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Survival over winter and spring emergence of Lucilia cuprina (Diptera: Calliphoridae) in south-eastern Australia
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Abstract Over-wintering of larvae of the Australian sheep blowfly, Lucilia cuprina (Wiedemann), was studied over 2 years in south-eastern Australia. The existence of a biphasic pattern of emergence of flies from larvae entering the ground during April was observed. Some larvae deposited in April developed immediately and emerged as flies in late autumn, whereas others entered a state of arrested development and resumed development the following spring. Mortality during the over-wintering period was generally high, but varied between years and between replicate cohorts deposited at the same time. Serial sampling showed that over-wintering larvae resumed development during early to mid-September. This coincided with an increase in soil temperatures of 1.5oC over a 4-day period and soil temperatures remaining above 11oC for at least 7 consecutive days. Spring emergence of the first generation of flies after winter was synchronous from larvae deposited at different times. The first flies were detected on 2 October and 26 September in consecutive years and emergence continued for up to 50 days. Free ranging flies were first caught in traps on 17 and 7 October in consecutive years, and numbers showed a large peak in late November and a smaller one in early March, No flies were caught from May to September. More detailed studies on the immature stages of L cuprina, such as the conditions that induce and terminate arrested development of post-feeding larvae, and those that determine the survival of larvae and pupae in the soil, are needed. This knowledge could be used to refine control programs based on the treatment of sheep with long-acting insecticide in September or October (‘early season treatment’), which aims to prevent propagation of fly numbers from the first generation of flies and thus reduce the prevalence of flystrike on sheep farms.
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INTRODUCTION
The management of blowfly strike on Merino sheep has been a major challenge for wool producers in Australia since the first outbreaks of fly-strike were recorded around the beginning of the 20th century (Belschner 1937). The problem, due almost invariably to attacks initiated by Lucila cuprina (Weidemann), has been estimated to cost the Australian sheep industry around AU$250m per year (Sackett et al. 2006). L. cuprina flies are attracted to moist areas on sheep, such as those around the prepuce and breech that are soiled with urine, around the breech and tail after soiling with faeces, and elsewhere on the body when wetting of the wool and skin induces the proliferation of bacteria that cause fleece-rot. Breech and tail strike, made worse by the presence of skin wrinkles in these areas, is by far the most common form of strike in south-eastern Australia (Watts & Marchant 1977; Watts et al. 1979).

An opportunity exists to apply integrated pest management principles (Dent 2001) for the control of fly-strike on Australian sheep. These principles rely on detailed knowledge of the biology of L. cuprina, a summary of which has been given by Wardhaugh (2001). Much is known about the behaviour and activity of the flies, but less detail is available for the development and survival of the immature stages, especially after they leave the sheep to pupate in the soil. 
This study was undertaken to provide a quantitative description of the emergence in spring of flies derived from post-feeding larvae that enter the soil in autumn and winter in a winter rainfall dominant region of south-eastern Australia, thus extending the findings made by Dallwitz and Wardhaugh (1984) in the uniform rainfall region of Canberra. The latter authors described a progressive increase in the proportion of prepupae of L. cuprina that entered a state of developmental arrest when deposited in the soil in March and April. This arrested development is considered a facultative diapause, and so L.cuprina can have a flexible overwintering strategy in areas with milder winter temperatures, such as Fowlers Gap in far western NSW (McLeod 1997) and western Queensland (O’Sullivan et al. 1983). 
MATERIALS AND METHODS
Experimental design

Replicated samples of 100 post-feeding larvae were collected and transferred to field pots that were placed in the soil at an experimental site at intervals of 1 to 6 weeks, from 16 March to 30 November 2005, and from 10 January to 24 October 2006, inclusive.

Three to 5 pots were placed in the ground at times when rapid development of post-feeding larvae to pupae was expected (spring, summer and early autumn). The number of replicates was increased to 10 from April to June, when transition to dormant over-wintering larvae occurs and increased mortality was expected (McKenzie 1990; 1994). Smaller laboratory pots, each containing 50 larvae from the same batch, were placed in an incubator at 23oC, in complete darkness, to assess the viability of each batch of larvae. At times, fewer post-feeding larvae were available, so the number of field and laboratory pots had to be reduced (see Table 1).
In 2006, more replicates were added on 4 occasions in late autumn (12 replicates on 19 April, 1 and 9 May, and 13 replicates on 30 May). Subsequently, these pots were randomly selected at intervals of 2 to 15 weeks after deposition, removed and the contents examined to determine the number and stage of development of the larvae. Flies present in each field pot were collected and counted at daily intervals, starting in mid-September.
Experimental site

The study was conducted on a 1300 ha farm at Rokewood, 40 km south of Ballarat in the Western District of Victoria (Lat. 37o54'S, Long. 143o43'E). The sole enterprise on the farm was wool and meat production from a self-replacing flock consisting of 5800 fine-wool Merino ewes.

Rokewood has a typical climate for south-eastern Australia, characterised by dry summers and winter rainfall. Mean daily maximum and minimum temperatures at the Bureau of Meteorology station at Lismore, 30 km west of the farm, ranged from 12.4 to 26.7, and 4.6 to 12.1oC, respectively. The average annual rainfall at Lismore is 625 mm, slightly higher than the 60-year average of records kept on the farm (600 mm).
The experimental site was a fenced area of 900m2 within a 15 ha paddock. The pasture consisted predominantly of phalaris (Phalaris aquatica), tall fescue (Festuca arundinacaea cv. Demeter) and subterranean clover (Trifolium subterraneum).

Field and laboratory pots

The field pots were similar to those described by McKenzie (1990). PVC plumbing pipe, 10 cm in diameter, was cut into lengths of 20 cm and sealed at one end with flyscreen mesh (approximately 0.5mm width grid). The top of the pot was fitted with a removable lid with an 8 cm hole covered by flyscreen to prevent the escape of flies. Smaller 250 ml pots (height 7 cm, diameter 5 cm) with a removable lid, also fitted with flyscreen mesh, were used for the laboratory incubations. 

The pots were filled to 3 cm from the top with sifted and autoclaved soil taken from the experimental site, or coarse river sand. There was no difference between the proportion of flies emerging from larvae placed in either sand or soil and incubated together (94 vs. 92%, t-test P=0.37). Field pots were placed in the ground so that the surface of the soil or sand in the pots was level with the soil on the experimental site. The pots were placed in line and 10 cm apart from each other.

Breeding of L. cuprina larvae

Post-feeding larvae were bred from L. cuprina flies caught in flytraps (Lucitrap®). In 2005, eggs were obtained from a single collection of over 100 adult flies trapped on 31 January at a farm near Ballarat, 30 km north of the experimental site. In 2006, several collections were made at the Rokewood farm, and on the farm near Ballarat, during February and March. From these collections a pool of 100 adult flies was made. All the pooled flies were confirmed morphologically to be L.cuprina and no Lucilia sericata were found. The flies were maintained at a constant temperature of 27oC and under a 24-hour light schedule in the fly laboratory of the Department of Genetics at the University of Melbourne. They were kept in plastic flyscreen framed cages, had unlimited access to water and a protein biscuit and able to lay eggs on a small piece of liver covered with moist cotton wool.
Eggs and first instar larvae were transferred to a container with a removable flyscreen lid and raised on reconstituted meat meal in the laboratory at 27oC. About 500 to 1000 larvae were in each container. These completed their development in about 4 to 5 days and then left the food source to enter the post-feeding wandering stage. These larvae were either transferred to the experimental pots, which were at a similar temperature to the prevailing air temperature at that time, or kept in a darkened container until they emerged as flies, when they were transferred to the plastic cages for breeding successive batches of larvae.
Post-feeding larvae were collected around 9am, counted into groups of 20 and consecutively transferred to randomly arranged field and laboratory pots (20 to pots 1, 2, 3 etc, then another 20 to pots 1, 2, 3 etc). Each field pot contained 5 lots of 20 larvae and each laboratory pot contained 1 lot of 20 larvae and 1 lot of 30 larvae. 

Emergence of flies

During the summer, autumn and spring, estimates of the expected date of emergence of flies from each deposition of larvae were obtained using the temperature-pupal development data of Dallwitz (1984). Starting at least 4 days before these dates, the field pots were inspected daily for the presence of flies between 11am and 2pm, whereas during the winter they were inspected twice weekly. Flies were anaesthetized using CO2 from a portable dispenser and collected into numbered containers for subsequent counting. Separate counts were made for each pot at each inspection. Pots incubated in the laboratory were inspected daily after 8 days and flies present were anaesthetized and counted.

Free-ranging L. cuprina flies

The presence of free-ranging L cuprina flies was monitored by using 2 flytraps (Lucitrap®) fixed to posts on the perimeter of the experimental site between 13 October 2005 and 10 October 2006, and between 10 October and 28 November 2006. The three lures in each trap were replaced every 6 months as recommended by the manufacturer. These consisted of separate bottles with cotton wicks: Lure A (120 g/L sodium sulphide); Lure B (1055 g/L 2-mercaptoethanol & 47 g/L indole); and Lure C (960 g/L butanoic acid), which together form a selective attractant for L. cuprina (Urech et al 2001). The traps were inspected daily when fly activity was considered likely (spring, summer and autumn), and twice weekly when fly activity was less likely (late autumn and winter). They were emptied each week after the flies were anaesthetised. The flies were sorted by species and the number of L. cuprina was recorded.

Weather Data 
A solar powered weather station and data logger (Monitor Sensors Aust Pty Ltd.) was located at the centre of the experimental site. Measurements of air temperature, soil temperature, soil moisture and solar radiation were recorded hourly. Soil and air temperatures were measured in the range from -20 to 60oC (± 0.1oC). Air temperature was measured 2 m above soil level and soil temperature at 5 cm under pasture. A tipping bucket rain gauge (maximum capacity of 720 mm/hr) measured rainfall in 0.2 mm increments over the previous 24 hours (from 9 am the previous day to 9 am on the current day). 

The daily minimum was the lowest value in the set of 24 readings within one day and the daily maximum was the highest value. Hourly measurements were also summarized to obtain mean daily, minimum and maximum values. A 7-day moving average temperature was calculated from daily mean, minimum and maximum values measured on the current day and those for the previous 6 days. 

Statistical Methods 
Data was analysed using Stata version 7, StataCorp, College Station, Texas. Levene’s test for equal variances was used to describe the variance of mean numbers of flies emerging from pots set up at different times. This test was used because it is less sensitive to data that depart from a normal distribution.

RESULTS
In 2005, the total rainfall at the experimental site was 603 mm and a total of 514 mm was recorded at the nearest Bureau of Meteorology Station, which was 82% of the long-term average of 625 mm. Drought conditions prevailed over most of south-eastern Australia in 2006. Rainfall at the experimental site was 392 mm and at the Meteorology Station 381 mm, which was only 61% of the long-term average. Total rainfall for the week after each deposition date is included in Table 1. The highest amount occurred on 5 October 2005, when 51.6 mm was recorded. Less than 5 mm of rain fell in the week following deposition on 8 of 25 occasions during the 2 years.
Viability of post-feeding larvae

The number of laboratory pots, each containing 50 larvae, ranged from 2 to 6 for each time of deposition. Flies derived from these larvae emerged over a 3 to 4 day interval, starting 8 days after incubation, with the average emergence at each deposition ranging from 49 to 100%. The average over all pots was 93%. The data contained two outliers (values more than 1.5 times from the inter-quartile range), on 6 April 2005 (49% of larvae developed to flies) and 19 September 2006 (75% of larvae developed to flies). The larvae from these batches were visibly smaller than those deposited at other times. This was attributed to thermal stress during the feeding stage, when the temperature in the laboratory dropped below the optimum for several days. When the two outliers were excluded, the variance of the mean number of flies emerging in laboratory pots, set up at different times, was not significantly different (Levene’s test, P=0.975) and the average from all pots was 95% (95% CI 92.4, 96.8).
Emergence of flies in field pots

The number of larvae placed in soil at different times in 2005 and 2006 is presented in Table 1 together with the mean number of flies collected from the pots and the mean mortality of larvae. Similarly, the number of days after deposition of larvae that the first, median, and last fly was collected from field pots is presented in Table 2. 

Over both years, mortality varied greatly between depositions within seasons as well as between pots deposited at the same time. For example, mortality ranged from 12 to 95% in summer, from 4 to 100% in autumn, from 28 to 95% in winter and from 31 to 76% in spring. The variance around the mean number of flies at each time of deposition is shown in Figure 1A. Overall, the variance was not the same (P=0.02). However, means from deposits made in summer, early autumn and spring had equal variances (P>0.05), whereas those made in late autumn and winter had unequal variances (P<0.01). Data obtained from an earlier experiment in Melbourne (McKenzie 1990 and McKenzie, personal communication; Fig. 1B) show a similar variation between cohorts of larvae, both within and between times of deposition. 
The pattern of emergence of flies was very similar in both years of the present study (Table 2). Emergence was more rapid and less dispersed in summer and early autumn. The interval over which flies emerged varied from 3 to 12 days, and the median time to emergence ranged from 10 to 19 days. In autumn, the first flies appeared 30 to 44 days after deposition of larvae, the median number from 41 to 55 days and the last flies appeared 68 to 72 days after deposition. The comparable times for the appearance of flies in spring from these autumn depositions that overwintered were 159 to 177, 177 to 180 and 179 to 205 days, respectively. 
For one deposit in 2005 (26 April) and 2 deposits in 2006 (11 and 19 April), the emergence of flies showed a biphasic pattern. In 2005, 45% of larvae emerged as flies in autumn and 4.8% in spring, so overall mortality was 50.2%. In 2006, from larvae deposited in early April, 7% emerged as flies in autumn and 0.8% in spring, (mortality 92.2%), and for those deposited later in April, 3.9% emerged as flies in autumn and 12.7% in spring (mortality 82.8%). The interval over which flies emerged from these deposits during late autumn ranged from 26 to 43 days, and the median time to emergence varied from 41 to 55 days. The period over which flies emerged was much broader in spring, with the time between the first and last emergence ranging from 3 to 40 days.
In both years, larvae deposited from mid-autumn onwards apparently entered a state of developmental arrest and emergence of flies was delayed until spring, with no emergence of flies during July and August. The first flies from over-wintering larvae emerged on 1 October in 2005 and 26 September in 2006. Although the interval between the first and last emerged fly was large (range 27 to 51 days), the emergence of flies was synchronous from all deposits made between May and August in both years. The median date of emergence ranged between 13 and 27 October for the 4 autumn-winter deposits in 2005, and between 7 and 24 October for the 7 autumn-winter deposits in 2006.

Resumption of larval development 

Results from the recovery of larvae and pupae from additional deposits of larvae made in late autumn 2006 are summarised in Table 3. Dead larvae were most numerous in collections from the 1 May cohorts, comprising 13, 12 and 26% of the total recovered at 2, 4 and 8 weeks after deposition, whereas the proportion did not exceed 5% in the 19 April and 9 May cohorts. The only time flies were recovered from the additional deposits was on 13 June, 8 weeks after the 19 April deposition, when 21 flies or 5% of the total life-cycle  stages were recovered.
Nine pots, set up on 30 May, were examined in late winter before fly emergence could be expected. Pupae comprised less than 3% of all stages recovered on 31 August (13 weeks), but had increased to 42% on 14 September (15 weeks after deposition). Of the larvae recovered at these times, 83 and 68%, respectively, developed to flies when incubated at 23oC. Similarly, 2 of 7 (29%) and 64 of 101 (64%) of the pupae developed to flies when incubated at 23oC. 
Free-ranging L. cuprina flies

In both years the first free-ranging flies were trapped approximately two weeks after the first flies from the larval depositions were recovered, 17 October and 7 October in 2005 and 2006, respectively. Fly numbers remained relatively low until mid-November, then increased rapidly and peaked in late November. Subsequently, fly numbers decreased steadily with only a few flies present in February. Numbers increased again to form a second smaller peak in early March. No flies were trapped from May to September (Fig. 2).
Temperatures during arrested development
Average daily air and soil temperatures from mid autumn to mid winter were consistently 1 to 4oC higher in 2005, compared with 2006. For example, the observations on 8 Jun 2005 were similar to those on 9 May 2006. However, during late winter and spring the average daily air and soil temperatures varied by less than 1oC between each year.
To investigate the relationship between soil temperature, and both the induction and resumption of arrested development of larvae, the 7-day moving average of the daily mean, minimum and maximum soil temperatures was calculated from March to May and August to September each year. Around the time of transition to arrested development (the weeks following the three depositions from which a biphasic emergence of flies was observed), the 7-day moving average soil temperatures fluctuated around a range of from 12.8 to15.9oC (Fig 3). Subsequently, when resumption of larval development was occurring in late August or early September, the 7-day moving average soil temperatures showed a series of 1.5-1.9oC fluctuations around a mean of 10oC for 1 to 2 weeks, before consistently exceeding 11oC (Fig 4).

DISCUSSION
There was rapid development and a compact emergence of flies when post-feeding larvae entered the ground during the warmer times of the year, from late spring through to early autumn. A variable (transitional) phase of development was observed during mid-autumn of both years, from 11 to 26 April. Some larvae deposited at these times pupated immediately and emerged as flies in late autumn, whereas others apparently entered a phase of arrested development, which persisted over winter, before pupation in late winter or early spring and emergence of flies in spring. The proportion of larvae that developed immediately was higher when deposition took place early in autumn, whereas later in autumn most larvae either died or were arrested in their development.
Arrested development of L. cuprina larvae has been observed in the Canberra region, a cool, temperate uniform rainfall zone, with transition to arrested development occurring from late March to early April (Dallwitz & Wardhaugh 1984). A comparison of soil temperatures from late March onwards showed that minimum soil temperatures were consistently 1 to 5oC cooler for Canberra than for the current study, in the Western District of Victoria. Dallwitz and Wardhaugh (1984) hypothesised that the temperature and photoperiod experienced by both parental and current generations were necessary to induce arrested development of L.cuprina, although they did not investigate this experimentally. A dependence upon both temperature and photoperiod has been confirmed for other blowfly species, including L.sericata (Tachibana & Numata 2004), L.caesar (Ring 1967) and Calliphora vicina (Vinogradova & Zinovjeva 1972; Vinogradova 1974). However, unlike L.cuprina, these species are regarded as having a true diapause, in that the majority of post-feeding larvae will cease their development and enter arrested development, even when conditions are suitable for pupation. 

The relative contribution of each of these factors has not been well defined for many species, including L.cuprina. However, the flies and larvae used in this study were reared under a 24 hour light regimen, so it would appear that low temperature experienced by the prepupae, in the absence of a reducing maternal photoperiod, was sufficient to induce arrested development in a proportion of the post-feeding larvae of L. cuprina that were deposited in autumn and winter. 
A period of sustained low temperatures seems more likely to induce arrested development than a particular temperature amongst the daily fluctuations that typically occur during autumn. Therefore, the 7-day moving average, minimum and maximum soil temperatures in the week following deposition of larvae during the transitional period were compared with those after the next deposition time when all larvae were arrested. None of the larvae deposited on 18 May 2005 developed to flies so the differences in soil temperatures during and after the transitional phase could only be compared in 2006. 
The 7-day moving average soil temperatures for the weeks after 19 April and 1 May, 2006 were similar (Fig. 3). The average minimum was slightly lower and average maximum slightly higher after 19 April than after 1 May. Because some larvae developed to flies after the April deposition and all were arrested after the May depositions, the maximum temperatures of the soil may be more important than the average or minimum values for the induction of arrested development. Foster et al. (1975) stated that temperatures below 10oC inhibit pupation. In Canberra, the average maximum and minimum temperatures experienced by post-feeding larvae during the transitional phase were 23 and 12oC (Dallwitz & Wardhaugh, 1984). Comparable maximum soil temperatures were lower in this study than in Canberra, around 17 to 18oC, whereas the minimum soil temperatures for the two locations were similar, around 12oC. Dallwitz (1984) stated that pupation during the transitional phase occurred either within 15 days after deposition or was delayed until spring but did not define temperature conditions over this period. Clearly, this aspect of the biology of L. cuprina needs further study to define thresholds and the duration of low temperatures that induce arrested development.
During the over-wintering period, mortality was high but quite variable, both from year to year and between pots which were deposited at the same time. High variance, around the mean number of flies emerging from pots that were set up at different times from late autumn to winter, was also reported by McKenzie (1990). In 2005, the percentage of larvae emerging as flies in spring, from deposits made from May to mid-July averaged 5%, compared with 32% in 2006. The mortality in 2005 was similar to that observed in studies at Canberra and Heidelberg (Victoria), in which the proportion of flies developing from larvae, deposited during May and June, ranged from 1 to 12.7% (McKenzie 1990; 1994; Whitten et al. 1976). In contrast, in 2006, the proportion of larvae reaching adulthood was in excess of 20% for deposits made from 9 May onwards.
The soil temperatures during late autumn to mid-winter in 2005 were slightly higher than those in 2006. Higher temperatures in winter may increase the metabolic rate of larvae, thereby depleting reserves that are required for pupation and metamorphosis to flies. This suggestion has been made for larvae of the goldenrod gall fly, Eurosta solidagini (Irwin & Lee 2000) and for larvae of L. sericata (Pitts & Wall 2005). The higher mortality of the over-wintering larvae in 2005 may also be the result of the 40.8 mm of rainfall that occurred on 31 August 2005, just before the expected resumption of larval development. However, larvae can seek drier places when the soil becomes too wet (Foster et al., 1975), although the use of pots in this study may have constrained movement.
In both years, the proportion of flies developing from larvae deposited from May to August increased when deposits were made closer to spring. These findings are consistent with those obtained by Whitten et al. (1976) and McKenzie (1990; 1994) in which an association was found between mortality of larvae and time spent in the ground. McLeod (1997) did not find a similar association possibly because, despite delayed pupariation, the majority of larvae continued to develop during two of the three winters in her study at Fowlers Gap in western New South Wales. Consequently, it may be that the association between mortality and time spent in the ground only applies when arrested development occurs for an extended period. 
The serial sampling study showed that over-wintering larvae resumed development in early to mid September. While conditions for this resumption have not been defined, a rise in temperature or a sustained period above a certain threshold is considered to start the process. In both years, the 7-day moving average soil temperature increased 1.5 to 1.9oC over a 4-day period around the time larvae resumed their development and remained above 11oC for at least 1 week. Of the live larvae recovered on 31 August and 14 September, and subsequently incubated at 23oC, 15% fewer flies emerged from the September collection indicating that mortality increased when arrested larvae resumed their development.
In 2005, the first flies from larvae deposited from mid-April to August emerged in early October, whereas in 2006 they were observed 5 days earlier. The pattern of emergence was synchronous from all cohorts of larvae irrespective of the time of deposition, an observation made previously by Dallwitz and Wardhaugh (1984). The emergence of the median number of flies from each cohort was consistent within each year, ranging from 13 to 27 October in 2005 and from 7 to 24 October in 2006. However, the distribution of emergence was spread more widely in spring than at other times of the year. In both years, the interval between the appearance of the first and last flies from overwintered larvae, exceeded 30 days compared with less than 10 during late spring, summer and early autumn.
Free-ranging L. cuprina flies were first trapped at the experimental site about two weeks after the first flies were found in the field pots in both years. This coincided with the start of the median emergence interval of flies emerging from larvae in the pots. Subsequently, the number of flies trapped followed a bimodal pattern, with a large peak in late November and a smaller one in early March. The numbers were low from mid-January to mid-February. This is a similar pattern to that described for the Canberra region (Tillyard and Seddon 1933; Fuller 1934; Gilmour et al. 1946).
Similar to the study of McLeod (1997), this study has highlighted the need for more detailed studies on the immature stages of L. cuprina. In particular, the conditions that induce and terminate arrested development of post-feeding larvae, and those that determine the survival of larvae and pupae in the soil, would allow better predictions of fly numbers in different environments, or with increasingly variable seasonal conditions.
The occurrence of a phase of arrested development in post-feeding larvae allows L.cuprina to persist in areas that might otherwise remain unfavourable for permanent habitation. The ability to overwinter also synchronises the emergence of fly populations in spring. However, L. cuprina is virtually an obligate parasite of sheep, and its overwintering phase is invariably associated with high juvenile mortality. Consequently, sheep farmers have the opportunity to exploit the low fly populations in early spring by implementing a strategy of early season control, the value of which was demonstrated in a pilot study by McKenzie & Anderson (1990). If predilection sites on sheep (Watts & Marchant 1977) were rendered unfavourable for larval development, for example by the application of an appropriate chemical, then few eggs laid by flies would develop to adults. Such a treatment at or before the time when flies usually emerge after winter dormancy would substantially reduce the success of the first generation of flies to multiply numbers and thus reduce the risk of flystrike (McKenzie & Anderson 1990; Wall et al. 1993). Insecticides chosen for this treatment have to be relatively long-acting because of the drawn out nature of the spring emergence, typically from four to seven weeks (Table 2). The availability and ease of application of insect growth regulators to protect sheep against strike for periods of 10 to 20 weeks are ideal for this purpose (Bowen et al. 1999).
A variation of this approach would be to treat sheep in late summer or early autumn. This would reduce the numbers of larvae entering the phase of arrested development over winter, thus also reducing the size of the spring generation. To further enhance the effectiveness of both strategies, the integration of management practices, such as shearing and crutching of sheep during spring, early summer and autumn months would have additional effects by reducing both the susceptibility of sheep to flystrike and fly numbers.
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Table 1. The times of deposition, number of L cuprina larvae deposited, mean number of flies emerged and the overall percentage mortality in each cohort in 2005 and 2006 (95% confidence intervals (CI) in brackets).
	Year 
	Season
	Date of deposition
	No. of larvae deposited
	Total weekly rainfallC
(mm)
	Mean no. flies

(95% CI)
	Mortality % 

(95% CI)

	2005
	Autumn
	16-Mar
	500
	1.2
	479 (471,487)
	4.2 (2.6,5.8) 

	
	
	6-AprA
	300
	1.0
	159 (96,222)
	47.0 (14.5,79.5)

	
	
	26-AprB
	1000
	8.0
	450 (300,600)Aut
	50.2 (39.2,61.2)

	
	
	
	
	
	48 (11,85)Spr
	

	
	
	18-May
	1000
	5.4
	0
	100

	
	Winter
	8-Jun
	1000
	24.6
	46 (0,107)
	95.4 (90.5,100)

	
	
	12-Jul
	1000
	15.4
	93 (31,155)
	90.7 (85.6,95.8)

	
	
	10-Aug
	500
	22.4
	84 (59,109)
	83.2 (78.1,88.3)

	
	Spring
	19-Sep
	500
	9.0
	342 (295,389)
	31.6 (22.3,40.9)

	
	
	5-Oct
	500
	51.6
	214 (94,334)
	57.2 (33.2,81.2)

	
	
	26-Oct
	500
	0.8
	317 (217,417)
	36.6 (16.6,56.6)

	
	
	30-Nov
	400
	8.2
	187 (142,232)
	53.2 (40.3,66.1)

	2006
	Summer
	10-Jan
	300
	10.6
	14 (0,36)
	95.3 (84.1,100)

	
	
	24-Jan
	400
	13.8
	209 (169,250)
	47.7 (36.1,59.3)

	
	
	7-Feb
	300
	14.4
	263 (243,293)
	12.2 (0,27.4)

	
	Autumn
	1-Mar
	500
	0.2
	405 (360,450)
	19.0 (10.1,27.9)

	
	
	22-Mar
	300
	0.0
	198 (181,215)
	34.0 (25.1,42.9)

	
	
	11-AprB
	400
	13.6
	27 (9,46)Aut
	93.2 (86.9,97.5)

	
	
	
	
	
	4 (4,4)Spr
	

	
	
	19-AprB
	1000
	15.0
	40 (24,56)Aut
	83.3 (76.7,89.9)

	
	
	
	
	
	127 (50,204)Spr
	

	
	
	1-May
	1000
	34.0
	111 (43,179)
	88.9 (83.4,94.4)

	
	
	9-May
	1000
	11.2
	211 (98,324)
	78.9 (69.7,88.1)

	
	
	30-May
	900
	2.8
	407 (276,538)
	54.8 (42.7,66.9)

	
	Winter
	18-Jul
	900
	2.4
	447 (345,550)
	50.3 (40.8,59.8)

	
	
	22-Aug
	600
	20.8
	430 (381,479)
	28.3 (20.7,35.9)

	
	Spring
	19-SepA
	400
	20.8
	216 (160,272)
	46.0 (29.9,62.1)

	
	
	12-OctA
	500
	1.8
	119 (1,237)
	76.2 (52.6,99.8)


A small post-feeding larvae for this deposition; B depositions exhibiting a split emergence of flies between autumn (Aut) and spring (Spr); C for the week following deposition 

Table 2. The number of days to the emergence of the first L cuprina fly, the median number, last fly and range from each deposition time in 2005 and 2006.

	Year
	Season
	Date of deposition
	Date of:
	Range (days) C

	
	
	
	First fly
	Median
	Last fly
	

	2005
	Autumn
	16-Mar
	4-Apr
	4-Apr
	7-Apr
	4

	
	
	6-AprA
	22-Apr
	25-Apr
	3-May
	12

	
	
	26-AprB
	26-MayAut
	6-Jun
	7-Jul
	43

	
	
	
	2-OctSpr
	23-Oct
	4-Nov
	34

	
	
	18-May
	-
	-
	-
	-

	
	Winter
	8-Jun
	12-Oct
	27-Oct
	7-Nov
	27

	
	
	12-Jul
	2-Oct
	13-Oct
	1-Nov
	31

	
	
	10-Aug
	1-Oct
	19-Oct
	20-Nov
	51

	
	Spring
	19-Sep
	13-Oct
	21-Oct
	20-Nov
	39

	
	
	5-Oct
	29-Oct
	4-Nov
	21-Nov
	24

	
	
	26-Oct
	9-Nov
	13-Nov
	19-Nov
	11

	
	
	30-Nov
	12-Dec
	14-Dec
	17-Dec
	6

	2006
	Summer
	10-Jan
	20-Jan
	21-Jan
	24-Jan
	5

	
	
	24-Jan
	3-Feb
	3-Feb
	5-Feb
	3

	
	
	7-Feb
	18-Feb
	19-Feb
	21-Feb
	4

	
	Autumn
	1-Mar
	11-Mar
	12-Mar
	18-Mar
	8

	
	
	22-Mar
	8-Apr
	10-Apr
	17-Apr
	10

	
	
	11-AprB
	23-MayAut
	28-May
	18-Jun
	27

	
	
	
	5-OctSpr
	7-Oct
	7-Oct
	3

	
	
	19-AprB
	2-JunAut
	13-Jun
	27-Jun
	26

	
	
	
	2-OctSpr
	13-Oct
	10-Nov
	40

	
	
	1-May
	3-Oct
	13-Oct
	9-Nov
	38

	
	
	9-May
	26-Sep
	9-Oct
	4-Nov
	40

	
	
	30-May
	28-Sep
	10-Oct
	1-Nov
	35

	
	Winter
	18-Jul
	29-Sep
	10-Oct
	25-Oct
	27

	
	
	22-Aug
	4-Oct
	24-Oct
	17-Nov
	45

	
	Spring
	19-SepA
	9-Oct
	13-Oct
	19-Oct
	11

	
	
	12-OctA
	1-Nov
	2-Nov
	6-Nov
	6


A small post-feeding larvae for these depositions; B depositions exhibiting a split emergence of flies between autumn (Aut) and spring (Spr); C no. of days from 1st to last fly emerging
Table 3. The number of live and dead larvae and pupae, and percentage of total numbers recovered from pots removed in winter and early spring after deposition of larvae in late autumn, 2006.
	Deposit date
	No. of potsA
	Time after deposition

(weeks)
	No. of larvae and pupae

(% of total recovered)
	Total

(% of larvae

deposited)

	
	
	
	Live larvae
	Dead
 larvaeB
	Pupae
	

	19-Apr
	4
	2 
	230 (74.4)
	6 (1.9)
	73 (23.6)
	309 (77%)

	
	4
	4
	248 (69.3)
	19 (5.3)
	91 (25.4)
	358 (90%)

	
	4
	8
	207 (67.9)
	9 (3.0)
	68 (22.3)
	305 (76%)C 

	1-May
	4
	2
	248 (72.3)
	43 (12.5)
	52 (15.2)
	343 (86%)

	
	4
	4
	223 (65.0)
	45 (13.1)
	75 (21.9)
	343 (86%)

	
	4
	8
	158 (51.3)
	80 (26.0)
	70 (22.7)
	308 (77%)

	9-May
	4
	2
	331 (90.2)
	8 (2.2)
	28 (7.6)
	367 (92%)

	
	4
	4
	317 (91.1)
	10 ( 2.9)
	21 (6.0)
	348 (87%)

	
	4
	8
	309 (89.0)
	11 (3.2)
	27 (7.8)
	347 (87%)

	30-May
	4
	2
	375 (95.9)
	16 (4.1)
	0
	391 (98%)

	
	3
	12
	205 (75.9)
	53 (19.6)
	12 (4.4)
	270 (90%)

	
	3
	13
	218 (87.2)
	25 (10.0)
	7 (2.8)
	250 (83%)

	
	3
	15
	112 (46.3)
	29 (12.0)
	101 (41.7)
	242 (81%)


A 100 post-feeding larvae/pot; B larvae visually classified as dead when removed from soil; C includes 21 flies which emerged in the field (19 live and 2 dead newly emerged flies)
 Fig. 1. Emergence of flies from post-feeding larvae of L cuprina: A) from field depositions in the present study, and B) deposited in 1987 and 1988 in Heidelberg (data from McKenzie 1990, personal communication). The vertical lines indicate the date of deposition. The crossbar represents the average percentage of all replicates and the top and bottom of each line the values from the highest and lowest percentages from the replicates. 
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Fig. 2. The number of L cuprina flies trapped at the experimental site from spring 2005 to autumn 2006 (A) and during spring 2006 (B). Traps were emptied at 6-8 day intervals and the number of flies per day derived from the number of flies trapped divided by the number of days in the collection period 
[image: image3.emf]A)

0

40

80

120

160

1-Oct 29-Oct 26-Nov 24-Dec 21-Jan 18-Feb 18-Mar 15-Apr

2005                                                      2006

No. of L.cuprina per day

Trap1

Trap 2

 
[image: image4.emf]B)

0

10

20

30

40

1-Oct 29-Oct 26-Nov 24-Dec 21-Jan 18-Feb 18-Mar 15-Apr

2006                                                           2007

No. of L.cuprina per day

Trap1

Trap2

 

Fig. 3. The 7-day moving average of daily mean, minimum and maximum soil temperatures (oC) from 15 Mar to 19 May in relation to the depositions which exhibited a split emergence between autumn and spring in A) 2005 and B) 2006. Solid arrows indicate timing of transitional depositions, dotted arrows indicate depositions that pupated immediately, dashed arrows depositions that had high mortality and arrested development until the following spring.
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Fig. 4. The 7-day moving average of daily mean, minimum and maximum soil temperatures (oC) for August and September in relation to the period in 2006 when pupation of arrested larvae changed from 3 to 42% of the total recovered life cycle stages (bar); A) 2005 and B) 2006.
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