.86 90 100 788 16.7 14.4 12.8 77 165 3.40 1028 0.8 
03/07/1998 42 45   81 18.5 18.9 19.4 0.12 0.30 0.86 90 100 430 16.7 14.4 12.8 77 165 3.40 1028 0.8 
03/07/1998 42 55   81 18.5 18.9 19.4 0.12 0.30 0.86 90 100 10 16.7 14.4 12.8 77 165 3.40 1028 0.8 
10/07/1998 43 5 21 75 63 13.6 15.6 19.7 0.02 0.21 0.53 135 10 4650 14.3 8.9 1.8 44 108 1.94 1021 0 
10/07/1998 43 15 21  63 13.6 15.6 19.7 0.02 0.21 0.53 135 10 1715 14.3 8.9 1.8 44 108 1.94 1021 0 
10/07/1998 43 25 25  63 13.6 15.6 19.7 0.02 0.21 0.53 135 10 820 14.3 8.9 1.8 44 108 1.94 1021 0 
10/07/1998 43 35 6  63 13.6 15.6 19.7 0.02 0.21 0.53 135 10 407 14.3 8.9 1.8 44 108 1.94 1021 0 
10/07/1998 43 45 2  63 13.6 15.6 19.7 0.02 0.21 0.53 135 10 150 14.3 8.9 1.8 44 108 1.94 1021 0 
10/07/1998 43 55 0  63 13.6 15.6 19.7 0.02 0.21 0.53 135 10 8 14.3 8.9 1.8 44 108 1.94 1021 0 
17/07/1998 44 5 2 11 81 18.0 20.1 21.0 0.58 0.66 0.73 0 100 330 17.1 15.4 14.3 82 123 2.50 1025 0 
17/07/1998 44 15 5  81 18.0 20.1 21.0 0.58 0.66 0.73 0 100 267 17.1 15.4 14.3 82 123 2.50 1025 0 
17/07/1998 44 25 4  81 18.0 20.1 21.0 0.58 0.66 0.73 0 100 288 17.1 15.4 14.3 82 123 2.50 1025 0 
17/07/1998 44 35 0  81 18.0 20.1 21.0 0.58 0.66 0.73 0 100 87 17.1 15.4 14.3 82 123 2.50 1025 0 
17/07/1998 44 45 0  81 18.0 20.1 21.0 0.58 0.66 0.73 0 100 35 17.1 15.4 14.3 82 123 2.50 1025 0 
17/07/1998 44 55 0  81 18.0 20.1 21.0 0.58 0.66 0.73 0 100 3 17.1 15.4 14.3 82 123 2.50 1025 0 
24/07/1998 45 5 30 122 82 16.6 18.9 22.0 0.57 0.95 1.11 90 100 2410 16.3 14.2 12.5 78 165 5.00 1027 2.0 
24/07/1998 45 15 35  82 16.6 18.9 22.0 0.57 0.95 1.11 90 100 1280 16.3 14.2 12.5 78 165 5.00 1027 2.0 
24/07/1998 45 25 30  82 16.6 18.9 22.0 0.57 0.95 1.11 90 100 587 16.3 14.2 12.5 78 165 5.00 1027 2.0 
24/07/1998 45 35 16  82 16.6 18.9 22.0 0.57 0.95 1.11 90 100 221 16.3 14.2 12.5 78 165 5.00 1027 2.0 
24/07/1998 45 45 9  82 16.6 18.9 22.0 0.57 0.95 1.11 90 100 73 16.3 14.2 12.5 78 165 5.00 1027 2.0 
24/07/1998 45 55 2  82 16.6 18.9 22.0 0.57 0.95 1.11 90 100 6 16.3 14.2 12.5 78 165 5.00 1027 2.0 
01/08/1998 46 5 0 0 74 16.1 18.4 21.5 1.50 1.94 2.23 135 10 2855 15.5 11.6 7.8 61 180 3.13 1022 0 
01/08/1998 46 15 0  74 16.1 18.4 21.5 1.50 1.94 2.23 135 10 1160 15.5 11.6 7.8 61 180 3.13 1022 0 
01/08/1998 46 25 0  74 16.1 18.4 21.5 1.50 1.94 2.23 135 10 651 15.5 11.6 7.8 61 180 3.13 1022 0 
01/08/1998 46 35 0  74 16.1 18.4 21.5 1.50 1.94 2.23 135 10 411 15.5 11.6 7.8 61 180 3.13 1022 0 
01/08/1998 46 45 0  74 16.1 18.4 21.5 1.50 1.94 2.23 135 10 99 15.5 11.6 7.8 61 180 3.13 1022 0 
01/08/1998 46 55 0  74 16.1 18.4 21.5 1.50 1.94 2.23 135 10 6 15.5 11.6 7.8 61 180 3.13 1022 0 
07/08/1998 47 5 0 4           18.4 12.3 6.3 45 288 10.56 1007 0 
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07/08/1998 47 15 0            18.4 12.3 6.3 45 288 10.56 1007 0 
07/08/1998 47 25 1            18.4 12.3 6.3 45 288 10.56 1007 0 
07/08/1998 47 35 1            18.4 12.3 6.3 45 288 10.56 1007 0 
07/08/1998 47 45 0            18.4 12.3 6.3 45 288 10.56 1007 0 
07/08/1998 47 55 2            18.4 12.3 6.3 45 288 10.56 1007 0 
17/10/1998 57 5 0 25 76 21.7 22.4 24.1 0.42 0.79 1.32  0 2500 21.7 18.8 17.0 74 105 6.67 1016 0 
17/10/1998 57 15 8  76 21.7 22.4 24.1 0.42 0.79 1.32  0 1919 21.7 18.8 17.0 74 105 6.67 1016 0 
17/10/1998 57 25 3  76 21.7 22.4 24.1 0.42 0.79 1.32  0 662 21.7 18.8 17.0 74 105 6.67 1016 0 
17/10/1998 57 35 11  76 21.7 22.4 24.1 0.42 0.79 1.32  0 260 21.7 18.8 17.0 74 105 6.67 1016 0 
17/10/1998 57 45 3  76 21.7 22.4 24.1 0.42 0.79 1.32  0 21 21.7 18.8 17.0 74 105 6.67 1016 0 
17/10/1998 57 55 0  76 21.7 22.4 24.1 0.42 0.79 1.32  0 3 21.7 18.8 17.0 74 105 6.67 1016 0 
23/10/1998 58 5 87 701 74 21.3 22.8 27.0 0.10 0.58 1.50  50 2310 22.1 18.6 16.5 70 120 2.43 1019 0 
23/10/1998 58 15 277  74 21.3 22.8 27.0 0.10 0.58 1.50  50 1720 22.1 18.6 16.5 70 120 2.43 1019 0 
23/10/1998 58 25 82  74 21.3 22.8 27.0 0.10 0.58 1.50  50 757 22.1 18.6 16.5 70 120 2.43 1019 0 
23/10/1998 58 35 200  74 21.3 22.8 27.0 0.10 0.58 1.50  50 287 22.1 18.6 16.5 70 120 2.43 1019 0 
23/10/1998 58 45 34  74 21.3 22.8 27.0 0.10 0.58 1.50  50 60 22.1 18.6 16.5 70 120 2.43 1019 0 
23/10/1998 58 55 21  74 21.3 22.8 27.0 0.10 0.58 1.50  50 4 21.9 21.0 20.8 92 78 3.61 1011 0 
06/11/1998 60 5 0 238 74 21.9 22.4 23.3 0.62 0.89 1.23  30 2041 21.7 18.6 16.5 73 35 6.11 1016 0 
06/11/1998 60 15 40  74 21.9 22.4 23.3 0.62 0.89 1.23  30 1809 21.7 18.6 16.5 73 35 6.11 1016 0 
06/11/1998 60 25 72  74 21.9 22.4 23.3 0.62 0.89 1.23  30 970 21.7 18.6 16.5 73 35 6.11 1016 0 
06/11/1998 60 35 108  74 21.9 22.4 23.3 0.62 0.89 1.23  30 290 21.7 18.6 16.5 73 35 6.11 1016 0 
06/11/1998 60 45 14  74 21.9 22.4 23.3 0.62 0.89 1.23  30 70 21.7 18.6 16.5 73 35 6.11 1016 0 
06/11/1998 60 55 4  74 21.9 22.4 23.3 0.62 0.89 1.23  30 5 21.7 18.6 16.5 73 35 6.11 1016 0 
14/11/1998 61 5 0 19 75 22.5 22.8 23.7 2.10 4.55 6.48  50 4840 22.1 20.7 20.0 87 148 3.75 1007 0.8 
14/11/1998 61 15 1  75 22.5 22.8 23.7 2.10 4.55 6.48  50 2560 22.1 20.7 20.0 87 148 3.75 1007 0.8 
14/11/1998 61 25 1  75 22.5 22.8 23.7 2.10 4.55 6.48  50 1527 22.1 20.7 20.0 87 148 3.75 1007 0.8 
14/11/1998 61 35 6  75 22.5 22.8 23.7 2.10 4.55 6.48  50 1088 22.1 20.7 20.0 87 148 3.75 1007 0.8 
14/11/1998 61 45 8  75 22.5 22.8 23.7 2.10 4.55 6.48  50 575 22.1 20.7 20.0 87 148 3.75 1007 0.8 
14/11/1998 61 55 3  75 22.5 22.8 23.7 2.10 4.55 6.48  50 135 22.1 20.7 20.0 87 148 3.75 1007 0.8 
20/11/1998 62 5 0 0 68 20.9 21.0 22.0 5.60 6.02 6.30  0 3250 19.7 15.8 12.8 65 155 5.76 1011 0 
20/11/1998 62 15 0  68 20.9 21.0 22.0 5.60 6.02 6.30  0 2500 19.7 15.8 12.8 65 155 5.76 1011 0 
20/11/1998 62 25 0  68 20.9 21.0 22.0 5.60 6.02 6.30  0 551 19.7 15.8 12.8 65 155 5.76 1011 0 
20/11/1998 62 35 0  68 20.9 21.0 22.0 5.60 6.02 6.30  0 323 19.7 15.8 12.8 65 155 5.76 1011 0 
20/11/1998 62 45 0  68 20.9 21.0 22.0 5.60 6.02 6.30  0 65 19.7 15.8 12.8 65 155 5.76 1011 0 
20/11/1998 62 55 0  68 20.9 21.0 22.0 5.60 6.02 6.30  0 23 19.7 15.8 12.8 65 155 5.76 1011 0 
27/11/1998 63 5 16 238 67 21.2 22.3 25.5 0.40 2.01 2.63  100 1992 21.6 16.9 13.3 60 110 3.06 1013 0 
27/11/1998 63 15 34  67 21.2 22.3 25.5 0.40 2.01 2.63  100 971 21.6 16.9 13.3 60 110 3.06 1013 0 
27/11/1998 63 25 18  67 21.2 22.3 25.5 0.40 2.01 2.63  100 450 21.6 16.9 13.3 60 110 3.06 1013 0 
27/11/1998 63 35 69  67 21.2 22.3 25.5 0.40 2.01 2.63  100 166 21.6 16.9 13.3 60 110 3.06 1013 0 
27/11/1998 63 45 43  67 21.2 22.3 25.5 0.40 2.01 2.63  100 70 21.6 16.9 13.3 60 110 3.06 1013 0 
27/11/1998 63 55 58  67 21.2 22.3 25.5 0.40 2.01 2.63  100 12 21.6 16.9 13.3 60 110 3.06 1013 0 
04/12/1998 64 5 1 9 94 25.1 25.9 27.7 2.16 3.25 4.29  5 3910 24.7 21.1 19.3 72 255 5.21 1008 0 
04/12/1998 64 15 4  94 25.1 25.9 27.7 2.16 3.25 4.29  5 1708 24.7 21.1 19.3 72 255 5.21 1008 0 
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04/12/1998 64 25 4  94 25.1 25.9 27.7 2.16 3.25 4.29  5 835 24.7 21.1 19.3 72 255 5.21 1008 0 
04/12/1998 64 35 0  94 25.1 25.9 27.7 2.16 3.25 4.29  5 312 24.7 21.1 19.3 72 255 5.21 1008 0 
04/12/1998 64 45 0  94 25.1 25.9 27.7 2.16 3.25 4.29  5 100 24.7 21.1 19.3 72 255 5.21 1008 0 
04/12/1998 64 55 0  94 25.1 25.9 27.7 2.16 3.25 4.29  5 23 24.7 21.1 19.3 72 255 5.21 1008 0 
11/12/1998 65 5 28 178 76 22.9 23.6 26.2 1.64 2.72 3.72  80 3830 24.0 19.7 17.3 66 108 4.51 1020 0 
11/12/1998 65 15 29  76 22.9 23.6 26.2 1.64 2.72 3.72  80 1690 24.0 19.7 17.3 66 108 4.51 1020 0 
11/12/1998 65 25 29  76 22.9 23.6 26.2 1.64 2.72 3.72  80 1040 24.0 19.7 17.3 66 108 4.51 1020 0 
11/12/1998 65 35 40  76 22.9 23.6 26.2 1.64 2.72 3.72  80 266 24.0 19.7 17.3 66 108 4.51 1020 0 
11/12/1998 65 45 34  76 22.9 23.6 26.2 1.64 2.72 3.72  80 69 24.0 19.7 17.3 66 108 4.51 1020 0 
11/12/1998 65 55 18  76 22.9 23.6 26.2 1.64 2.72 3.72  80 10 24.0 19.7 17.3 66 108 4.51 1020 0 
18/12/1998 66 5 139 1030 74 25.8 26.1 26.9 0.88 1.92 3.11  100 880 25.9 23.2 21.8 79 248 6.32 1002 3.8 
18/12/1998 66 15 246  74 25.8 26.1 26.9 0.88 1.92 3.11  100 530 25.9 23.2 21.8 79 248 6.32 1002 3.8 
18/12/1998 66 25 50  74 25.8 26.1 26.9 0.88 1.92 3.11  100 161 25.9 23.2 21.8 79 248 6.32 1002 3.8 
18/12/1998 66 35 235  74 25.8 26.1 26.9 0.88 1.92 3.11  100 53 25.9 23.2 21.8 79 248 6.32 1002 3.8 
18/12/1998 66 45 201  74 25.8 26.1 26.9 0.88 1.92 3.11  100 10 25.9 23.2 21.8 79 248 6.32 1002 3.8 
18/12/1998 66 55 159  74 25.8 26.1 26.9 0.88 1.92 3.11  100 4 25.9 23.2 21.8 79 248 6.32 1002 3.8 
01/01/1999 68 5 108 290 90 22.1 23.1 25.0 0.00 0.18 0.45  100 820 20.9 20.6 20.8 97 180 2.29 1015 19.0 
01/01/1999 68 15 155  90 22.1 23.1 25.0 0.00 0.18 0.45  100 391 20.9 20.6 20.8 97 180 2.29 1015 19.0 
01/01/1999 68 25 27  90 22.1 23.1 25.0 0.00 0.18 0.45  100 330 20.9 20.6 20.8 97 180 2.29 1015 19.0 
08/01/1999 69 5 24 116 75 24.5 25.9 27.0 0.00 1.50 2.50  0 3800 25.8 22.8 21.3 76 55 4.58 1011 0 
08/01/1999 69 15 28  75 24.5 25.9 27.0 0.00 1.50 2.50  0 1850 25.8 22.8 21.3 76 55 4.58 1011 0 
08/01/1999 69 25 8  75 24.5 25.9 27.0 0.00 1.50 2.50  0 1662 25.8 22.8 21.3 76 55 4.58 1011 0 
08/01/1999 69 35 27  75 24.5 25.9 27.0 0.00 1.50 2.50  0 825 25.8 22.8 21.3 76 55 4.58 1011 0 
08/01/1999 69 45 29  75 24.5 25.9 27.0 0.00 1.50 2.50  0 320 25.8 22.8 21.3 76 55 4.58 1011 0 
08/01/1999 69 55 0  75 24.5 25.9 27.0 0.00 1.50 2.50  0 15 25.8 22.8 21.3 76 55 4.58 1011 0 
15/01/1999 70 5 13 172 70 20.8 21.6 23.3 3.28 4.92 6.56  70 2680 25.2 20.8 18.5 66 140 7.36 1015 2.0 
15/01/1999 70 15 6  70 20.8 21.6 23.3 3.28 4.92 6.56  70 1535 25.2 20.8 18.5 66 140 7.36 1015 2.0 
15/01/1999 70 25 0  70 20.8 21.6 23.3 3.28 4.92 6.56  70 1107 25.2 20.8 18.5 66 140 7.36 1015 2.0 
15/01/1999 70 35 15  70 20.8 21.6 23.3 3.28 4.92 6.56  70 847 25.2 20.8 18.5 66 140 7.36 1015 2.0 
15/01/1999 70 45 50  70 20.8 21.6 23.3 3.28 4.92 6.56  70 120 25.2 20.8 18.5 66 140 7.36 1015 2.0 
15/01/1999 70 55 88  70 20.8 21.6 23.3 3.28 4.92 6.56  70 7 25.2 20.8 18.5 66 140 7.36 1015 2.0 
22/01/1999 71 5 0 100 67 24.5 25.1 26.0 2.38 3.20 7.40  50 2430 24.3 21.7 20.3 79 140 6.32 1005 5.0 
22/01/1999 71 15 27  67 24.5 25.1 26.0 2.38 3.20 7.40  50 1575 24.3 21.7 20.3 79 140 6.32 1005 5.0 
22/01/1999 71 25 43  67 24.5 25.1 26.0 2.38 3.20 7.40  50 652 24.3 21.7 20.3 79 140 6.32 1005 5.0 
22/01/1999 71 35 27  67 24.5 25.1 26.0 2.38 3.20 7.40  50 235 24.3 21.7 20.3 79 140 6.32 1005 5.0 
22/01/1999 71 45 3  67 24.5 25.1 26.0 2.38 3.20 7.40  50 60 24.3 21.7 20.3 79 140 6.32 1005 5.0 
22/01/1999 71 55 0  67 24.5 25.1 26.0 2.38 3.20 7.40  50 8 24.3 21.7 20.3 79 140 6.32 1005 5.0 
29/01/1999 72 5 30 119 94 25.9 27.2 28.0 0.12 1.03 1.96  90 1312 26.3 24.4 23.5 85 68 4.72 1002 9.2 
29/01/1999 72 15 35  94 25.9 27.2 28.0 0.12 1.03 1.96  90 1477 26.3 24.4 23.5 85 68 4.72 1002 9.2 
29/01/1999 72 25 5  94 25.9 27.2 28.0 0.12 1.03 1.96  90 1890 26.3 24.4 23.5 85 68 4.72 1002 9.2 
29/01/1999 72 35 20  94 25.9 27.2 28.0 0.12 1.03 1.96  90 727 26.3 24.4 23.5 85 68 4.72 1002 9.2 
29/01/1999 72 45 12  94 25.9 27.2 28.0 0.12 1.03 1.96  90 72 26.3 24.4 23.5 85 68 4.72 1002 9.2 
29/01/1999 72 55 17  94 25.9 27.2 28.0 0.12 1.03 1.96  90 8 26.3 24.4 23.5 85 68 4.72 1002 9.2 
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Temp 

6-
Wet 
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05/02/1999 73 5 161 170 70 24.8 25.5 28.0 2.73 6.03 8.39  80 1034 25.4 22.0 20.5 73 135 3.54 1006 0 
05/02/1999 73 15 5  70 24.8 25.5 28.0 2.73 6.03 8.39  80 853 25.4 22.0 20.5 73 135 3.54 1006 0 
05/02/1999 73 25 2  70 24.8 25.5 28.0 2.73 6.03 8.39  80 304 25.4 22.0 20.5 73 135 3.54 1006 0 
05/02/1999 73 35 1  70 24.8 25.5 28.0 2.73 6.03 8.39  80 91 25.4 22.0 20.5 73 135 3.54 1006 0 
05/02/1999 73 45 1  70 24.8 25.5 28.0 2.73 6.03 8.39  80 19 25.4 22.0 20.5 73 135 3.54 1006 0 
05/02/1999 73 55 0  70 24.8 25.5 28.0 2.73 6.03 8.39  80 3 25.4 22.0 20.5 73 135 3.54 1006 0 
12/02/1999 74 5 19 83 84 24.3 24.8 25.4 0.90 2.53 7.69   1519 25.3 23.0 21.8 82 150 5.63 1007 0.2 
12/02/1999 74 15 35  84 24.3 24.8 25.4 0.90 2.53 7.69   680 25.3 23.0 21.8 82 150 5.63 1007 0.2 
12/02/1999 74 25 15  84 24.3 24.8 25.4 0.90 2.53 7.69   179 25.3 23.0 21.8 82 150 5.63 1007 0.2 
12/02/1999 74 35 14  84 24.3 24.8 25.4 0.90 2.53 7.69   62 25.3 23.0 21.8 82 150 5.63 1007 0.2 
12/02/1999 74 45 0  84 24.3 24.8 25.4 0.90 2.53 7.69   11 25.3 23.0 21.8 82 150 5.63 1007 0.2 
12/02/1999 74 55 0  84 24.3 24.8 25.4 0.90 2.53 7.69   3 25.3 23.0 21.8 82 150 5.63 1007 0.2 
26/02/1999 76 5 6 11 96 23.0 23.3 24.3 2.61 4.40 8.64  100 995 22.7 21.3 20.5 88 135 4.10 1011 4.0 
26/02/1999 76 15 1  96 23.0 23.3 24.3 2.61 4.40 8.64  100 926 22.7 21.3 20.5 88 135 4.10 1011 4.0 
26/02/1999 76 25 4  96 23.0 23.3 24.3 2.61 4.40 8.64  100 720 22.7 21.3 20.5 88 135 4.10 1011 4.0 
26/02/1999 76 35 0  96 23.0 23.3 24.3 2.61 4.40 8.64  100 271 22.7 21.3 20.5 88 135 4.10 1011 4.0 
26/02/1999 76 45 0  96 23.0 23.3 24.3 2.61 4.40 8.64  100 76 22.7 21.3 20.5 88 135 4.10 1011 4.0 
26/02/1999 76 55 0  96 23.0 23.3 24.3 2.61 4.40 8.64  100 5 22.7 21.3 20.5 88 135 4.10 1011 4.0 
05/03/1999 77 5 257 972 92 23.1 24.3 25.0 2.60 4.80 6.80  40 1032 26.7 24.6 24.0 84 40 2.78 1013 0 
05/03/1999 77 15 119  92 23.1 24.3 25.0 2.60 4.80 6.80  40 720 26.7 24.6 24.0 84 40 2.78 1013 0 
05/03/1999 77 25 197  92 23.1 24.3 25.0 2.60 4.80 6.80  40 206 26.7 24.6 24.0 84 40 2.78 1013 0 
05/03/1999 77 35 312  92 23.1 24.3 25.0 2.60 4.80 6.80  40 72 26.7 24.6 24.0 84 40 2.78 1013 0 
05/03/1999 77 45 45  92 23.1 24.3 25.0 2.60 4.80 6.80  40 8 26.7 24.6 24.0 84 40 2.78 1013 0 
05/03/1999 77 55 42  92 23.1 24.3 25.0 2.60 4.80 6.80  40 4 26.7 24.6 24.0 84 40 2.78 1013 0 
19/03/1999 79 5 70 651 70 25.2 25.7 27.0 1.84 2.90 4.92   2400 25.4 22.1 20.3 74 110 5.00 1016 0.4 
19/03/1999 79 15 56  70 25.2 25.7 27.0 1.84 2.90 4.92   1140 25.4 22.1 20.3 74 110 5.00 1016 0.4 
19/03/1999 79 25 203  70 25.2 25.7 27.0 1.84 2.90 4.92   590 25.4 22.1 20.3 74 110 5.00 1016 0.4 
19/03/1999 79 35 75  70 25.2 25.7 27.0 1.84 2.90 4.92   161 25.4 22.1 20.3 74 110 5.00 1016 0.4 
19/03/1999 79 45 106  70 25.2 25.7 27.0 1.84 2.90 4.92   92 25.4 22.1 20.3 74 110 5.00 1016 0.4 
19/03/1999 79 55 141  70 25.2 25.7 27.0 1.84 2.90 4.92   9 25.4 22.1 20.3 74 110 5.00 1016 0.4 
26/03/1999 80 5 0 4 69 23.8 24.4 25.1 0.13 4.00 7.48  40 1130 24.6 20.3 17.8 66 128 3.33 1016 0 
26/03/1999 80 15 2  69 23.8 24.4 25.1 0.13 4.00 7.48  40 890 24.6 20.3 17.8 66 128 3.33 1016 0 
26/03/1999 80 25 2  69 23.8 24.4 25.1 0.13 4.00 7.48  40 1002 24.6 20.3 17.8 66 128 3.33 1016 0 
26/03/1999 80 35 0  69 23.8 24.4 25.1 0.13 4.00 7.48  40 400 24.6 20.3 17.8 66 128 3.33 1016 0 
26/03/1999 80 45 0  69 23.8 24.4 25.1 0.13 4.00 7.48  40 13 24.6 20.3 17.8 66 128 3.33 1016 0 
26/03/1999 80 55 0  69 23.8 24.4 25.1 0.13 4.00 7.48  40 6 24.6 20.3 17.8 66 128 3.33 1016 0 
02/04/1999 81 5 72 637 76 24.0 24.3 24.9 0.17 4.32 8.50  90  23.6 21.3 20.0 80 160 5.49 1019 0.8 
02/04/1999 81 15 52  76 24.0 24.3 24.9 0.17 4.32 8.50  90 880 23.6 21.3 20.0 80 160 5.49 1019 0.8 
02/04/1999 81 25 62  76 24.0 24.3 24.9 0.17 4.32 8.50  90 389 23.6 21.3 20.0 80 160 5.49 1019 0.8 
02/04/1999 81 35 129  76 24.0 24.3 24.9 0.17 4.32 8.50  90 99 23.6 21.3 20.0 80 160 5.49 1019 0.8 
02/04/1999 81 45 223  76 24.0 24.3 24.9 0.17 4.32 8.50  90 45 23.6 21.3 20.0 80 160 5.49 1019 0.8 
02/04/1999 81 55 99  76 24.0 24.3 24.9 0.17 4.32 8.50  90 3 23.6 21.3 20.0 80 160 5.49 1019 0.8 
16/04/1999 83 5 0 137 68 22.4 23.1 24.2 1.71 3.05 5.83  30  22.6 18.8 16.3 68 150 4.79 1019 0 
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16/04/1999 83 15 2  68 22.4 23.1 24.2 1.71 3.05 5.83  30 1314 22.6 18.8 16.3 68 150 4.79 1019 0 
16/04/1999 83 25 2  68 22.4 23.1 24.2 1.71 3.05 5.83  30  22.6 18.8 16.3 68 150 4.79 1019 0 
16/04/1999 83 35 30  68 22.4 23.1 24.2 1.71 3.05 5.83  30  22.6 18.8 16.3 68 150 4.79 1019 0 
16/04/1999 83 45 71  68 22.4 23.1 24.2 1.71 3.05 5.83  30 19 22.6 18.8 16.3 68 150 4.79 1019 0 
16/04/1999 83 55 32  68 22.4 23.1 24.2 1.71 3.05 5.83  30 5 22.6 18.8 16.3 68 150 4.79 1019 0 
23/04/1999 84 5 134 351 68 19.0 21.4 27.0 0.00 0.41 1.15  20 1879 19.5 14.7 10.5 57 195 2.29 1014 0 
23/04/1999 84 15 47  68 19.0 21.4 27.0 0.00 0.41 1.15  20 1152 19.5 14.7 10.5 57 195 2.29 1014 0 
23/04/1999 84 25 49  68 19.0 21.4 27.0 0.00 0.41 1.15  20 400 19.5 14.7 10.5 57 195 2.29 1014 0 
23/04/1999 84 35 90  68 19.0 21.4 27.0 0.00 0.41 1.15  20 166 19.5 14.7 10.5 57 195 2.29 1014 0 
23/04/1999 84 45 12  68 19.0 21.4 27.0 0.00 0.41 1.15  20 26 19.5 14.7 10.5 57 195 2.29 1014 0 
23/04/1999 84 55 19  68 19.0 21.4 27.0 0.00 0.41 1.15  20 2 19.5 14.7 10.5 57 195 2.29 1014 0 
30/04/1999 85 5 14 153   19.4   2.30    2380 20.3 17.0 14.3 70 163 4.58 1016 0 
30/04/1999 85 15 38    19.4   2.30    1680 20.3 17.0 14.3 70 163 4.58 1016 0 
30/04/1999 85 25 41    19.4   2.30    850 20.3 17.0 14.3 70 163 4.58 1016 0 
30/04/1999 85 35 36    19.4   2.30    337 20.3 17.0 14.3 70 163 4.58 1016 0 
30/04/1999 85 45 23    19.4   2.30    93 20.3 17.0 14.3 70 163 4.58 1016 0 
30/04/1999 85 55 1    19.4   2.30    15 20.3 17.0 14.3 70 163 4.58 1016 0 
07/05/1999 86 5 21 215   21.5   4.10    1784 21.3 17.5 15.0 66 118 5.21 1025 3.0 
07/05/1999 86 15 68    21.5   4.10    1350 21.3 17.5 15.0 66 118 5.21 1025 3.0 
07/05/1999 86 25 81    21.5   4.10    1195 21.3 17.5 15.0 66 118 5.21 1025 3.0 
07/05/1999 86 35 20    21.5   4.10    631 21.3 17.5 15.0 66 118 5.21 1025 3.0 
07/05/1999 86 45 19    21.5   4.10    186 21.3 17.5 15.0 66 118 5.21 1025 3.0 
07/05/1999 86 55 6    21.5   4.10    9 21.3 17.5 15.0 66 118 5.21 1025 3.0 
14/05/1999 87 5 0 62   19.1   2.81    1049 19.3 15.7 12.8 67 333 2.85 1014 0 
14/05/1999 87 15 0    19.1   2.81    1430 19.3 15.7 12.8 67 333 2.85 1014 0 
14/05/1999 87 25 16    19.1   2.81    789 19.3 15.7 12.8 67 333 2.85 1014 0 
14/05/1999 87 35 32    19.1   2.81    461 19.3 15.7 12.8 67 333 2.85 1014 0 
14/05/1999 87 45 0    19.1   2.81    132 19.3 15.7 12.8 67 333 2.85 1014 0 
14/05/1999 87 55 14    19.1   2.81    12 19.3 15.7 12.8 67 333 2.85 1014 0 
21/05/1999 88 5 0 90 76 18.6 19.1 20.4 4.11 8.06 13.06 0 100 1214 19.8 18.4 17.5 87 173 4.38 1018 15.2 
21/05/1999 88 15 25  76 18.6 19.1 20.4 4.11 8.06 13.06 0 100 517 19.8 18.4 17.5 87 173 4.38 1018 15.2 
21/05/1999 88 25 33  76 18.6 19.1 20.4 4.11 8.06 13.06 0 100 266 19.8 18.4 17.5 87 173 4.38 1018 15.2 
21/05/1999 88 35 3  76 18.6 19.1 20.4 4.11 8.06 13.06 0 100 210 19.8 18.4 17.5 87 173 4.38 1018 15.2 
21/05/1999 88 45 17  76 18.6 19.1 20.4 4.11 8.06 13.06 0 100 75 19.8 18.4 17.5 87 173 4.38 1018 15.2 
21/05/1999 88 55 12  76 18.6 19.1 20.4 4.11 8.06 13.06 0 100 3 19.8 18.4 17.5 87 173 4.38 1018 15.2 
28/05/1999 89 5 135 377 62 18.0  22.0 4.00  5.00 135 0 1199 20.6 17.5 15.3 72 165 4.31  0 
28/05/1999 89 15 104  62 18.0  22.0 4.00  5.00 135 0  20.6 17.5 15.3 72 165 4.31  1.0 
28/05/1999 89 25 60  62 18.0  22.0 4.00  5.00 135 0  20.6 17.5 15.3 72 165 4.31  2.0 
28/05/1999 89 35 76  62 18.0  22.0 4.00  5.00 135 0 223 20.6 17.5 15.3 72 165 4.31  3.0 
28/05/1999 89 45 0  62 18.0  22.0 4.00  5.00 135 0  20.6 17.5 15.3 72 165 4.31  4.0 
28/05/1999 89 55 2  62 18.0  22.0 4.00  5.00 135 0 7 20.6 17.5 15.3 72 165 4.31  5.0 
04/06/1999 90 5 0 1 74 18.0  21.0 0.00 0.31 1.16 180 100         6.0 
04/06/1999 90 15 1  74 18.0  21.0 0.00 0.31 1.16 180 100         6.0 
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04/06/1999 90 25 0  74 18.0  21.0 0.00 0.31 1.16 180 100 367        6.0 
04/06/1999 90 35 0  74 18.0  21.0 0.00 0.31 1.16 180 100         6.0 
04/06/1999 90 45 0  74 18.0  21.0 0.00 0.31 1.16 180 100 74        6.0 
04/06/1999 90 55 0  74 18.0  21.0 0.00 0.31 1.16 180 100         6.0 
11/06/1999 91 5 0 1 60       135   17.4 12.4 7.3 53 300 2.78 1017 0 
11/06/1999 91 15 0  60       135   17.4 12.4 7.3 53 300 2.78 1017 0 
11/06/1999 91 25 0  60       135   17.4 12.4 7.3 53 300 2.78 1017 0 
11/06/1999 91 35 0  60       135   17.4 12.4 7.3 53 300 2.78 1017 0 
11/06/1999 91 45 0  60       135   17.4 12.4 7.3 53 300 2.78 1017 0 
11/06/1999 91 55 1  60       135   17.4 12.4 7.3 53 300 2.78 1017 0 
18/06/1999 92 5 4 19 62 16.0 17.7 20.8 0.15 0.75 2.70 315 0 500 15.8 12.0 8.3 62 308 3.33 1018 0 
18/06/1999 92 15 7  62 16.0 17.7 20.8 0.15 0.75 2.70 315 0 321 15.8 12.0 8.3 62 308 3.33 1018 0 
18/06/1999 92 25 1  62 16.0 17.7 20.8 0.15 0.75 2.70 315 0 94 15.8 12.0 8.3 62 308 3.33 1018 0 
18/06/1999 92 35 4  62 16.0 17.7 20.8 0.15 0.75 2.70 315 0 40 15.8 12.0 8.3 62 308 3.33 1018 0 
18/06/1999 92 45 3  62 16.0 17.7 20.8 0.15 0.75 2.70 315 0 12 15.8 12.0 8.3 62 308 3.33 1018 0 
18/06/1999 92 55 0  62 16.0 17.7 20.8 0.15 0.75 2.70 315 0 4 15.8 12.0 8.3 62 308 3.33 1018 0 
25/06/1999 93 5  111 62 17.9 19.6 21.1 0.24 0.75 1.02 270 25 2200 17.7 14.1 11.0 65 183 3.19  0 
25/06/1999 93 15   62 17.9 19.6 21.1 0.24 0.75 1.02 270 25 1218 17.7 14.1 11.0 65 183 3.19  0 
25/06/1999 93 25   62 17.9 19.6 21.1 0.24 0.75 1.02 270 25 695 17.7 14.1 11.0 65 183 3.19  0 
25/06/1999 93 35   62 17.9 19.6 21.1 0.24 0.75 1.02 270 25 339 17.7 14.1 11.0 65 183 3.19  0 
25/06/1999 93 45   62 17.9 19.6 21.1 0.24 0.75 1.02 270 25 105 17.7 14.1 11.0 65 183 3.19  0 
25/06/1999 93 55   62 17.9 19.6 21.1 0.24 0.75 1.02 270 25 3 17.7 14.1 11.0 65 183 3.19  0 
02/07/1999 94 5  40 67 15.4 17.8 24.1 0.06 0.33 1.04 135  2700 15.9 12.4 9.0 65 205 2.57  0 
02/07/1999 94 15   67 15.4 17.8 24.1 0.06 0.33 1.04 135  1600 15.9 12.4 9.0 65 205 2.57  0 
02/07/1999 94 25   67 15.4 17.8 24.1 0.06 0.33 1.04 135  337 15.9 12.4 9.0 65 205 2.57  0 
02/07/1999 94 35   67 15.4 17.8 24.1 0.06 0.33 1.04 135  312 15.9 12.4 9.0 65 205 2.57  0 
02/07/1999 94 45   67 15.4 17.8 24.1 0.06 0.33 1.04 135  115 15.9 12.4 9.0 65 205 2.57  0 
02/07/1999 94 55   67 15.4 17.8 24.1 0.06 0.33 1.04 135  15 15.9 12.4 9.0 65 205 2.57  0 
23/07/1999 97 5  59 70 16.0 17.1 18.3 1.90 5.16 8.01 225 100 1290 16.7 14.3 12.8 76 178 3.82 1022 0 
23/07/1999 97 15   70 16.0 17.1 18.3 1.90 5.16 8.01 225 100 900 16.7 14.3 12.8 76 178 3.82 1022 0 
23/07/1999 97 25   70 16.0 17.1 18.3 1.90 5.16 8.01 225 100 791 16.7 14.3 12.8 76 178 3.82 1022 0 
23/07/1999 97 35   70 16.0 17.1 18.3 1.90 5.16 8.01 225 100  16.7 14.3 12.8 76 178 3.82 1022 0 
23/07/1999 97 45   70 16.0 17.1 18.3 1.90 5.16 8.01 225 100  16.7 14.3 12.8 76 178 3.82 1022 0 
23/07/1999 97 55   70 16.0 17.1 18.3 1.90 5.16 8.01 225 100  16.7 14.3 12.8 76 178 3.82 1022 0 
06/08/1999 99 5  98 60 15.1 16.3 18.8 1.94 7.05 10.50 225 0 4500 13.2 10.3 8.0 47 120 4.38 770 0 
06/08/1999 99 15   60 15.1 16.3 18.8 1.94 7.05 10.50 225 0 2718 13.2 10.3 8.0 47 120 4.38 770 0 
06/08/1999 99 25   60 15.1 16.3 18.8 1.94 7.05 10.50 225 0 1500 13.2 10.3 8.0 47 120 4.38 770 0 
06/08/1999 99 35   60 15.1 16.3 18.8 1.94 7.05 10.50 225 0 1331 13.2 10.3 8.0 47 120 4.38 770 0 
06/08/1999 99 45   60 15.1 16.3 18.8 1.94 7.05 10.50 225 0  13.2 10.3 8.0 47 120 4.38 770 0 
06/08/1999 99 55   60 15.1 16.3 18.8 1.94 7.05 10.50 225 0  13.2 10.3 8.0 47 120 4.38 770 0 
13/08/1999 100 5 0 0 60 19.8 21.0 21.5 3.26 5.98 10.00 270 10 1550 19.5 17.0 15.3 78 350 4.38 1012 0.4 
13/08/1999 100 15 0  60 19.8 21.0 21.5 3.26 5.98 10.00 270 10 1178 19.5 17.0 15.3 78 350 4.38 1012 0.4 
13/08/1999 100 25 0  60 19.8 21.0 21.5 3.26 5.98 10.00 270 10 455 19.5 17.0 15.3 78 350 4.38 1012 0.4 
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13/08/1999 100 35 0  60 19.8 21.0 21.5 3.26 5.98 10.00 270 10  19.5 17.0 15.3 78 350 4.38 1012 0.4 
13/08/1999 100 45 0  60 19.8 21.0 21.5 3.26 5.98 10.00 270 10  19.5 17.0 15.3 78 350 4.38 1012 0.4 
13/08/1999 100 55 0  60 19.8 21.0 21.5 3.26 5.98 10.00 270 10 3 19.5 17.0 15.3 78 350 4.38 1012 0.4 
20/08/1999 101 5  107  19.0 21.3 23.1 0.06 1.06 2.30 315  2000 19.7 15.6 12.8 65 328 2.92 1017 0 
20/08/1999 101 15    19.0 21.3 23.1 0.06 1.06 2.30 315  1455 19.7 15.6 12.8 65 328 2.92 1017 0 
20/08/1999 101 25    19.0 21.3 23.1 0.06 1.06 2.30 315  710 19.7 15.6 12.8 65 328 2.92 1017 0 
20/08/1999 101 35    19.0 21.3 23.1 0.06 1.06 2.30 315  245 19.7 15.6 12.8 65 328 2.92 1017 0 
20/08/1999 101 45    19.0 21.3 23.1 0.06 1.06 2.30 315  41 19.7 15.6 12.8 65 328 2.92 1017 0 
20/08/1999 101 55    19.0 21.3 23.1 0.06 1.06 2.30 315  5 19.7 15.6 12.8 65 328 2.92 1017 0 
27/08/1999 102 5 4 8 68 19.3 20.5 22.0 0.73 1.90 2.88 315 100  19.3 17.6 16.8 83 98 5.14 1017 2.0 
27/08/1999 102 15 1  68 19.3 20.5 22.0 0.73 1.90 2.88 315 100  19.3 17.6 16.8 83 98 5.14 1017 2.0 
27/08/1999 102 25 3  68 19.3 20.5 22.0 0.73 1.90 2.88 315 100 361 19.3 17.6 16.8 83 98 5.14 1017 2.0 
27/08/1999 102 35 0  68 19.3 20.5 22.0 0.73 1.90 2.88 315 100 147 19.3 17.6 16.8 83 98 5.14 1017 2.0 
27/08/1999 102 45 0  68 19.3 20.5 22.0 0.73 1.90 2.88 315 100 64 19.3 17.6 16.8 83 98 5.14 1017 2.0 
27/08/1999 102 55 0  68 19.3 20.5 22.0 0.73 1.90 2.88 315 100 3 19.3 17.6 16.8 83 98 5.14 1017 2.0 
03/09/1999 103 5 0 14           17.1 15.9 15.3 88 140 2.85 1021 14.6 
03/09/1999 103 15 0            17.1 15.9 15.3 88 140 2.85 1021 14.6 
03/09/1999 103 25 4            17.1 15.9 15.3 88 140 2.85 1021 14.6 
03/09/1999 103 35 6            17.1 15.9 15.3 88 140 2.85 1021 14.6 
03/09/1999 103 45 4            17.1 15.9 15.3 88 140 2.85 1021 14.6 
03/09/1999 103 55 0            17.1 15.9 15.3 88 140 2.85 1021 14.6 
10/09/1999 104 5 9 45 70 19.2 21.0 23.8 0.67 0.91 1.16 270 70 1020 19.3 17.4 16.5 82 205 4.44 1011 0.6 
10/09/1999 104 15 24  70 19.2 21.0 23.8 0.67 0.91 1.16 270 70 500 19.3 17.4 16.5 82 205 4.44 1011 0.6 
10/09/1999 104 25 10  70 19.2 21.0 23.8 0.67 0.91 1.16 270 70 drizzle 19.3 17.4 16.5 82 205 4.44 1011 0.6 
10/09/1999 104 35 1  70 19.2 21.0 23.8 0.67 0.91 1.16 270 70  19.3 17.4 16.5 82 205 4.44 1011 0.6 
10/09/1999 104 45 1  70 19.2 21.0 23.8 0.67 0.91 1.16 270 70 38 19.3 17.4 16.5 82 205 4.44 1011 0.6 
10/09/1999 104 55 0  70 19.2 21.0 23.8 0.67 0.91 1.16 270 70 3 19.3 17.4 16.5 82 205 4.44 1011 0.6 
17/09/1999 105 5 15 116 65 18.0 20.0 20.2 0.00 0.00 2.00 180 30  21.4 17.3 14.3 65 320 4.51 1010 0 
17/09/1999 105 15 20  65 18.0 20.0 20.2 0.00 0.00 2.00 180 30  21.4 17.3 14.3 65 320 4.51 1010 0 
17/09/1999 105 25 46  65 18.0 20.0 20.2 0.00 0.00 2.00 180 30 674 21.4 17.3 14.3 65 320 4.51 1010 0 
17/09/1999 105 35 22  65 18.0 20.0 20.2 0.00 0.00 2.00 180 30  21.4 17.3 14.3 65 320 4.51 1010 0 
17/09/1999 105 45 10  65 18.0 20.0 20.2 0.00 0.00 2.00 180 30 56 21.4 17.3 14.3 65 320 4.51 1010 0 
17/09/1999 105 55 3  65 18.0 20.0 20.2 0.00 0.00 2.00 180 30  21.4 17.3 14.3 65 320 4.51 1010 0 
24/09/1999 106 5 150 869 67 20.0 21.9 24.8 0.38 0.51 0.74 0 0 1589 20.0 17.7 16.0 79 85 4.93 1023 0 
24/09/1999 106 15 272  67 20.0 21.9 24.8 0.38 0.51 0.74 0 0 782 20.0 17.7 16.0 79 85 4.93 1023 0 
24/09/1999 106 25 250  67 20.0 21.9 24.8 0.38 0.51 0.74 0 0 298 20.0 17.7 16.0 79 85 4.93 1023 0 
24/09/1999 106 35 90  67 20.0 21.9 24.8 0.38 0.51 0.74 0 0 123 20.0 17.7 16.0 79 85 4.93 1023 0 
24/09/1999 106 45 72  67 20.0 21.9 24.8 0.38 0.51 0.74 0 0 10 20.0 17.7 16.0 79 85 4.93 1023 0 
24/09/1999 106 55 35  67 20.0 21.9 24.8 0.38 0.51 0.74 0 0 3 20.0 17.7 16.0 79 85 4.93 1023 0 
01/10/1999 107 5 7 199 62 21.1 22.7 25.7 0.00 0.19 0.43 90 30  21.0 18.7 17.0 79 60 3.98 1023 1.6 
01/10/1999 107 15 11  62 21.1 22.7 25.7 0.00 0.19 0.43 90 30  21.0 18.7 17.0 79 60 3.98 1023 1.6 
01/10/1999 107 25 36  62 21.1 22.7 25.7 0.00 0.19 0.43 90 30 300 21.0 18.7 17.0 79 60 3.98 1023 1.6 
01/10/1999 107 35 70  62 21.1 22.7 25.7 0.00 0.19 0.43 90 30  21.0 18.7 17.0 79 60 3.98 1023 1.6 
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01/10/1999 107 45 48  62 21.1 22.7 25.7 0.00 0.19 0.43 90 30 7 21.0 18.7 17.0 79 60 3.98 1023 1.6 
01/10/1999 107 55 27  62 21.1 22.7 25.7 0.00 0.19 0.43 90 30 2 21.0 18.7 17.0 79 60 3.98 1023 1.6 
08/10/1999 108 5 4 415 68 19.4 20.0 21.3 0.00 0.73 1.44  0  19.7 16.2 13.3 68 90 1.67 1021 0.2 
08/10/1999 108 15 54  68 19.4 20.0 21.3 0.00 0.73 1.44  0 139 19.7 16.2 13.3 68 90 1.67 1021 0.2 
08/10/1999 108 25 125  68 19.4 20.0 21.3 0.00 0.73 1.44  0  19.7 16.2 13.3 68 90 1.67 1021 0.2 
08/10/1999 108 35 133  68 19.4 20.0 21.3 0.00 0.73 1.44  0  19.7 16.2 13.3 68 90 1.67 1021 0.2 
08/10/1999 108 45 65  68 19.4 20.0 21.3 0.00 0.73 1.44  0 16 19.7 16.2 13.3 68 90 1.67 1021 0.2 
08/10/1999 108 55 34  68 19.4 20.0 21.3 0.00 0.73 1.44  0 5 19.7 16.2 13.3 68 90 1.67 1021 0.2 
15/10/1999 109 5 1 382           21.7 18.9 17.3 75 60 3.89 1016 3.2 
15/10/1999 109 15 105            21.7 18.9 17.3 75 60 3.89 1016 3.2 
15/10/1999 109 25 119            21.7 18.9 17.3 75 60 3.89 1016 3.2 
15/10/1999 109 35 117            21.7 18.9 17.3 75 60 3.89 1016 3.2 
15/10/1999 109 45 32            21.7 18.9 17.3 75 60 3.89 1016 3.2 
15/10/1999 109 55 8            21.7 18.9 17.3 75 60 3.89 1016 3.2 
22/10/1999 110 5 37 208           21.1 18.4 16.8 76 110 5.90 1018 0 
22/10/1999 110 15 46            21.1 18.4 16.8 76 110 5.90 1018 0 
22/10/1999 110 25 23            21.1 18.4 16.8 76 110 5.90 1018 0 
22/10/1999 110 35 44            21.1 18.4 16.8 76 110 5.90 1018 0 
22/10/1999 110 45 39            21.1 18.4 16.8 76 110 5.90 1018 0 
22/10/1999 110 55 19            21.1 18.4 16.8 76 110 5.90 1018 0 
29/10/1999 111 5 21 251 74       0 30 1120 21.9 19.9 19.0 82 113 2.57 1018 0 
29/10/1999 111 15 33  74       0 30  21.9 19.9 19.0 82 113 2.57 1018 0 
29/10/1999 111 25 121  74       0 30  21.9 19.9 19.0 82 113 2.57 1018 0 
29/10/1999 111 35 45  74       0 30  21.9 19.9 19.0 82 113 2.57 1018 0 
29/10/1999 111 45 20  74       0 30 95 21.9 19.9 19.0 82 113 2.57 1018 0 
29/10/1999 111 55 11  74       0 30  21.9 19.9 19.0 82 113 2.57 1018 0 
12/11/1999 113 5  89  19.1 20.5 23.6 1.37 2.67 4.24 225  1480 20.4 15.1 10.5 54 148 0.86 1017 0 
12/11/1999 113 15    19.1 20.5 23.6 1.37 2.67 4.24 225  995 20.4 15.1 10.5 54 148 0.86 1017 0 
12/11/1999 113 25    19.1 20.5 23.6 1.37 2.67 4.24 225  499 20.4 15.1 10.5 54 148 0.86 1017 0 
12/11/1999 113 35    19.1 20.5 23.6 1.37 2.67 4.24 225  178 20.4 15.1 10.5 54 148 0.86 1017 0 
12/11/1999 113 45    19.1 20.5 23.6 1.37 2.67 4.24 225  39 20.4 15.1 10.5 54 148 0.86 1017 0 
12/11/1999 113 55    19.1 20.5 23.6 1.37 2.67 4.24 225  5 20.4 15.1 10.5 54 148 0.86 1017 0 
19/11/1999 114 5 25 189 66 18.0 19.9 21.5 2.39 8.12 12.28 90 80 1113 19.4 15.8 13.3 66 135 1.42 1020 0.2 
19/11/1999 114 15 39  66 18.0 19.9 21.5 2.39 8.12 12.28 90 80 865 19.4 15.8 13.3 66 135 1.42 1020 0.2 
19/11/1999 114 25 21  66 18.0 19.9 21.5 2.39 8.12 12.28 90 80 126 19.4 15.8 13.3 66 135 1.42 1020 0.2 
19/11/1999 114 35 28  66 18.0 19.9 21.5 2.39 8.12 12.28 90 80  19.4 15.8 13.3 66 135 1.42 1020 0.2 
19/11/1999 114 45 65  66 18.0 19.9 21.5 2.39 8.12 12.28 90 80  19.4 15.8 13.3 66 135 1.42 1020 0.2 
19/11/1999 114 55 11  66 18.0 19.9 21.5 2.39 8.12 12.28 90 80  19.4 15.8 13.3 66 135 1.42 1020 0.2 
26/11/1999 115 5 105 418 78 21.7 22.5 23.9 0.14 1.03 1.75  100 2800 22.2 18.3 15.8 67 60 0.86 1017 0 
26/11/1999 115 15 87  78 21.7 22.5 23.9 0.14 1.03 1.75  100 2130 22.2 18.3 15.8 67 60 0.86 1017 0 
26/11/1999 115 25 72  78 21.7 22.5 23.9 0.14 1.03 1.75  100 1478 22.2 18.3 15.8 67 60 0.86 1017 0 
26/11/1999 115 35 54  78 21.7 22.5 23.9 0.14 1.03 1.75  100 1000 22.2 18.3 15.8 67 60 0.86 1017 0 
26/11/1999 115 45 45  78 21.7 22.5 23.9 0.14 1.03 1.75  100 578 22.2 18.3 15.8 67 60 0.86 1017 0 
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26/11/1999 115 55 55  78 21.7 22.5 23.9 0.14 1.03 1.75  100 371 22.2 18.3 15.8 67 60 0.86 1017 0 
10/12/1999 117 5 91 593 80 23.0 23.7 26.5 0.70 1.30 2.20 90 100 770 22.1 21.1 20.8 92 98 1.18 1007 0.6 
10/12/1999 117 15 113  80 23.0 23.7 26.5 0.70 1.30 2.20 90 100 606 22.1 21.1 20.8 92 98 1.18 1007 0.6 
10/12/1999 117 25 169  80 23.0 23.7 26.5 0.70 1.30 2.20 90 100 394 22.1 21.1 20.8 92 98 1.18 1007 0.6 
10/12/1999 117 35 155  80 23.0 23.7 26.5 0.70 1.30 2.20 90 100 117 22.1 21.1 20.8 92 98 1.18 1007 0.6 
10/12/1999 117 45 61  80 23.0 23.7 26.5 0.70 1.30 2.20 90 100 15 22.1 21.1 20.8 92 98 1.18 1007 0.6 
10/12/1999 117 55 4  80 23.0 23.7 26.5 0.70 1.30 2.20 90 100 3 22.1 21.1 20.8 92 98 1.18 1007 0.6 
19/12/1999 118 5 0 0 72 21.0 22.0 23.5 3.20 7.48 11.57 135 0 2230 22.4 18.5 16.0 67 148 1.68 1009 0 
19/12/1999 118 15 0  72 21.0 22.0 23.5 3.20 7.48 11.57 135 0 1430 22.4 18.5 16.0 67 148 1.68 1009 0 
19/12/1999 118 25 0  72 21.0 22.0 23.5 3.20 7.48 11.57 135 0 840 22.4 18.5 16.0 67 148 1.68 1009 0 
19/12/1999 118 35 0  72 21.0 22.0 23.5 3.20 7.48 11.57 135 0 540 22.4 18.5 16.0 67 148 1.68 1009 0 
19/12/1999 118 45 0  72 21.0 22.0 23.5 3.20 7.48 11.57 135 0 160 22.4 18.5 16.0 67 148 1.68 1009 0 
19/12/1999 118 55 0  72 21.0 22.0 23.5 3.20 7.48 11.57 135 0 5 22.4 18.5 16.0 67 148 1.68 1009 0 
24/12/1999 119 5 54 268 68 22.3 23.9 25.0 0.54 4.41 8.76 135 0 1205 21.9 18.9 16.8 73 90 1.22 1017 10.6 
24/12/1999 119 15 89  68 22.3 23.9 25.0 0.54 4.41 8.76 135 0 846 21.9 18.9 16.8 73 90 1.22 1017 10.6 
24/12/1999 119 25 98  68 22.3 23.9 25.0 0.54 4.41 8.76 135 0 423 21.9 18.9 16.8 73 90 1.22 1017 10.6 
24/12/1999 119 35 19  68 22.3 23.9 25.0 0.54 4.41 8.76 135 0 193 21.9 18.9 16.8 73 90 1.22 1017 10.6 
24/12/1999 119 45 3  68 22.3 23.9 25.0 0.54 4.41 8.76 135 0 51 21.9 18.9 16.8 73 90 1.22 1017 10.6 
24/12/1999 119 55 5  68 22.3 23.9 25.0 0.54 4.41 8.76 135 0 8 21.9 18.9 16.8 73 90 1.22 1017 10.6 
31/12/1999 120 5 0 9        90   25.0 22.5 21.0 79 115 0.71 1004 0 
31/12/1999 120 15 4         90   25.0 22.5 21.0 79 115 0.71 1004 0 
31/12/1999 120 25 0         90   25.0 22.5 21.0 79 115 0.71 1004 0 
31/12/1999 120 35 3         90   25.0 22.5 21.0 79 115 0.71 1004 0 
31/12/1999 120 45 1         90   25.0 22.5 21.0 79 115 0.71 1004 0 
01/01/2000 120 55 1         90   25.0 22.5 21.0 79 115 0.71 1004 0 
07/01/2000 121 5 19 276 77 24.1 25.3 26.3 1.11 1.24 2.20 90  823 22.7 20.1 18.5 78 113 1.14 1012 17.0 
07/01/2000 121 15 78  77 24.1 25.3 26.3 1.11 1.24 2.20 90  386 22.7 20.1 18.5 78 113 1.14 1012 17.0 
07/01/2000 121 25 75  77 24.1 25.3 26.3 1.11 1.24 2.20 90  200 22.7 20.1 18.5 78 113 1.14 1012 17.0 
07/01/2000 121 35 51  77 24.1 25.3 26.3 1.11 1.24 2.20 90  99 22.7 20.1 18.5 78 113 1.14 1012 17.0 
07/01/2000 121 45 38  77 24.1 25.3 26.3 1.11 1.24 2.20 90  rain 22.7 20.1 18.5 78 113 1.14 1012 17.0 
07/01/2000 121 55 15  77 24.1 25.3 26.3 1.11 1.24 2.20 90  rain 22.7 20.1 18.5 78 113 1.14 1012 17.0 
14/01/2000 122 5 39 260 78 18.5 19.8 23.7 0.09 1.25 2.41 135  3100 23.8 21.0 19.8 77 140 1.39 1009 6.2 
14/01/2000 122 15 57  78 18.5 19.8 23.7 0.09 1.25 2.41 135  2100 23.8 21.0 19.8 77 140 1.39 1009 6.2 
14/01/2000 122 25 53  78 18.5 19.8 23.7 0.09 1.25 2.41 135  1310 23.8 21.0 19.8 77 140 1.39 1009 6.2 
14/01/2000 122 35 55  78 18.5 19.8 23.7 0.09 1.25 2.41 135  620 23.8 21.0 19.8 77 140 1.39 1009 6.2 
14/01/2000 122 45 48  78 18.5 19.8 23.7 0.09 1.25 2.41 135  310 23.8 21.0 19.8 77 140 1.39 1009 6.2 
14/01/2000 122 55 8  78 18.5 19.8 23.7 0.09 1.25 2.41 135  15 23.8 21.0 19.8 77 140 1.39 1009 6.2 
21/01/2000 123 5 3 69 83 27.8 30.3 31.5 0.00 0.77 1.57 90  2198 27.9 25.7 24.8 83 75 0.71 1001 0 
21/01/2000 123 15 23  83 27.8 30.3 31.5 0.00 0.77 1.57 90  1330 27.9 25.7 24.8 83 75 0.71 1001 0 
21/01/2000 123 25 30  83 27.8 30.3 31.5 0.00 0.77 1.57 90  720 27.9 25.7 24.8 83 75 0.71 1001 0 
21/01/2000 123 35 10  83 27.8 30.3 31.5 0.00 0.77 1.57 90  330 27.9 25.7 24.8 83 75 0.71 1001 0 
21/01/2000 123 45 3  83 27.8 30.3 31.5 0.00 0.77 1.57 90  100 27.9 25.7 24.8 83 75 0.71 1001 0 
21/01/2000 123 55 0  83 27.8 30.3 31.5 0.00 0.77 1.57 90  20 27.9 25.7 24.8 83 75 0.71 1001 0 
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28/01/2000 124 5 24 158 82 18.4 19.1 23.4 0.03 0.98 2.34 135  2430 23.1 21.5 20.8 86 183 1.03 1005 0 
28/01/2000 124 15 41  82 18.4 19.1 23.4 0.03 0.98 2.34 135  1477 23.1 21.5 20.8 86 183 1.03 1005 0 
28/01/2000 124 25 35  82 18.4 19.1 23.4 0.03 0.98 2.34 135  1500 23.1 21.5 20.8 86 183 1.03 1005 0 
28/01/2000 124 35 44  82 18.4 19.1 23.4 0.03 0.98 2.34 135  727 23.1 21.5 20.8 86 183 1.03 1005 0 
28/01/2000 124 45 12  82 18.4 19.1 23.4 0.03 0.98 2.34 135  72 23.1 21.5 20.8 86 183 1.03 1005 0 
28/01/2000 124 55 2  82 18.4 19.1 23.4 0.03 0.98 2.34 135  8 23.1 21.5 20.8 86 183 1.03 1005 0 
04/02/2000 125 5 10 28 67 20.9 22.2 24.1 1.06 1.20 3.04 90  938 24.4 20.2 17.5 67 95 1.17 1019 0 
04/02/2000 125 15 6  67 20.9 22.2 24.1 1.06 1.20 3.04 90  662 24.4 20.2 17.5 67 95 1.17 1019 0 
04/02/2000 125 25 7  67 20.9 22.2 24.1 1.06 1.20 3.04 90  339 24.4 20.2 17.5 67 95 1.17 1019 0 
04/02/2000 125 35 5  67 20.9 22.2 24.1 1.06 1.20 3.04 90  88 24.4 20.2 17.5 67 95 1.17 1019 0 
04/02/2000 125 45 0  67 20.9 22.2 24.1 1.06 1.20 3.04 90  15 24.4 20.2 17.5 67 95 1.17 1019 0 
04/02/2000 125 55 0  67 20.9 22.2 24.1 1.06 1.20 3.04 90  5 24.4 20.2 17.5 67 95 1.17 1019 0 
11/02/2000 126 5 11 84 75 23.8 25.1 26.3 0.98 1.39 2.50   1440 24.9 22.3 21.3 79 63 1.28 1013 0 
11/02/2000 126 15 23  75 23.8 25.1 26.3 0.98 1.39 2.50   560 24.9 22.3 21.3 79 63 1.28 1013 0 
11/02/2000 126 25 12  75 23.8 25.1 26.3 0.98 1.39 2.50   240 24.9 22.3 21.3 79 63 1.28 1013 0 
11/02/2000 126 35 31  75 23.8 25.1 26.3 0.98 1.39 2.50   16 24.9 22.3 21.3 79 63 1.28 1013 0 
11/02/2000 126 45 1  75 23.8 25.1 26.3 0.98 1.39 2.50   11 24.9 22.3 21.3 79 63 1.28 1013 0 
11/02/2000 126 55 6  75 23.8 25.1 26.3 0.98 1.39 2.50   3 24.9 22.3 21.3 79 63 1.28 1013 0 
18/02/2000 127 5 18 239 68 25.1 26.8 27.8 1.03 1.43 2.92 0  1103 24.2 20.2 18.0 68 118 1.51 1018 0 
18/02/2000 127 15 33  68 25.1 26.8 27.8 1.03 1.43 2.92 0  914 24.2 20.2 18.0 68 118 1.51 1018 0 
18/02/2000 127 25 64  68 25.1 26.8 27.8 1.03 1.43 2.92 0  552 24.2 20.2 18.0 68 118 1.51 1018 0 
18/02/2000 127 35 55  68 25.1 26.8 27.8 1.03 1.43 2.92 0  300 24.2 20.2 18.0 68 118 1.51 1018 0 
18/02/2000 127 45 53  68 25.1 26.8 27.8 1.03 1.43 2.92 0  55 24.2 20.2 18.0 68 118 1.51 1018 0 
18/02/2000 127 55 16  68 25.1 26.8 27.8 1.03 1.43 2.92 0  5 24.2 20.2 18.0 68 118 1.51 1018 0 
25/02/2000 128 5 2 63 69 21.3 22.3 24.0 0.06 1.47 2.35 315  1257 24.5 20.6 18.3 68 123 1.35 1017 0 
25/02/2000 128 15 16  69 21.3 22.3 24.0 0.06 1.47 2.35 315  725 24.5 20.6 18.3 68 123 1.35 1017 0 
25/02/2000 128 25 20  69 21.3 22.3 24.0 0.06 1.47 2.35 315  280 24.5 20.6 18.3 68 123 1.35 1017 0 
25/02/2000 128 35 15  69 21.3 22.3 24.0 0.06 1.47 2.35 315  71 24.5 20.6 18.3 68 123 1.35 1017 0 
25/02/2000 128 45 4  69 21.3 22.3 24.0 0.06 1.47 2.35 315  43.5 24.5 20.6 18.3 68 123 1.35 1017 0 
25/02/2000 128 55 6  69 21.3 22.3 24.0 0.06 1.47 2.35 315  4 24.5 20.6 18.3 68 123 1.35 1017 0 
03/03/2000 129 5 5 90 77 21.2 22.8 24.5 1.02 1.53 1.99 315  1032 22.7 20.5 19.3 81 100 1.14 1018 0.2 
03/03/2000 129 15 29  77 21.2 22.8 24.5 1.02 1.53 1.99 315  440 22.7 20.5 19.3 81 100 1.14 1018 0.2 
03/03/2000 129 25 26  77 21.2 22.8 24.5 1.02 1.53 1.99 315  100 22.7 20.5 19.3 81 100 1.14 1018 0.2 
03/03/2000 129 35 17  77 21.2 22.8 24.5 1.02 1.53 1.99 315  77 22.7 20.5 19.3 81 100 1.14 1018 0.2 
03/03/2000 129 45 11  77 21.2 22.8 24.5 1.02 1.53 1.99 315  8 22.7 20.5 19.3 81 100 1.14 1018 0.2 
03/03/2000 129 55 2  77 21.2 22.8 24.5 1.02 1.53 1.99 315  6 22.7 20.5 19.3 81 100 1.14 1018 0.2 
10/03/2000 130 5 5 75 72 25.6 26.2 27.4 0.08 1.49 3.80 270  1810 24.1 21.7 20.3 80 70 1.69 1017 0.4 
10/03/2000 130 15 0  72 25.6 26.2 27.4 0.08 1.49 3.80 270  590 24.1 21.7 20.3 80 70 1.69 1017 0.4 
10/03/2000 130 25 31  72 25.6 26.2 27.4 0.08 1.49 3.80 270  300 24.1 21.7 20.3 80 70 1.69 1017 0.4 
10/03/2000 130 35 19  72 25.6 26.2 27.4 0.08 1.49 3.80 270  66 24.1 21.7 20.3 80 70 1.69 1017 0.4 
10/03/2000 130 45 13  72 25.6 26.2 27.4 0.08 1.49 3.80 270  8 24.1 21.7 20.3 80 70 1.69 1017 0.4 
10/03/2000 130 55 7  72 25.6 26.2 27.4 0.08 1.49 3.80 270  0 24.1 21.7 20.3 80 70 1.69 1017 0.4 
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Appendix 3 

Date Sample Time Catch 
Night 
Total 

RH Tmin Tavg Tmax Wmin Wavg Wmax Direction Cloud Light 
6-

Temp 

6-
Wet 
Bulb 

6-
Dew 
pt. 

6-
RH 

6-
Wdirn 

6-
Wspeed 

6-
Bar 

Press 
Rain 

17/03/2000 131 5 14 285 74 19.0 20.7 22.0 0.00 0.68 1.87 270  2190 24.8 21.6 20.0 74 73 0.51 1019 0.2 
17/03/2000 131 15 70  74 19.0 20.7 22.0 0.00 0.68 1.87 270  1140 24.8 21.6 20.0 74 73 0.51 1019 0.2 
17/03/2000 131 25 67  74 19.0 20.7 22.0 0.00 0.68 1.87 270  601 24.8 21.6 20.0 74 73 0.51 1019 0.2 
17/03/2000 131 35 60  74 19.0 20.7 22.0 0.00 0.68 1.87 270  156 24.8 21.6 20.0 74 73 0.51 1019 0.2 
17/03/2000 131 45 51  74 19.0 20.7 22.0 0.00 0.68 1.87 270  87 24.8 21.6 20.0 74 73 0.51 1019 0.2 
17/03/2000 131 55 23  74 19.0 20.7 22.0 0.00 0.68 1.87 270  13 24.8 21.6 20.0 74 73 0.51 1019 0.2 
24/03/2000 132 5 59 398 75 20.5 21.3 22.9 1.09 1.73 2.28 0  1130 23.5 20.5 18.8 74 170 1.61 1013 0.4 
24/03/2000 132 15 55  75 20.5 21.3 22.9 1.09 1.73 2.28 0  890 23.5 20.5 18.8 74 170 1.61 1013 0.4 
24/03/2000 132 25 78  75 20.5 21.3 22.9 1.09 1.73 2.28 0  460 23.5 20.5 18.8 74 170 1.61 1013 0.4 
24/03/2000 132 35 82  75 20.5 21.3 22.9 1.09 1.73 2.28 0  110 23.5 20.5 18.8 74 170 1.61 1013 0.4 
24/03/2000 132 45 74  75 20.5 21.3 22.9 1.09 1.73 2.28 0  11 23.5 20.5 18.8 74 170 1.61 1013 0.4 
24/03/2000 132 55 50  75 20.5 21.3 22.9 1.09 1.73 2.28 0  4 23.5 20.5 18.8 74 170 1.61 1013 0.4 
31/03/2000 133 5 55 443 72 23.1 24.9 25.7 0.10 0.77 2.01 315  1060 24.6 21.1 19.3 72 83 0.83 1016 0 
31/03/2000 133 15 122  72 23.1 24.9 25.7 0.10 0.77 2.01 315  370 24.6 21.1 19.3 72 83 0.83 1016 0 
31/03/2000 133 25 106  72 23.1 24.9 25.7 0.10 0.77 2.01 315  150 24.6 21.1 19.3 72 83 0.83 1016 0 
31/03/2000 133 35 85  72 23.1 24.9 25.7 0.10 0.77 2.01 315  45 24.6 21.1 19.3 72 83 0.83 1016 0 
31/03/2000 133 45 39  72 23.1 24.9 25.7 0.10 0.77 2.01 315  15 24.6 21.1 19.3 72 83 0.83 1016 0 
31/03/2000 133 55 36  72 23.1 24.9 25.7 0.10 0.77 2.01 315   24.6 21.1 19.3 72 83 0.83 1016 0 
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13.4 Appendix 4 

This appendix comprises the entire data set used for analyses in Chapter 8. The variables in the 
table are as follows: 

Date  the date of the collection of the midges and set-up of the apparatus  

Experiment Number the number of the experiment, as keyed in the text of Chapter 8 

Apparatus Number  a unique number assigned to each distinct apparatus: where the same 
apparatus was used in two experiments, the experiment number are distinct but 
the apparatus number is the same 

Capture Method manner of capture: four classes — pipette bulb, aspirator, plain net of modified 
net 

Number of Midges the number of midges used in the particular run of the experiment 

Container  general description of the apparatus 

Grouped  in some runs each midge was maintained in its own container, in others they 
were kept in a group 

Storage Location location of the apparatus during the experiment: laboratory, CT-room or RH- 
chamber (kept in the laboratory) 

Illumination  midges were kept in laboratory-lighted conditions (light by day, dark at night), 
continuously dark (except when examining the progress of the experiment, to 
in some apparatus, they had a choice of lighted or darkened chambers. 

Temperature(°C) typical temperature during the experiment: where the CT-room was used, this 
was the setting for the thermostat 

Blood-fed Status midges were either fed, or unfed, as indicated 

Feeding Location in early experiments midges were fed in the field prior to capture; later they 
were captured unfed and attempts to feed them were made in the laboratory 

Blood Source  several volunteers offered to provide blood (i.e. to be bitten) for this study. 
They are identified here by their binomial initials 

Blood Type  some volunteers had little previous exposure to midge bites, one (the author) 
had very extensive recent exposure. This difference is reported as ‘naïve’ or 
‘exposed’.  

Food Type  supplementary carbohydrate feeding was studied. The foods offered were 
apple (A), honey solution (H), a wide choice of apple, hydrated date and honey 
solution (A D H) or none (nil) 

Days of CH feeding  in some experiments carbohydrate was available at all times (ad libitum), 
in others only for a few days post feeding (the number of days is shown) 

Substrate  midge maintenance cells were usually provided with a substrate to provide a 
source of moisture and base for midges to rest. The nature of this substrate is 
shown 

Substrate Class in later analyses of the data it was necessary to combine some common classes 
of substrates to reduce the number of cells in the factorial model. Substrates 
were classed as ‘sand’, ‘other’ or ‘nil’ 

Moisture  the nature of moisture available to the midges was examined, and the types 
used to moisten the substrate or make up the agar are shown 
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Moisture Class in later analyses of the data it was necessary to combine some common classes 
of substrates to reduce the number of cells in the factorial model. Moisture was 
classed as ‘saline’, ‘fresh’ or ‘nil’ 

Beach location of Moisture in one experiment, water from canal beaches was used to moisten 
filter papers in an effort to stimulate oviposition. This column records the 
location on the beach where the moisture was obtained. Where canal water was 
used to make up agar or moisten other substrates it was noted as ‘water’ in this 
column 

Eggs Laid  when eggs were laid, the number was recorded in the column 

Mean Survival(days) the mean survival of midges in the replicate of the apparatus/experiment 
was computed according to section 8.2.4 and recorded here. The sampling unit 
for this study is this the particular replicate of the apparatus 
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Appendix 4 

Date 
Experiment 

Number 
Apparatus  
Number 

Capture 
Method 

Number 
of 

Midges 
Container Grouped 

Storage 
Location 

Illumination 
Temperature 

(°C) 
Blood-fed 

Status 
Feeding 
Location 

Blood 
Source 

Blood 
Type 

Food 
Type 

Days of 
CH 

feeding 
Substrate 

Substrate 
Class 

Moisture 
Moisture 

Class 

Beach 
location 

of 
Moisture 

Eggs  
Laid 

Mean 
Survival  

(days) 

06-Apr-97 1 1 pipette bulb 10 jar with apple yes laboratory light 27 fed field EC exposed A ad libitum filter paper other distilled w fresh  0 0.60 
06-Apr-97 1 1 pipette bulb 10 jar with apple yes laboratory light 27 fed field EC exposed A ad libitum filter paper other salt soln salt  0 0.50 
03-Apr-97 1 1 pipette bulb 10 jar with apple yes laboratory light 27 fed field EC exposed A ad libitum paper towel other distilled w fresh  0 0.50 
03-Apr-97 1 1 pipette bulb 10 jar with apple yes laboratory light 27 fed field EC exposed A ad libitum paper towel other salt soln salt  0 0.50 
10-Apr-97 1 1 pipette bulb 10 jar with apple yes laboratory light 27 fed field EC exposed A ad libitum sand sand distilled w fresh  0 0.50 
10-Apr-97 1 1 pipette bulb 10 jar with apple yes laboratory light 27 fed field EC exposed A ad libitum sand sand salt soln salt  0 0.50 
06-Apr-97 1 1 pipette bulb 10 jar with apple yes laboratory dark 27 fed field EC exposed A ad libitum filter paper other tapwater fresh  0 0.50 
06-Apr-97 1 1 pipette bulb 10 jar with apple yes laboratory dark 27 fed field EC exposed A ad libitum filter paper other canal w salt water 0 0.50 
03-Apr-97 1 1 pipette bulb 10 jar with apple yes laboratory dark 27 fed field EC exposed A ad libitum paper towel other tapwater fresh  0 0.50 
03-Apr-97 1 1 pipette bulb 10 jar with apple yes laboratory dark 27 fed field EC exposed A ad libitum paper towel other canal w salt water 0 0.50 
10-Apr-97 1 1 pipette bulb 10 jar with apple yes laboratory dark 27 fed field EC exposed A ad libitum sand sand tapwater fresh  0 0.50 
10-Apr-97 1 1 pipette bulb 10 jar with apple yes laboratory dark 27 fed field EC exposed A ad libitum sand sand canal w salt water 0 0.50 
05-May-97 2 2 pipette bulb 10 jar with honey drip yes laboratory light 24 fed field EC exposed H ad libitum filter paper other distilled w fresh  0 0.50 
05-May-97 2 2 pipette bulb 10 jar with honey drip yes laboratory light 24 fed field EC exposed H ad libitum filter paper other tapwater fresh  0 0.50 
05-May-97 2 2 pipette bulb 10 jar with honey drip yes laboratory light 24 fed field EC exposed H ad libitum filter paper other canal w salt water 0 0.60 
05-May-97 2 2 pipette bulb 10 jar with honey drip yes laboratory light 24 fed field EC exposed H ad libitum filter paper other salt soln salt  0 0.50 
02-May-97 2 2 pipette bulb 10 jar with honey drip yes laboratory light 24 fed field EC exposed H ad libitum paper towel other distilled w fresh  0 0.80 
02-May-97 2 2 pipette bulb 10 jar with honey drip yes laboratory light 24 fed field EC exposed H ad libitum paper towel other tapwater fresh  0 0.50 
02-May-97 2 2 pipette bulb 10 jar with honey drip yes laboratory light 24 fed field EC exposed H ad libitum paper towel other canal w salt water 0 0.50 
02-May-97 2 2 pipette bulb 10 jar with honey drip yes laboratory light 24 fed field EC exposed H ad libitum paper towel other salt soln salt  0 0.50 
09-May-97 2 2 pipette bulb 10 jar with honey drip yes laboratory light 24 fed field EC exposed H ad libitum sand sand distilled w fresh  0 0.50 
09-May-97 2 2 pipette bulb 10 jar with honey drip yes laboratory light 24 fed field EC exposed H ad libitum sand sand tapwater fresh  0 0.50 
09-May-97 2 2 pipette bulb 10 jar with honey drip yes laboratory light 24 fed field EC exposed H ad libitum sand sand canal w salt water 0 0.50 
09-May-97 2 2 pipette bulb 10 jar with honey drip yes laboratory light 24 fed field EC exposed H ad libitum sand sand salt soln salt  0 0.50 
05-May-97 2 2 pipette bulb 10 jar with honey drip yes laboratory dark 24 fed field EC exposed H ad libitum filter paper other distilled w fresh  0 0.50 
05-May-97 2 2 pipette bulb 10 jar with honey drip yes laboratory dark 24 fed field EC exposed H ad libitum filter paper other tapwater fresh  0 0.50 
05-May-97 2 2 pipette bulb 10 jar with honey drip yes laboratory dark 24 fed field EC exposed H ad libitum filter paper other canal w salt water 0 0.50 
05-May-97 2 2 pipette bulb 10 jar with honey drip yes laboratory dark 24 fed field EC exposed H ad libitum filter paper other salt soln salt  0 0.70 
03-May-97 2 2 pipette bulb 10 jar with honey drip yes laboratory dark 24 fed field EC exposed H ad libitum paper towel other distilled w fresh  0 0.50 
02-May-97 2 2 pipette bulb 10 jar with honey drip yes laboratory dark 24 fed field EC exposed H ad libitum paper towel other tapwater fresh  0 0.60 
02-May-97 2 2 pipette bulb 10 jar with honey drip yes laboratory dark 24 fed field EC exposed H ad libitum paper towel other canal w salt water 0 0.50 
02-May-97 2 2 pipette bulb 10 jar with honey drip yes laboratory dark 24 fed field EC exposed H ad libitum paper towel other salt soln salt  0 0.50 
09-May-97 2 2 pipette bulb 10 jar with honey drip yes laboratory dark 24 fed field EC exposed H ad libitum sand sand distilled w fresh  0 0.90 
09-May-97 2 2 pipette bulb 10 jar with honey drip yes laboratory dark 24 fed field EC exposed H ad libitum sand sand tapwater fresh  0 0.50 
09-May-97 2 2 pipette bulb 10 jar with honey drip yes laboratory dark 24 fed field EC exposed H ad libitum sand sand canal w salt water 0 0.50 
09-May-97 2 2 pipette bulb 10 jar with honey drip yes laboratory dark 24 fed field EC exposed H ad libitum sand sand salt soln salt  0 1.10 
04-Jun-97 3 3 pipette bulb 10 jar with honey drip yes RH chamber light 23 fed field EC exposed H ad libitum filter paper other distilled w fresh  0 0.50 
04-Jun-97 3 3 pipette bulb 10 jar with honey drip yes RH chamber light 23 fed field EC exposed H ad libitum filter paper other distilled w fresh  0 0.50 
04-Jun-97 3 3 pipette bulb 10 jar with honey drip yes RH chamber light 23 fed field EC exposed H ad libitum filter paper other tapwater fresh  0 0.50 
04-Jun-97 3 3 pipette bulb 10 jar with honey drip yes RH chamber light 23 fed field EC exposed H ad libitum filter paper other salt soln salt  0 0.80 
01-Jun-97 3 3 pipette bulb 10 jar with honey drip yes RH chamber light 23 fed field EC exposed H ad libitum paper towel other distilled w fresh  0 0.50 
01-Jun-97 3 3 pipette bulb 10 jar with honey drip yes RH chamber light 23 fed field EC exposed H ad libitum paper towel other salt soln salt  0 0.50 
04-Jun-97 3 3 pipette bulb 10 jar with honey drip yes RH chamber light 23 fed field EC exposed H ad libitum sand sand canal w salt water 0 0.50 
04-Jun-97 3 3 pipette bulb 10 jar with honey drip yes RH chamber light 23 fed field EC exposed H ad libitum sand sand canal w salt water 0 0.50 
04-Jun-97 3 3 pipette bulb 10 jar with honey drip yes RH chamber dark 23 fed field EC exposed H ad libitum filter paper other distilled w fresh  0 0.50 
04-Jun-97 3 3 pipette bulb 10 jar with honey drip yes RH chamber dark 23 fed field EC exposed H ad libitum filter paper other tapwater fresh  0 0.70 
04-Jun-97 3 3 pipette bulb 10 jar with honey drip yes RH chamber dark 23 fed field EC exposed H ad libitum filter paper other tapwater fresh  0 0.50 
04-Jun-97 3 3 pipette bulb 10 jar with honey drip yes RH chamber dark 23 fed field EC exposed H ad libitum filter paper other salt soln salt  0 0.50 
01-Jun-97 3 3 pipette bulb 10 jar with honey drip yes RH chamber dark 23 fed field EC exposed H ad libitum paper towel other tapwater fresh  0 0.50 
01-Jun-97 3 3 pipette bulb 10 jar with honey drip yes RH chamber dark 23 fed field EC exposed H ad libitum paper towel other canal w salt water 0 0.50 
04-Jun-97 3 3 pipette bulb 10 jar with honey drip yes RH chamber dark 23 fed field EC exposed H ad libitum sand sand canal w salt water 0 0.50 
04-Jun-97 3 3 pipette bulb 10 jar with honey drip yes RH chamber dark 23 fed field EC exposed H ad libitum sand sand canal w salt water 0 0.50 
21-Jun-98 4a 4 aspirator 10 empty paper cup yes laboratory light 25 fed field EC exposed A D H ad libitum agar other distilled w fresh  0 1.80 
21-Jun-98 4a 4 aspirator 10 empty paper cup yes laboratory light 25 fed field EC exposed A D H ad libitum agar other tapwater fresh  0 1.30 
21-Jun-98 4a 4 aspirator 10 empty paper cup yes laboratory light 25 fed field EC exposed A D H ad libitum agar other canal w salt water 0 1.60 
21-Jun-98 4a 4 aspirator 10 empty paper cup yes laboratory light 25 fed field EC exposed A D H ad libitum agar other salt soln salt  0 1.60 
13-Jun-98 4a 4 aspirator 10 empty paper cup yes laboratory light 25 fed field EC exposed A D H ad libitum filter paper other distilled w fresh  0 1.00 
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Appendix 4 

Date 
Experiment 

Number 
Apparatus  
Number 

Capture 
Method 

Number 
of 

Midges 
Container Grouped 

Storage 
Location 

Illumination 
Temperature 

(°C) 
Blood-fed 

Status 
Feeding 
Location 

Blood 
Source 

Blood 
Type 

Food 
Type 

Days of 
CH 

feeding 
Substrate 

Substrate 
Class 

Moisture 
Moisture 

Class 

Beach 
location 

of 
Moisture 

Eggs  
Laid 

Mean 
Survival  

(days) 

13-Jun-98 4a 4 aspirator 10 empty paper cup yes laboratory light 25 fed field EC exposed A D H ad libitum filter paper other tapwater fresh  0 0.70 
16-Jun-98 4a 4 aspirator 10 empty paper cup yes laboratory light 25 fed field EC exposed A D H ad libitum filter paper other canal w salt water 0 1.70 
13-Jun-98 4a 4 aspirator 10 empty paper cup yes laboratory light 25 fed field EC exposed A D H ad libitum filter paper other salt soln salt  0 1.10 
05-Jun-98 4a 4 aspirator 10 empty paper cup yes laboratory light 25 fed field EC exposed A D H ad libitum paper towel other distilled w fresh  0 2.20 
05-Jun-98 4a 4 aspirator 10 empty paper cup yes laboratory light 25 fed field EC exposed A D H ad libitum paper towel other tapwater fresh  0 1.20 
05-Jun-98 4a 4 aspirator 10 empty paper cup yes laboratory light 25 fed field EC exposed A D H ad libitum paper towel other canal w salt water 0 0.80 
05-Jun-98 4a 4 aspirator 10 empty paper cup yes laboratory light 25 fed field EC exposed A D H ad libitum paper towel other salt soln salt  0 1.80 
21-Jun-98 4a 4 aspirator 10 empty paper cup yes laboratory light 25 fed field EC exposed A D H ad libitum sand sand distilled w fresh  0 1.30 
21-Jun-98 4a 4 aspirator 10 empty paper cup yes laboratory light 25 fed field EC exposed A D H ad libitum sand sand tapwater fresh  0 1.50 
21-Jun-98 4a 4 aspirator 10 empty paper cup yes laboratory light 25 fed field EC exposed A D H ad libitum sand sand canal w salt water 0 1.20 
21-Jun-98 4a 4 aspirator 10 empty paper cup yes laboratory light 25 fed field EC exposed A D H ad libitum sand sand salt soln salt  0 0.50 
21-Jun-98 4a 4 aspirator 10 empty paper cup yes laboratory dark 25 fed field EC exposed A D H ad libitum agar other distilled w fresh  0 2.10 
21-Jun-98 4a 4 aspirator 10 empty paper cup yes laboratory dark 25 fed field EC exposed A D H ad libitum agar other tapwater fresh  0 1.00 
21-Jun-98 4a 4 aspirator 10 empty paper cup yes laboratory dark 25 fed field EC exposed A D H ad libitum agar other canal w salt water 0 1.00 
21-Jun-98 4a 4 aspirator 10 empty paper cup yes laboratory dark 25 fed field EC exposed A D H ad libitum agar other salt soln salt  0 1.10 
13-Jun-98 4a 4 aspirator 10 empty paper cup yes laboratory dark 25 fed field EC exposed A D H ad libitum filter paper other distilled w fresh  0 1.60 
13-Jun-98 4a 4 aspirator 10 empty paper cup yes laboratory dark 25 fed field EC exposed A D H ad libitum filter paper other tapwater fresh  0 1.00 
16-Jun-98 4a 4 aspirator 10 empty paper cup yes laboratory dark 25 fed field EC exposed A D H ad libitum filter paper other canal w salt water 0 0.50 
16-Jun-98 4a 4 aspirator 10 empty paper cup yes laboratory dark 25 fed field EC exposed A D H ad libitum filter paper other salt soln salt  0 2.00 
05-Jun-98 4a 4 aspirator 10 empty paper cup yes laboratory dark 25 fed field EC exposed A D H ad libitum paper towel other distilled w fresh  0 2.10 
05-Jun-98 4a 4 aspirator 10 empty paper cup yes laboratory dark 25 fed field EC exposed A D H ad libitum paper towel other tapwater fresh  0 1.00 
05-Jun-98 4a 4 aspirator 10 empty paper cup yes laboratory dark 25 fed field EC exposed A D H ad libitum paper towel other canal w salt water 0 1.60 
09-Jun-98 4a 4 aspirator 10 empty paper cup yes laboratory dark 25 fed field EC exposed A D H ad libitum paper towel other salt soln salt  0 1.10 
21-Jun-98 4a 4 aspirator 10 empty paper cup yes laboratory dark 25 fed field EC exposed A D H ad libitum sand sand distilled w fresh  0 1.50 
21-Jun-98 4a 4 aspirator 10 empty paper cup yes laboratory dark 25 fed field EC exposed A D H ad libitum sand sand tapwater fresh  0 1.90 
21-Jun-98 4a 4 aspirator 10 empty paper cup yes laboratory dark 25 fed field EC exposed A D H ad libitum sand sand canal w salt water 0 0.60 
21-Jun-98 4a 4 aspirator 10 empty paper cup yes laboratory dark 25 fed field EC exposed A D H ad libitum sand sand salt soln salt  0 1.10 
29-Jun-98 4b 4 aspirator 20 empty paper cup yes laboratory light 25 unfed nil nil nil A D H ad libitum agar other distilled w fresh  0 2.10 
29-Jun-98 4b 4 aspirator 20 empty paper cup yes laboratory light 25 unfed nil nil nil A D H ad libitum agar other tapwater fresh  0 2.40 
29-Jun-98 4b 4 aspirator 20 empty paper cup yes laboratory light 25 unfed nil nil nil A D H ad libitum agar other canal w salt water 0 2.55 
29-Jun-98 4b 4 aspirator 20 empty paper cup yes laboratory light 25 unfed nil nil nil A D H ad libitum agar other salt soln salt  0 1.15 
13-Jun-98 4b 4 aspirator 20 empty paper cup yes laboratory light 25 unfed nil nil nil A D H ad libitum filter paper other distilled w fresh  0 2.20 
13-Jun-98 4b 4 aspirator 20 empty paper cup yes laboratory light 25 unfed nil nil nil A D H ad libitum filter paper other tapwater fresh  0 2.00 
13-Jun-98 4b 4 aspirator 20 empty paper cup yes laboratory light 25 unfed nil nil nil A D H ad libitum filter paper other canal w salt water 0 2.15 
13-Jun-98 4b 4 aspirator 20 empty paper cup yes laboratory light 25 unfed nil nil nil A D H ad libitum filter paper other salt soln salt  0 2.25 
05-Jun-98 4b 4 aspirator 20 empty paper cup yes laboratory light 25 unfed nil nil nil A D H ad libitum paper towel other distilled w fresh  0 1.80 
05-Jun-98 4b 4 aspirator 20 empty paper cup yes laboratory light 25 unfed nil nil nil A D H ad libitum paper towel other tapwater fresh  0 2.05 
05-Jun-98 4b 4 aspirator 20 empty paper cup yes laboratory light 25 unfed nil nil nil A D H ad libitum paper towel other canal w salt water 0 1.65 
05-Jun-98 4b 4 aspirator 20 empty paper cup yes laboratory light 25 unfed nil nil nil A D H ad libitum paper towel other salt soln salt  0 1.00 
21-Jun-98 4b 4 aspirator 20 empty paper cup yes laboratory light 25 unfed nil nil nil A D H ad libitum sand sand distilled w fresh  0 1.70 
21-Jun-98 4b 4 aspirator 20 empty paper cup yes laboratory light 25 unfed nil nil nil A D H ad libitum sand sand tapwater fresh  0 0.90 
21-Jun-98 4b 4 aspirator 20 empty paper cup yes laboratory light 25 unfed nil nil nil A D H ad libitum sand sand canal w salt water 0 1.65 
21-Jun-98 4b 4 aspirator 20 empty paper cup yes laboratory light 25 unfed nil nil nil A D H ad libitum sand sand salt soln salt  0 2.05 
29-Jun-98 4b 4 aspirator 20 empty paper cup yes laboratory dark 25 unfed nil nil nil A D H ad libitum agar other distilled w fresh  0 1.70 
29-Jun-98 4b 4 aspirator 20 empty paper cup yes laboratory dark 25 unfed nil nil nil A D H ad libitum agar other tapwater fresh  0 2.35 
29-Jun-98 4b 4 aspirator 20 empty paper cup yes laboratory dark 25 unfed nil nil nil A D H ad libitum agar other canal w salt water 0 2.85 
29-Jun-98 4b 4 aspirator 20 empty paper cup yes laboratory dark 25 unfed nil nil nil A D H ad libitum agar other salt soln salt  0 1.45 
13-Jun-98 4b 4 aspirator 20 empty paper cup yes laboratory dark 25 unfed nil nil nil A D H ad libitum filter paper other distilled w fresh  0 1.70 
13-Jun-98 4b 4 aspirator 20 empty paper cup yes laboratory dark 25 unfed nil nil nil A D H ad libitum filter paper other tapwater fresh  0 1.95 
13-Jun-98 4b 4 aspirator 20 empty paper cup yes laboratory dark 25 unfed nil nil nil A D H ad libitum filter paper other canal w salt water 0 1.95 
13-Jun-98 4b 4 aspirator 20 empty paper cup yes laboratory dark 25 unfed nil nil nil A D H ad libitum filter paper other salt soln salt  0 1.45 
05-Jun-98 4b 4 aspirator 20 empty paper cup yes laboratory dark 25 unfed nil nil nil A D H ad libitum paper towel other distilled w fresh  0 2.00 
05-Jun-98 4b 4 aspirator 20 empty paper cup yes laboratory dark 25 unfed nil nil nil A D H ad libitum paper towel other tapwater fresh  0 2.10 
05-Jun-98 4b 4 aspirator 20 empty paper cup yes laboratory dark 25 unfed nil nil nil A D H ad libitum paper towel other canal w salt water 0 1.35 
05-Jun-98 4b 4 aspirator 20 empty paper cup yes laboratory dark 25 unfed nil nil nil A D H ad libitum paper towel other salt soln salt  0 2.25 
21-Jun-98 4b 4 aspirator 20 empty paper cup yes laboratory dark 25 unfed nil nil nil A D H ad libitum sand sand distilled w fresh  0 2.35 
21-Jun-98 4b 4 aspirator 20 empty paper cup yes laboratory dark 25 unfed nil nil nil A D H ad libitum sand sand tapwater fresh  0 1.55 
21-Jun-98 4b 4 aspirator 20 empty paper cup yes laboratory dark 25 unfed nil nil nil A D H ad libitum sand sand canal w salt water 0 2.10 
21-Jun-98 4b 4 aspirator 20 empty paper cup yes laboratory dark 25 unfed nil nil nil A D H ad libitum sand sand salt soln salt  0 2.25 
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05-Aug-98 5 6 aspirator 20 vertical cardboard yes laboratory light 25 unfed nil nil nil A D H ad libitum agar other distilled w fresh  0 1.85 
05-Aug-98 5 6 aspirator 20 vertical cardboard yes laboratory light 25 unfed nil nil nil A D H ad libitum agar other tapwater fresh  0 2.00 
05-Aug-98 5 6 aspirator 20 vertical cardboard yes laboratory light 25 unfed nil nil nil A D H ad libitum agar other canal w salt water 0 1.30 
05-Aug-98 5 6 aspirator 20 vertical cardboard yes laboratory light 25 unfed nil nil nil A D H ad libitum agar other salt soln salt  0 2.10 
20-Jul-98 5 6 aspirator 20 vertical cardboard yes laboratory light 25 unfed nil nil nil A D H ad libitum filter paper other distilled w fresh  0 1.50 
20-Jul-98 5 6 aspirator 20 vertical cardboard yes laboratory light 25 unfed nil nil nil A D H ad libitum filter paper other tapwater fresh  0 1.85 
20-Jul-98 5 6 aspirator 20 vertical cardboard yes laboratory light 25 unfed nil nil nil A D H ad libitum filter paper other canal w salt water 0 0.70 
20-Jul-98 5 6 aspirator 20 vertical cardboard yes laboratory light 25 unfed nil nil nil A D H ad libitum filter paper other salt soln salt  0 1.65 
12-Jul-98 5 6 aspirator 20 vertical cardboard yes laboratory light 25 unfed nil nil nil A D H ad libitum paper towel other distilled w fresh  0 1.05 
12-Jul-98 5 6 aspirator 20 vertical cardboard yes laboratory light 25 unfed nil nil nil A D H ad libitum paper towel other tapwater fresh  0 0.90 
12-Jul-98 5 6 aspirator 20 vertical cardboard yes laboratory light 25 unfed nil nil nil A D H ad libitum paper towel other canal w salt water 0 1.65 
12-Jul-98 5 6 aspirator 20 vertical cardboard yes laboratory light 25 unfed nil nil nil A D H ad libitum paper towel other salt soln salt  0 2.85 
28-Jul-98 5 6 aspirator 20 vertical cardboard yes laboratory light 25 unfed nil nil nil A D H ad libitum sand sand distilled w fresh  0 1.20 
28-Jul-98 5 6 aspirator 20 vertical cardboard yes laboratory light 25 unfed nil nil nil A D H ad libitum sand sand tapwater fresh  0 1.40 
28-Jul-98 5 6 aspirator 20 vertical cardboard yes laboratory light 25 unfed nil nil nil A D H ad libitum sand sand canal w salt water 0 0.65 
28-Jul-98 5 6 aspirator 20 vertical cardboard yes laboratory light 25 unfed nil nil nil A D H ad libitum sand sand salt soln salt  0 0.50 

05-Aug-98 5 6 aspirator 20 vertical cardboard yes laboratory dark 25 unfed nil nil nil A D H ad libitum agar other distilled w fresh  0 2.60 
05-Aug-98 5 6 aspirator 20 vertical cardboard yes laboratory dark 25 unfed nil nil nil A D H ad libitum agar other tapwater fresh  0 1.55 
05-Aug-98 5 6 aspirator 10 vertical cardboard yes laboratory dark 25 unfed nil nil nil A D H ad libitum agar other canal w salt water 0 0.50 
05-Aug-98 5 6 aspirator 20 vertical cardboard yes laboratory dark 25 unfed nil nil nil A D H ad libitum agar other salt soln salt  0 0.90 
20-Jul-98 5 6 aspirator 20 vertical cardboard yes laboratory dark 25 unfed nil nil nil A D H ad libitum filter paper other distilled w fresh  0 1.25 
20-Jul-98 5 6 aspirator 20 vertical cardboard yes laboratory dark 25 unfed nil nil nil A D H ad libitum filter paper other tapwater fresh  0 0.60 
20-Jul-98 5 6 aspirator 20 vertical cardboard yes laboratory dark 25 unfed nil nil nil A D H ad libitum filter paper other canal w salt water 0 2.30 
20-Jul-98 5 6 aspirator 20 vertical cardboard yes laboratory dark 25 unfed nil nil nil A D H ad libitum filter paper other salt soln salt  0 2.65 
12-Jul-98 5 6 aspirator 20 vertical cardboard yes laboratory dark 25 unfed nil nil nil A D H ad libitum paper towel other distilled w fresh  0 1.60 
12-Jul-98 5 6 aspirator 20 vertical cardboard yes laboratory dark 25 unfed nil nil nil A D H ad libitum paper towel other tapwater fresh  0 2.20 
12-Jul-98 5 6 aspirator 20 vertical cardboard yes laboratory dark 25 unfed nil nil nil A D H ad libitum paper towel other canal w salt water 0 2.10 
12-Jul-98 5 6 aspirator 20 vertical cardboard yes laboratory dark 25 unfed nil nil nil A D H ad libitum paper towel other salt soln salt  0 1.55 
28-Jul-98 5 6 aspirator 20 vertical cardboard yes laboratory dark 25 unfed nil nil nil A D H ad libitum sand sand distilled w fresh  0 1.55 
28-Jul-98 5 6 aspirator 20 vertical cardboard yes laboratory dark 25 unfed nil nil nil A D H ad libitum sand sand tapwater fresh  0 1.80 
28-Jul-98 5 6 aspirator 20 vertical cardboard yes laboratory dark 25 unfed nil nil nil A D H ad libitum sand sand canal w salt water 0 0.75 
28-Jul-98 5 6 aspirator 20 vertical cardboard yes laboratory dark 25 unfed nil nil nil A D H ad libitum sand sand salt soln salt  0 0.50 

26-Nov-98 6a 7 aspirator 20 horizontal cardboard yes laboratory light 25 unfed nil nil nil A D H ad libitum agar other distilled w fresh  0 3.10 
26-Nov-98 6a 7 aspirator 20 horizontal cardboard yes laboratory light 25 unfed nil nil nil A D H ad libitum agar other tapwater fresh  0 1.85 
26-Nov-98 6a 7 aspirator 20 horizontal cardboard yes laboratory light 25 unfed nil nil nil A D H ad libitum agar other canal w salt water 0 1.60 
26-Nov-98 6a 7 aspirator 20 horizontal cardboard yes laboratory light 25 unfed nil nil nil A D H ad libitum agar other salt soln salt  0 2.10 
10-Nov-98 6a 7 aspirator 20 horizontal cardboard yes laboratory light 25 unfed nil nil nil A D H ad libitum filter paper other distilled w fresh  0 2.80 
13-Nov-98 6a 7 aspirator 20 horizontal cardboard yes laboratory light 25 unfed nil nil nil A D H ad libitum filter paper other tapwater fresh  0 2.10 
10-Nov-98 6a 7 aspirator 20 horizontal cardboard yes laboratory light 25 unfed nil nil nil A D H ad libitum filter paper other canal w salt water 0 1.30 
10-Nov-98 6a 7 aspirator 20 horizontal cardboard yes laboratory light 25 unfed nil nil nil A D H ad libitum filter paper other salt soln salt  0 0.80 
02-Nov-98 6a 7 aspirator 20 horizontal cardboard yes laboratory light 25 unfed nil nil nil A D H ad libitum paper towel other distilled w fresh  0 1.15 
02-Nov-98 6a 7 aspirator 20 horizontal cardboard yes laboratory light 25 unfed nil nil nil A D H ad libitum paper towel other tapwater fresh  0 2.45 
02-Nov-98 6a 7 aspirator 20 horizontal cardboard yes laboratory light 25 unfed nil nil nil A D H ad libitum paper towel other canal w salt water 0 1.95 
02-Nov-98 6a 7 aspirator 20 horizontal cardboard yes laboratory light 25 unfed nil nil nil A D H ad libitum paper towel other salt soln salt  0 1.65 
18-Nov-98 6a 7 aspirator 20 horizontal cardboard yes laboratory light 25 unfed nil nil nil A D H ad libitum sand sand distilled w fresh  0 1.60 
20-Nov-98 6a 7 aspirator 20 horizontal cardboard yes laboratory light 25 unfed nil nil nil A D H ad libitum sand sand tapwater fresh  0 1.60 
18-Nov-98 6a 7 aspirator 20 horizontal cardboard yes laboratory light 25 unfed nil nil nil A D H ad libitum sand sand canal w salt water 0 0.80 
18-Nov-98 6a 7 aspirator 20 horizontal cardboard yes laboratory light 25 unfed nil nil nil A D H ad libitum sand sand salt soln salt  0 0.60 
26-Nov-98 6a 7 aspirator 20 horizontal cardboard yes laboratory dark 25 unfed nil nil nil A D H ad libitum agar other distilled w fresh  0 1.00 
26-Nov-98 6a 7 aspirator 20 horizontal cardboard yes laboratory dark 25 unfed nil nil nil A D H ad libitum agar other tapwater fresh  0 1.95 
26-Nov-98 6a 7 aspirator 20 horizontal cardboard yes laboratory dark 25 unfed nil nil nil A D H ad libitum agar other canal w salt water 0 0.95 
26-Nov-98 6a 7 aspirator 20 horizontal cardboard yes laboratory dark 25 unfed nil nil nil A D H ad libitum agar other salt soln salt  0 2.35 
10-Nov-98 6a 7 aspirator 20 horizontal cardboard yes laboratory dark 25 unfed nil nil nil A D H ad libitum filter paper other distilled w fresh  0 1.45 
10-Nov-98 6a 7 aspirator 20 horizontal cardboard yes laboratory dark 25 unfed nil nil nil A D H ad libitum filter paper other tapwater fresh  0 2.70 
10-Nov-98 6a 7 aspirator 20 horizontal cardboard yes laboratory dark 25 unfed nil nil nil A D H ad libitum filter paper other canal w salt water 0 1.55 
10-Nov-98 6a 7 aspirator 20 horizontal cardboard yes laboratory dark 25 unfed nil nil nil A D H ad libitum filter paper other salt soln salt  0 1.25 
02-Nov-98 6a 7 aspirator 20 horizontal cardboard yes laboratory dark 25 unfed nil nil nil A D H ad libitum paper towel other distilled w fresh  0 2.50 
02-Nov-98 6a 7 aspirator 20 horizontal cardboard yes laboratory dark 25 unfed nil nil nil A D H ad libitum paper towel other tapwater fresh  0 2.40 
02-Nov-98 6a 7 aspirator 20 horizontal cardboard yes laboratory dark 25 unfed nil nil nil A D H ad libitum paper towel other canal w salt water 0 0.65 
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02-Nov-98 6a 7 aspirator 20 horizontal cardboard yes laboratory dark 25 unfed nil nil nil A D H ad libitum paper towel other salt soln salt  0 1.25 
18-Nov-98 6a 7 aspirator 20 horizontal cardboard yes laboratory dark 25 unfed nil nil nil A D H ad libitum sand sand distilled w fresh  0 0.50 
18-Nov-98 6a 7 aspirator 20 horizontal cardboard yes laboratory dark 25 unfed nil nil nil A D H ad libitum sand sand tapwater fresh  0 0.75 
21-Nov-98 6a 7 aspirator 20 horizontal cardboard yes laboratory dark 25 unfed nil nil nil A D H ad libitum sand sand canal w salt water 0 0.50 
18-Nov-98 6a 7 aspirator 20 horizontal cardboard yes laboratory dark 25 unfed nil nil nil A D H ad libitum sand sand salt soln salt  0 1.80 
13-Apr-99 6b 7 plain net 20 horizontal cardboard yes laboratory light 25 unfed nil nil nil A D H ad libitum agar other distilled w fresh  0 2.30 
13-Apr-99 6b 7 plain net 20 horizontal cardboard yes laboratory light 25 unfed nil nil nil A D H ad libitum agar other tapwater fresh  0 3.20 
13-Apr-99 6b 7 plain net 20 horizontal cardboard yes laboratory light 25 unfed nil nil nil A D H ad libitum agar other canal w salt water 0 2.60 
13-Apr-99 6b 7 plain net 20 horizontal cardboard yes laboratory light 25 unfed nil nil nil A D H ad libitum agar other salt soln salt  0 2.20 
20-Mar-99 6b 7 plain net 20 horizontal cardboard yes laboratory light 25 unfed nil nil nil A D H ad libitum filter paper other distilled w fresh  0 1.25 
20-Mar-99 6b 7 plain net 20 horizontal cardboard yes laboratory light 25 unfed nil nil nil A D H ad libitum filter paper other tapwater fresh  0 4.25 
20-Mar-99 6b 7 plain net 20 horizontal cardboard yes laboratory light 25 unfed nil nil nil A D H ad libitum filter paper other canal w salt water 0 2.75 
20-Mar-99 6b 7 plain net 20 horizontal cardboard yes laboratory light 25 unfed nil nil nil A D H ad libitum filter paper other salt soln salt  0 3.75 
08-Mar-99 6b 7 plain net 20 horizontal cardboard yes laboratory light 25 unfed nil nil nil A D H ad libitum paper towel other distilled w fresh  0 4.25 
08-Mar-99 6b 7 plain net 20 horizontal cardboard yes laboratory light 25 unfed nil nil nil A D H ad libitum paper towel other tapwater fresh  0 4.10 

 6b 7 plain net 20 horizontal cardboard yes laboratory light 25 unfed nil nil nil A D H ad libitum paper towel other canal w salt water 0 2.45 
08-Mar-99 6b 7 plain net 20 horizontal cardboard yes laboratory light 25 unfed nil nil nil A D H ad libitum paper towel other salt soln salt  0 2.55 
31-Mar-99 6b 7 plain net 20 horizontal cardboard yes laboratory light 25 unfed nil nil nil A D H ad libitum sand sand distilled w fresh  0 3.15 
31-Mar-99 6b 7 plain net 20 horizontal cardboard yes laboratory light 25 unfed nil nil nil A D H ad libitum sand sand tapwater fresh  0 2.25 
31-Mar-99 6b 7 plain net 20 horizontal cardboard yes laboratory light 25 unfed nil nil nil A D H ad libitum sand sand canal w salt water 0 2.65 
31-Mar-99 6b 7 plain net 20 horizontal cardboard yes laboratory light 25 unfed nil nil nil A D H ad libitum sand sand salt soln salt  0 1.80 
13-Apr-99 6b 7 plain net 20 horizontal cardboard yes laboratory dark 25 unfed nil nil nil A D H ad libitum agar other distilled w fresh  0 2.80 
13-Apr-99 6b 7 plain net 20 horizontal cardboard yes laboratory dark 25 unfed nil nil nil A D H ad libitum agar other tapwater fresh  0 3.20 
14-Apr-99 6b 7 plain net 20 horizontal cardboard yes laboratory dark 25 unfed nil nil nil A D H ad libitum agar other canal w salt water 0 3.30 
13-Apr-99 6b 7 plain net 20 horizontal cardboard yes laboratory dark 25 unfed nil nil nil A D H ad libitum agar other salt soln salt  0 2.25 
20-Mar-99 6b 7 plain net 20 horizontal cardboard yes laboratory dark 25 unfed nil nil nil A D H ad libitum filter paper other distilled w fresh  0 2.40 
20-Mar-99 6b 7 plain net 20 horizontal cardboard yes laboratory dark 25 unfed nil nil nil A D H ad libitum filter paper other tapwater fresh  0 4.00 
20-Mar-99 6b 7 plain net 20 horizontal cardboard yes laboratory dark 25 unfed nil nil nil A D H ad libitum filter paper other canal w salt water 0 1.65 
20-Mar-99 6b 7 plain net 20 horizontal cardboard yes laboratory dark 25 unfed nil nil nil A D H ad libitum filter paper other salt soln salt  0 2.70 
08-Mar-99 6b 7 plain net 20 horizontal cardboard yes laboratory dark 25 unfed nil nil nil A D H ad libitum paper towel other distilled w fresh  0 2.90 
08-Mar-99 6b 7 plain net 20 horizontal cardboard yes laboratory dark 25 unfed nil nil nil A D H ad libitum paper towel other tapwater fresh  0 2.55 
08-Mar-99 6b 7 plain net 20 horizontal cardboard yes laboratory dark 25 unfed nil nil nil A D H ad libitum paper towel other canal w salt water 0 3.15 

 6b 7 plain net 20 horizontal cardboard yes laboratory dark 25 unfed nil nil nil A D H ad libitum paper towel other salt soln salt  0 3.90 
31-Mar-99 6b 7 plain net 20 horizontal cardboard yes laboratory dark 25 unfed nil nil nil A D H ad libitum sand sand distilled w fresh  0 2.00 
31-Mar-99 6b 7 plain net 20 horizontal cardboard yes laboratory dark 25 unfed nil nil nil A D H ad libitum sand sand tapwater fresh  0 3.65 
31-Mar-99 6b 7 plain net 20 horizontal cardboard yes laboratory dark 25 unfed nil nil nil A D H ad libitum sand sand canal w salt water 0 4.05 
31-Mar-99 6b 7 plain net 20 horizontal cardboard yes laboratory dark 25 unfed nil nil nil A D H ad libitum sand sand salt soln salt  0 2.05 
20-Sep-99 7 9 modified 

net 
20 dry pipette bulb no CT room dark 21 unfed nil nil nil nil 0 nil nil nil nil  0 6.65 

22-Sep-99 7 9 modified 
net 

20 dry pipette bulb no CT room dark 21 unfed nil nil nil nil 0 nil nil nil nil  0 6.65 

26-Sep-99 7 9 modified 
net 

20 dry pipette bulb no CT room dark 21 unfed nil nil nil nil 0 nil nil nil nil  0 5.35 

20-Sep-99 7 9 modified 
net 

20 dry pipette bulb no CT room dark 21 fed laboratory EC exposed nil 0 nil nil nil nil  0 2.75 

27-Sep-99 7 9 modified 
net 

20 dry pipette bulb no CT room dark 21 fed laboratory EC exposed nil 0 nil nil nil nil  0 1.65 

03-Oct-99 8 10 modified 
net 

20 pipette bulb with agar no CT room dark 21 fed laboratory GC naïve nil 0 agar other canal w salt water 0 6.40 

03-Oct-99 8 10 modified 
net 

20 pipette bulb with agar no CT room dark 21 fed laboratory FM naïve nil 0 agar other canal w salt water 0 6.25 

03-Oct-99 8 10 modified 
net 

20 pipette bulb with agar no CT room dark 21 fed laboratory AC naïve nil 0 agar other canal w salt water 0 5.85 

03-Oct-99 8 10 modified 
net 

20 pipette bulb with agar no CT room dark 21 fed laboratory EC exposed nil 0 agar other canal w salt water 0 2.70 

08-Oct-99 9 11 modified 
net 

10 2 pipette bulbs, apple 
connector 

no laboratory dark 22 fed laboratory SH naïve A ad libitum agar other canal w salt water 0 11.50 

09-Oct-99 9 11 modified 
net 

10 2 pipette bulbs, apple 
connector 

no laboratory dark 22 fed laboratory GC naïve A ad libitum agar other canal w salt water 0 10.30 
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10-Oct-99 9 11 modified 
net 

10 2 pipette bulbs, apple 
connector 

no laboratory dark 22 fed laboratory EC exposed A ad libitum agar other canal w salt water 0 2.60 

09-Oct-99 9 11 modified 
net 

10 2 pipette bulbs, apple 
connector 

no laboratory dark 22 fed laboratory CS naïve A ad libitum agar other salt soln salt  0 11.60 

10-Oct-99 9 11 modified 
net 

10 2 pipette bulbs, apple 
connector 

no laboratory dark 22 fed laboratory EC exposed A ad libitum agar other salt soln salt  0 2.60 

08-Oct-99 9 11 modified 
net 

10 2 pipette bulbs, apple 
connector 

no laboratory dark 22 fed laboratory JF naïve A ad libitum agar other salt soln salt  0 12.50 

 10 12 modified 
net 

10 7 bulbs, apple connectors yes CT room choice 21 fed laboratory FM naïve A ad libitum nil nil nil nil    

 10 12 modified 
net 

10 7 bulbs, apple connectors yes CT room choice 21 fed laboratory AC naïve A ad libitum nil nil nil nil    

 10 12 modified 
net 

10 7 bulbs, apple connectors yes CT room choice 35 fed laboratory FM naïve A ad libitum nil nil nil nil    

 10 12 modified 
net 

10 7 bulbs, apple connectors yes CT room choice 35 fed laboratory AC naïve A ad libitum nil nil nil nil    

10-Nov-99 11 13 modified 
net 

10 7 bulbs, wooden connectors yes CT room choice 21 fed laboratory FM naïve A ad libitum nil nil nil nil  0 7.60 

24-Nov-99 11 13 modified 
net 

10 7 bulbs, wooden connectors yes CT room choice 35 fed laboratory FM naïve A ad libitum nil nil nil nil  0 7.30 

25-Oct-99 11 13 modified 
net 

10 7 bulbs, wooden connectors yes CT room choice 35 fed laboratory AC naïve A ad libitum nil nil nil nil  0 7.00 

25-Oct-99 11 13 modified 
net 

10 7 bulbs, wooden connectors yes CT room choice 21 fed laboratory AC naïve A ad libitum nil nil nil nil  0 7.50 

25-Jan-00 12 14 modified 
net 

4 pipette bulb in apple yes CT room dark 21 fed laboratory EZ naïve A ad libitum nil nil nil nil  0 11.50 

18-Feb-00 12 14 modified 
net 

20 pipette bulb in apple yes CT room dark 21 fed laboratory FM naïve A ad libitum nil nil nil nil  0 7.80 

23-Jan-00 12 14 modified 
net 

40 pipette bulb in apple yes CT room dark 21 fed laboratory GC naïve A ad libitum nil nil nil nil  0 10.10 

06-Feb-00 12 14 modified 
net 

35 pipette bulb in apple yes CT room dark 21 fed laboratory GC naïve A ad libitum nil nil nil nil  0 5.84 

06-Mar-00 12 14 modified 
net 

34 pipette bulb in apple yes CT room dark 21 fed laboratory GC naïve A ad libitum nil nil nil nil  0 6.20 

21-Jan-00 12 14 modified 
net 

30 pipette bulb in apple yes CT room dark 21 fed laboratory PS naïve A ad libitum nil nil nil nil  0 11.03 

22-Jan-00 12 14 modified 
net 

110 pipette bulb in apple yes CT room dark 21 fed laboratory SH naïve A ad libitum nil nil nil nil  0 10.70 

25-Jan-00 12 14 modified 
net 

4 pipette bulb in apple yes CT room dark 21 fed laboratory SH naïve A ad libitum nil nil nil nil  0 9.80 

29-Jan-00 12 14 modified 
net 

30 pipette bulb in apple yes CT room dark 21 fed laboratory SH naïve A ad libitum nil nil nil nil  0 13.10 

20-Feb-00 12 14 modified 
net 

360 pipette bulb in apple yes CT room dark 21 fed laboratory SH naïve A ad libitum nil nil nil nil  0 7.71 

06-Mar-00 13 15 modified 
net 

10 10 bulbs, wooden 
connectors 

yes RH chamber choice 22 fed laboratory GC naïve nil 0 nil nil nil nil  0 3.30 

13-Mar-00 14 16 modified 
net 

10 6 bulbs, wooden connectors yes RH chamber choice 22.5 unfed nil nil nil nil 0 nil nil nil nil  0 4.90 

13-Mar-00 14 16 modified 
net 

12 6 bulbs, wooden connectors yes laboratory choice 22.5 unfed nil nil nil nil 0 nil nil nil nil  0 4.60 

13-Mar-00 14 16 modified 
net 

10 6 bulbs, wooden connectors yes CT room choice 22.5 unfed nil nil nil nil 0 nil nil nil nil  0 3.50 

10-Apr-00 15 17 modified 
net 

5 bulb and small Petri dish yes laboratory choice 23 fed laboratory naïve naïve A ad libitum agar other tapwater fresh  0 1.50 

10-Apr-00 15 17 modified 
net 

5 bulb and small Petri dish yes laboratory choice 23 fed laboratory naïve naïve A ad libitum agar other tapwater fresh  0 2.30 

10-Apr-00 15 17 modified 
net 

5 bulb and small Petri dish yes RH chamber choice 23 fed laboratory naïve naïve A ad libitum agar other tapwater fresh  0 2.30 

10-Apr-00 15 17 modified 5 bulb and small Petri dish yes RH chamber choice 23 fed laboratory naïve naïve A ad libitum agar other tapwater fresh  0 2.30 
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net 
10-Apr-00 15 17 modified 

net 
5 bulb and small Petri dish yes CT room choice 23 fed laboratory naïve naïve A ad libitum agar other tapwater fresh  0 5.70 

10-Apr-00 15 17 modified 
net 

5 bulb and small Petri dish yes CT room choice 23 fed laboratory naïve naïve A ad libitum agar other tapwater fresh  0 5.10 

02-Apr-00 15 17 modified 
net 

5 bulb and small Petri dish yes laboratory choice 23 unfed nil nil nil A ad libitum agar other tapwater fresh  0 3.30 

02-Apr-00 15 17 modified 
net 

5 bulb and small Petri dish yes laboratory choice 23 unfed nil nil nil A ad libitum agar other tapwater fresh  0 4.50 

02-Apr-00 15 17 modified 
net 

5 bulb and small Petri dish yes RH chamber choice 23 unfed nil nil nil A ad libitum agar other tapwater fresh  0 1.90 

02-Apr-00 15 17 modified 
net 

5 bulb and small Petri dish yes RH chamber choice 23 unfed nil nil nil A ad libitum agar other tapwater fresh  0 3.30 

02-Apr-00 15 17 modified 
net 

5 bulb and small Petri dish yes CT room choice 23 unfed nil nil nil A ad libitum agar other tapwater fresh  0 5.50 

02-Apr-00 15 17 modified 
net 

5 bulb and small Petri dish yes CT room choice 23 unfed nil nil nil A ad libitum agar other tapwater fresh  0 5.10 

15-Apr-00 16 18 modified 
net 

5 dish with filter paper yes laboratory light 23 fed laboratory AC naïve nil 0 filter paper other canal w salt 5 0 2.30 

15-Apr-00 16 18 modified 
net 

5 dish with filter paper yes laboratory light 23 fed laboratory AC naïve nil 0 filter paper other canal w salt 5 0 1.70 

15-Apr-00 16 18 modified 
net 

5 dish with filter paper yes laboratory light 23 fed laboratory AC naïve nil 0 filter paper other canal w salt 5 0 1.50 

15-Apr-00 16 18 modified 
net 

5 dish with filter paper yes laboratory light 23 fed laboratory AC naïve nil 0 filter paper other canal w salt 4 0 3.30 

15-Apr-00 16 18 modified 
net 

5 dish with filter paper yes laboratory light 23 fed laboratory AC naïve nil 0 filter paper other canal w salt 4 0 2.70 

15-Apr-00 16 18 modified 
net 

5 dish with filter paper yes laboratory light 23 fed laboratory AC naïve nil 0 filter paper other canal w salt 4 0 1.50 

15-Apr-00 16 18 modified 
net 

5 dish with filter paper yes laboratory light 23 fed laboratory AC naïve nil 0 filter paper other canal w salt 3 0 3.10 

15-Apr-00 16 18 modified 
net 

5 dish with filter paper yes laboratory light 23 fed laboratory AC naïve nil 0 filter paper other canal w salt 3 0 2.50 

15-Apr-00 16 18 modified 
net 

5 dish with filter paper yes laboratory light 23 fed laboratory AC naïve nil 0 filter paper other canal w salt 3 0 2.30 

12/04/2001  17 19 modified 
net 

5 Petri dish with agar yes RH chamber dark 22 fed laboratory naïve naïve A 3 filter paper other distilled w fresh  0  

12/04/2001  17 19 modified 
net 

5 Petri dish with agar yes RH chamber dark 22 fed laboratory naïve naïve A 6 filter paper other distilled w fresh  0  

12/04/2001  17 19 modified 
net 

5 Petri dish with agar yes RH chamber dark 22 fed laboratory naïve naïve A 9 filter paper other distilled w fresh  2  

12/04/2001  17 19 modified 
net 

5 Petri dish with agar yes RH chamber dark 22 fed laboratory naïve naïve A 12 filter paper other distilled w fresh  1  

12/04/2001  17 19 modified 
net 

5 Petri dish with agar yes RH chamber dark 22 fed laboratory naïve naïve A 15 filter paper other distilled w fresh  0  

 


