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Gastro-intestinal nematode (GIN) parasitism represents a major constraint to Australian sheep

producers, with the most recent published estimate suggesting that internal parasites generate

an annual economic loss of $369 million nationally to the Australian sheep industry (Sackett

et aI., 2006). Most of this loss (87%) stems from the production consequences associated with

parasitism, with the remaining 13% attributed to the cost of treatment and prevention. Since

the 1960s, control has relied mainly on the use of anthelmintic chemicals, however their

constant use has come at a price - anthelmintic-resistant populations of worms have steadily

developed over the past 40 years, with resistance detected to all major chemical classes

traditionally used for worm control (Waller, 2003a). The economic burden of anthelmintic

resistance to the industry is a significant contributor to the cost estimated by Sackett et al.

(2006), causing not only mortality and production loss, but also necessitating extra treatments.

Strategic control programs, in which frequency of anthelmintic treatment is reduced in favour

of non-chemotherapeutic and management alternatives (Rolfe, 1990; Waller, 1999), have

been advocated since resistant worm populations were first detected. In the long term,

solutions to anthelmintic resistance include the application of integrated parasite management

programs (Walkden-Brown et aI., 2004) that utilise relevant non-chemotherapeutic strategies

such as breeding of worm resistant sheep (Eady et aI., 1998), nutritional regulation of host

resistance (Walkden-Brown & Kahn, 2002), minimising exposure of stock to infective larvae

(Healey et aI., 2004; Southcott & Barger, 1975) and possibly biological control and

vaccination against nematode infections (Besier & Love, 2003).

As a consequence of this move away from reliance on chemical control of GIN infection, the

industry has focused on the development of integrated parasite management (IPM) systems in

which a range of strategies are utilised either in combination with, or in place of, anthelmintic

treatments. The success of control strategies targeted at the free-living stage of the GIN
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lifecycle, rather than the para itic tage, is dependent on a thorough understanding of the

environmental influences on pa ture tran mission. Temperature and moisture are the

dominant influences on the free-living stages of the three major GIN species, Haemonchus

contortus, Trichostrongylus colubriformis and Teladorsagia circumcincta. Temperature

effects on both rate and success of development of each species have been studied extensively

( ee Chapter 2) and are quite well understood for the purposes of predicting minimum and

maximum threshold temperatures within which free-living development i possible. However,

moisture availability is a key limiting factor for development of H. contortus free-living

tage , and to lesser extent T. colubriformis and T. circumcincta. For H. contortus, the

dominant species in tropical, sub-tropical and summer-dominant rainfall regions, there have

been relatively few attempts to quantify the effects of moisture availability on the

development of eggs and larvae, whether it be in the form of rainfall, soil moisture, faecal

moisture or humidity, despite its key role in determining pasture infectivity. Findings to date

emphasise the susceptibility of H. contortus to de iccation but are of little value in predicting

the developmental con equences arising from a given set of rainfall condition, therefore

limiting their potential for on-farm implementation. In order to have any practical relevance

for IPM in the sheep industry, quantification of moisture effects on H. contortus development

must be correlated with widely available meteorological data, such as rainfall and evaporation

rates.

The Australian Wool Innovation Limited project 'Integrated Parasite Management - sheep'

was initiated to develop and evaluate management trategie for both ecto- and endo-para ite

of sheep for the major sheep producing areas of Australia. The re earch component of the

project targeted "knowledge gaps" which currently limit the implementation of IPM on a wide

scale acros the Australian sheep industry. This thesis details aspect of the ecology of H.

contortus (Barber's pole worm) in summer rainfall regions - an area of research identified as

a crucial aid to grazing management decisions which aim to minimise exposure of sheep to H.
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contortus infective larvae. Haemonchosis is a major problem for sheep producers in the

Northern Tablelands of NSW where typically wet, warm summers promote development of

the free-living stages, leading to sporadic but significant outbreaks of the disease and high

sheep mortality. To investigate and quantify the effects of moisture on the free-living

development of H. contortus, a series of plot and laboratory studies were conducted under

climatic conditions typical of the region. Moisture variables investigated included simulated

rainfall amount, and its timing and distribution relative to faecal deposition, evaporation rates

and faecal moisture content.

The general hypothesis under examination was that the manner in which moisture affects H.

contortus development was best described by amount, distribution and timing of rainfall, and

evaporation. More specific subsidiary hypotheses tested were:

1. That simulated rainfall events spread over the first few days post-deposition would be

more favourable for development to L3 than the same amount falling in one rain

event because of the extended period of moisture availability generated by the

splitting of each amount over several days.

2. That simulated rainfall would need to be applied within 4 days of egg deposition for

complete development to L3 to occur, but that development of the pre-infective stages

would occur in the absence of additional moisture during this period, albeit at a

reduced rate relative to those which received rainfall;

3. That the relationship between development of L3 and amount of simulated rainfall

would be linear within the amounts tested;

4. That for a given simulated rainfall amount, more development will occur at low

evaporation rates than high evaporation rates;

5. That there will be interaction between the effects of simulated rainfall amount and

evaporation rate such that at high evaporation rates the effects of rainfall amount may
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be observed in pre-infective rather than infective larval development due to rapid

drying of the faecal environment, while at low evaporation rate the slow rate of

drying would permit large effects of rainfall amount on L3 development but

negligible effects on pre-infective development.

Hypotheses were tested in a series of three experiments, the first of which (Chapter 4) was

conducted in the field on pa ture plots, while the econd and third experiments (Chapter 5

and Chapter 6, respectively) were conducted in the laboratory in climate-controlled,

programmable incubators. The plot experiment was de igned to inve tigate the effect of

simulated rainfall timing, amount and di tribution on H. contortus development to L3. The

two subsequent incubator experiments were conducted in part to answer some of the

questions raised by the plot experiments concerning the effects of evaporation on

development, while confirming and quantifying the effects of simulated rainfall variables on

H. contortus free-living tages.

The Review of the Literature (Chapter 2) ha been published as a review article in Veterinary

Para itology (O'Connor et ai., 2006). The Review presented in thi thesis is unchanged from

the original publication. The first two experimental chapter (Chapter 4 and Chapter 5) have

been submitted as research articles to Veterinary Parasitology. The former ha been published

(O'Connor et aI., 2007), and the latter is currently under review. Both chapters are presented

here in largely the same form in which the papers were submitted for publication, except that

parts of the Materials and Method have been omitted to avoid repetition of sections of the

General Materials and Methods (Chapter 3). The finding presented in the final experimental

chapter (Chapter 6) are yet to be ubmitted in the form of a research article.
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Chapter 2. Review of the literature

2.1 Introduction

Of all the species of gastrointestinal nematode. (GIN) commonly found in sheep, the

trichostrongylid species Haemonchus conlortus, Trichostrongylus spp. and Teladorsagia

circumcincta are the most abundant and cause the greatest losses in production. The varied

distribution and seasonal availability of each of these species is a reflection of their diver e

developmental requirements. In sheep production zones worldwide, the trends in nematode

infection een in the major climatic zone have been used to cla ify the epidemiological

characteristics of each specie . These categorie highlight the influence of the major climatic

variables, temperature and rainfall, on the development and survival of the free-living stages.

These broad classifications, and the associated moisture and temperature thresholds, have

greatly assi ted the management of GIN infections with effective anthelmintics by identifying

the predisposing condition for periods of elevated risk and enabling the development of

strategic treatment programs to break the lifecycle in advance of the e times. However, the

escalating problem of anthelmintic resistance in nematode parasites, partly driven by trategic

chemical control programs, has een a push towards the development of integrated parasite

management (rPM) strategies. These aim to reduce unnecessary anthelmintic treatnlents and

increase reliance on management, environmental and other non-chemotherapeutic alternatives

to traditional chemicals (Rolfe, 1990; Waller, 1999). Many of the e approaches target the

free-living tage of the nematode lifecycle, aiming for a reduction in pasture tran mi sion

and hence flock infections.

The move towards rPM for heep worm control, coupled with the emerging trend for

intensive rotational grazing and higher stocking rates, highlights the need for more effective

use of existing knowledge of GIN ecology. While broad variations in larval availability that

follow seasonal trends are well-documented (Anderson et al., 1978; Clunies-Ross & Gordon,
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1936; Donald et al., 1978; Levine, 1963), the specific effects of daily and weekly

environmental conditions are under-utilised in current approaches to worm control.

Exploitation of the influence of natural processes on free-living populations will be a

necessary component of an effective, integrated control program. This is particularly relevant

to rotational grazing systems, where the amount of time animals spend in any given paddock

is relatively small. The level of contamination with infective larvae within a paddock is

therefore highly dependent on immediate environmental conditions during the brief period of

grazing, rather than longer-term phenomena.

In recent times there have been many reviews on integrated or sustainable management of

worm infections in sheep (eg. Barger, 1997; Barger, 1999; Brunsdon, 1980; Morley &

Donald, 1980; Waller, 1997; Waller, 1999; Waller, 2003b). However, reviews specific to the

ecology of GIN species are generally limited to papers published pre-1980 (eg. Gordon, 1973;

Levine, 1963; Michel, 1969; Thomas, 1974) or to sections of broader reviews. Studies

conducted over the past two decades have considerably advanced our knowledge of free

living GIN ecology, and with the continuing evolution of sheep worm control away from

reliance on chemicals, it is now timely to re-examine this area. In particular, our knowledge of

the effects of moisture on development have changed somewhat in recent years, and this new

information needs to be embedded into the existing ecological framework in order to be

utilised effectively. This review deals primarily with advances to our understanding of the

free-living ecology of the dominant GIN species over the past 30 years and attempts to

identify the specific deficiencies in our knowledge that require investigation in order for IPM

to make a more effective contribution to the increasingly complex field of worm control.
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2.2 Gastrointestinal nematode species of sheep - distribution and
seasonality

2.2.1 Haemonchus contortus

H. contortus is most the important nematode species of sheep in tropical and ub-tropical

area., or regions with summer-dominant rainfall, becoming less significant as the climate

tends towards winter rainfall, and summers become hot and dry. Tropical climates occur

between the latitudes of 23.5°N and 23.5°S, and include large areas of south-east Asia,

southern India, central Africa and America, and northern South America, where typically

abundant rainfall and high temperatures are favourable for H. contortus development.

Subtropical regions, located immediately north and outh, respectively, of the 23.5°N and

23.5°S latitudes, include part of eastern Australia, southern Africa, southern North America,

South America, and south-east China. In these areas, temperatures are warm and rainfall in

humid regions is generally summer-dominant or uniform throughout the year. In the cool

temperate zone, between 45° and 65° latitude, temperatures through much of the year are

limiting for H. contortus development. However, the increasingly common occurrence of H.

contortus in Sweden, France, Denmark and the Netherlands (Waller et ai., 2004) has been

attributed to the parasites' ability to undergo hypobiosis, or arre ted development, at the L4

stage following ingestion, in order to survive the cold winter temperatures. This phenomenon

was described much earlier by Connan (1975) in the south east of England and Waller and

Thomas (1975) in north east England, where outbreaks of haemonchosis were sporadic and

as ociated with long periods of LA inhibition and a relatively hort free-living phase.

2.2.2 Trichostrongylus colubriformis and Teladorsagia circumcincta

Teladorsagia and Trichostrongylus spp. are the dominant parasite in winter and uniform

rainfall areas, with their main survival advantage being a greater re i tance to desiccation and

the ability to develop at lower temperatures than H. contortus (Anderson et al., 1978). In

Mediterranean climates, which occur between 30° and 40° latitude on all the continent, cool

wet winter favour the development of both genera, although pasture larval populations
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typically decline during the hot dry summer period. In the temperate zone beyond the 40°

latitude, Trichostrongylus and Teladorsagia remain the dominant genera, with the cooler

climate creating optimum conditions for larval development. This includes regions such as

northern Europe, Scandinavia, north Asia, New Zealand and n011hern N011h America, where

worm infections typically peak in summer or autumn. In warmer temperate zones, such as

those found in much of south-eastern Australia, milder winter temperatures are considerably

less limiting for larval development, allowing infective larval populations of Trichostrongylus

and Teladorsagia spp. to peak in late winter and early spring (Anderson et al., 1978;

Brunsdon, 1980; Southcott et al., 1976). Trichostrongylus spp. may also be prevalent in

warmer, subtropical areas (Johnstone, 1998) and in the tropics (Walkden-Brown & Banks,

1986), with optimal conditions for development similar to that of H. contortus, but extending

to cool, moist, early spring or late autumn weather (Levine, 1963).

A comparison of the ecology and climatic distribution of four common species from the

Trichostrongylus genus is given in Table 2-1. T. colubriformis is the only member of the

genus considered in detail in the following review.

Table 2-1: Distribution and ecological characteristics of common ovine gastrointestinal species from the

Trichostrongylus genus (Sources: Beveridge et al., 1989; Callinan, 1978b; Mirzayans, 1969)

Climatic
distribution

Egg hatching at
10°C

Larval
development to
L3 at 10°C

Hatch &
development at
20°C

Survival of L3 at
20°C*

Resistance to
desiccation**

T. colubriformis

Intermediate

Marginal

Marginal

Successful

2

2

T. axei

Widc

Successful

Moderate

Successful

2

2

T. rugatus

Hot, dry

Successful

Marginal

Successful

T. vitrinus

Cool, moist

Successful

Successful

Successful

3

3

*Ranked according to length of survival: ]=survived most number of days, 3=survived least number of days
** I =most resistant, 3=least resistant
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2.3 The lifecycle of gastrointestinal nematodes

Despite the inter-specie differences in respon e to temperature and moi ture con traint , the

key sheep tricho trongylid GIN have a direct lifecycle consisting of two distinct phases -

parasitic in a single host and free-living. Adult worms of both sexe live and mate in the

abomasum (H. contorfus, Teladorsagia spp and T. axei), the small intestine (T. colubriformis,

T. vitrinus, T. rugatus, and Nematodirus spp) , or the large intestine (Oesophagostomum spp).

Eggs produced by the females are passed out in the faece , and deposited on the ground,

where development from the un-embryonated egg to pre-hatch, or embryonated stage

generally occurs. The hatched embryos develop through two non-infective feeding tages - a

newly hatched, or first stage, larva (Ll) is approximately 350flm long, and moults to become

a second (L2) stage larva (approximately 500flm) (Ransom, 1906). These larvae feed on

bacteria and other micro-organisms in the faeces (Levine and Todd, 1975), before moulting to

infective third tage larvae (L3) and migrating to pasture when moisture permits. The second

stage cuticle i retained a a heath which completely enclo e the L3; hence infective larvae

cannot feed and rely on metabolic reserve for urvival during thi phase. Ransom (1906)

examined the larval stage of H. contortus, reporting that once hatched larvae had reached the

third larval tage, the mouth and anal openings appeared to be sealed, and the cells of the

intestine filled with food granules. At this stage of the life cycle, infective larvae are available

for ingestion by herbivore and they may persist on herbage for many months under

favourable environmental conditions.

2.4 Environmental influences on free-living stages

The main determinants of developmental ucce s are undoubtedly temperature and moi ture

availability at the level of the free-living stage, with other factor mo t likely mediated by

modulation of these effects at the microclimate level. Temperature and moisture act to

determine the success rate and speed of development, both of which are major influences on
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the epidemiology of GIN. As discussed below, there is considerable variation in these effects

between species, and between free-living stages of the lifecycle within species.

Each stage of the trichostrongylid GIN free-living phase is controlled to varying degrees by

climatic factors. The influence of temperature on common ovine nematode parasites, along

with the effects of a variety of other environmental variables, has been studied across a range

of climates, with the temperature requirements for the development of eggs to infective larvae

a particularly strong focus. Less is known about the effects of moisture on the developing and

infective stages.

Although development from the un-embryonated egg through to infective larvae comprises a

series of individual pre-infective stages and processes, as reviewed by many authors (eg.

Andersen et aI., 1966; Levine & Todd, 1975; Silverman & Campbell, 1959; Todd et aI., 1976;

Waller & Donald, 1972), the climatic effects on each of these stages are such that the free-

living phase of the nematode cycle can be divided into two main processes - development to

infective larvae and subsequent larval migration and survival (Levine, 1963). As quite distinct

responses to particular environmental conditions are observed between infective and non-

infective stages, the processes are reviewed separately below.

2.4.1 Development of eggs to infective larvae

2.4.1.1 The effects of temperature on development

A significant proportion of sheep nematode ecological studies pnor to the 1970s were

conducted under controlled conditions, with cultures held at constant temperature providing

an indication of the optimum temperatures for L3 development when moisture is unlimiting

(eg. Berberian & Mizelle, 1957; Ransom, 1906; Silverman & Campbell, 1959). Berberian and

Mizelle (1957) found that all eggs in faecal slurry hatched and developed to infective larvae

between 17.8 and 35.6°C, and that the optimum temperature in terms of rate of development

to L3 was 33.3°C. Early Australian workers reported that H. contortus eggs developed best at

25-30°C, reaching the infective larval stage in four to five days (Clunies-Ross & Gordon,
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1936). Since those earlier tudie, attention has been focu ed on the effect of cold

temperature on development uccess.

There are ubstantial difference in resistance to low temperatures between the pre-infective

stages of the three major GIN species. Both T. circumcincta and T. colubriformis develop at

lower temperatures than H. contortus (Donald, 1968; Gibson, 1973), and several authors have

reported that developing T. circumcincta population are capable of reaching the infective

tage under colder condition than T. colubriformis (eg. Gibson & Everett, 1972; Vias off et

al., 2001). The work of Crofton (1965) on minimum temperatures for egg hatch of a range of

specie has been extensively cited, with the author reporting a minimum of 9°C for H.

contortus, Taxei and T vitrinus, and 4°C for T circumcincta. The optimum temperature for

T circumcincta development may also be lower than that of T colubrifonnis, with Rossanigo

and Gruner (1995) reporting that the greatest percentage of eggs were recovered as L3 at a

constant 23°C in the former species, compared to 25-28°C in the latter. At 5°C, at least 200/0 of

T. circumcincta egg developed to L3, compared to only 50/0 of T colubriformis egg.

Jasmer et ai. (1986) focu ed on the effects of temperature on time to hatching and hatching

success, finding that T circumcincta eggs became embryonated after 48hr of incubation at

10°C, while H. contortus eggs under the same conditions took 96hr to reach the same stage.

Following exposure to a constant -18°C for 15 hr, only 1.30/0 of H. contortus eggs in faeces

hatched, compared with 930/0 of T circumcincta eggs (Jasmer et al., 1986). The laboratory

tudy conducted of McKenna (1998) demonstrated that when heep faece containing

nematode eggs were incubated for 3 day at 4°C, egg viability wa less than 60% for H.

contortus, greater than 800/0 for Trichostrongylus pp. and greater than 900/0 for Teladorsagia

pp. After 12 days, no H. contortus eggs were viable, although more than 300/0 of

Teladorsagia and Trichostrongylus spp. were recovered as infective larvae following

subsequent culturing.

27



Chapter 2 - Review of the Literature

Greater cold tolerance of Teladorsagia spp. demonstrated under laboratory conditions has

also been observed in the field. In plot studies in southern England, no H. contortus eggs

developed during winter and very few T. colubriformis eggs remained viable, while T.

circumcincta eggs survived over winter to begin development once temperatures increased

(Gibson & Everett, 1976). An earlier study in the same location by Rose (1963) reported that

the majority of H. contortus eggs died prior to hatching between November and March, when

mean weekly minimum ground temperatures fluctuated between -5 and 5°C.

Differing levels of cold-resistance also exist within species, between different stages of the

free-living cycle. As a general rule, short-term fluctuations in temperature are significantly

more harmful to the pre-infective stages than infective larvae (Thomas, 1974). In practical

terms, the lower resistance of pre-infective stages to cold temperatures creates an important

natural barrier for developing free-living populations, and is a significant contributor to both

spatial and temporal variation in pasture infectivity. Todd et al. (1976) identified un-

embryonated eggs as the most cold-susceptible component of the H. contortus free-living

nd sl rdphase, followed by 2 stage larvae, 1 stage larvae, embryonated eggs, and finally 3 stage

larvae. The number of viable H. contortus un-embryonated eggs present in faecal pellets at a

constant 4°C declined to less than 1% of the original count within 8 days, while eggs

incubated to reach the embryonated stage and then subjected to a constant 4°C took 128 days

to decline to the same level (Todd et al., 1976). Less than 1% of Ll and L2 remained after 64

and 32 days, respectively, at the same temperature, while after 128 days at 4°C, almost 50% of

the original L3 population had survived. These findings support those of Silverman and

Campbell (1959) who reported that a small proportion of embryonated eggs survived at -2.2

to 1. 1°C for up to 2 months.

However, there is very little evidence of prolonged H. contortus egg survival in the field,

perhaps due to the fact that conditions applied in the laboratory (long term, constant cold
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temperatures followed by incubation at constant warm temperatures) are unlikely to be

experienced by eggs under field conditions. Two studies based in the New England region of

NSW, Australia have indicated that the lifespan of eggs is short. Sakwa et al. (2003)

suggested that H. contortus eggs may only remain viable for only a few days post-deposition,

while Barger ef al. (1972) based modelling of the free-living development of H. contortus on

a five-day life span of eggs following deposition, during which time the minimum

temperature had to exceed 10°C and the maximum 18°C in order for hatching to occur.

Assumptions for egg hatch rates varied from 50% at 18°C to 100% at 21°C (Barger et al.,

1972), although the authors do not indicate whether these temperatures are minima, maxima

or means.

Greater cold tolerance of later developmental stages has also been reported for T.

colubriformis. In a laboratory study, more T. colubriformis embryonated eggs survived

exposure to 4°C than un-embryonated eggs, while pre-infective larvae remained viable for a

similar period to the embryonated eggs (Andersen et al., 1966). The majority (950/0) of

infective larvae were still viable after 312 days at 4°C. Pandey et al. (1993) reported that

although 950/0 of T. circumcincta eggs hatched to Ll within 3-5 days when kept at 4°C, very

few L3 were recovered at this temperature. However the author did not provide evidence to

indicate whether the cold temperature caused mortality of the pre-infective larval stages, or

simply inhibited development at this point. When L3 were kept at 4°C, 75% of the initial

infective larval population were recovered after 16 weeks.

The various reports of optimal and threshold conditions for free-living development of the

three main GIN species indicate the descending order of cold tolerance is Teladorsagia spp.,

Trichostrongylus spp. and H. contortus. The consistency of observations among studies

facilitates estimates of the temperature range within which development of the three main

GIN species is likely (Figure 2-1). While there is general consistency in the literature relating
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temperature with development success, inconsistencies in the use of climatic parameters (ie.

mean, minimum or maximum temperatures) make direct specific comparisons between

studies difficult. The consequence of this inconsistency is that both the ranges and timeframes

reported for various development processes are very broad. In addition, only a few reports

(eg. Hsu & Levine, ]977; Salih & Grainger, ]982) describe the effects on development and

survival of diurnal or other variations in prevailing conditions.

Climate-based decision support tools for IPM have accommodated the broad effects of

temperature on GIN development but could be further enhanced if future studies reported

temperature effects in units consistent with that reported by most meteorological services,

namely daily maximum, minimum or mean temperatures. Where ranges and means are cited,

they should preferably be for one or more of these defined values. Whether the temperatures

are screen, ground or soil level should also be specified.

2.4.1.2 Phase length - egg to infective larvae

The free-living development process is often expressed as the time taken for freshly deposited

eggs to reach the infective larval stage. When applied to grazing systems, this measure,

together with the success rate of development, is used to predict the timing and extent of

pasture infectivity, and hence provides valuable information for grazing and drenching

strategies.
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Figure 2-1: Temperature range for development of major Trichostrongylid species from un-embryonated

egg to L3. Optimum temperature indicated by box, with most optimum temperature marked by high

colour intensity. Dashed lines (- - -) extend to the upper and lower temperature limits for development.

(Sources: Barger et at., 1972; Crofton, 1965; Usu & Levine, 1977; Jasmer et aI., 1986; Levine, 1963;

Rossanigo & Gruner, 1995; WaUer & Donald, 1970).

In a laboratory study conducted under constant temperatures, H. contortus eggs took a

minimum of 15 days to reach the infective phase at 11°C, and 3 days at 37°C (Silverman &

Campbell, 1959). Berberian and Mizelle (1957) reported that at 12°C, 1% of H. contortus

eggs had developed to L3 after 16 days, while the shortest development period was 2.5 days

at 33°C with all eggs reaching L3 stage. Hsu and Levine (1977) measured H. contortus and T.

colubriformis development at a limited range of temperatures and 100% RH. At 20 and 25°C,

eggs of both species took a minimum of 4 and 3 days, respectively, to reach L3. Species

differences became apparent at 30 and 35°C, with T. colubriformis L3 appearing at 2.5 days

and H. contortus slightly later at 3 days. A deterministic model developed by Smith (1990)

predicted slightly longer transition periods. At 10°C, the minimum development time to H.
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contortus L3 was approximately 16 days, and thereafter decreased at temperature increased,

ranging from 6.4 days at 20°C, 3.5 days at 30°C, and 2.5 days at 37°C (Smith, 1990).

Rapid development to L3 of H. contortus and T. colubrif'ormis has also been reported in the

field. In a wet tropical environment in Malaysia where temperature and moisture were

unlimiting, Cheah and Rajamanickam (1997) observed L3 of both species, appearing in faeces

4 days after egg deposition, and on herbage at 5 days for T. colubriformis and 6 days for H.

contortus. The minimum development periods reported by these authors were shorter than

that reported by Chiejina et al. (1989) at the beginning of the Nigerian wet season, where the

14-day delay between egg deposition and appearance of L3 on herbage was largely a

consequence of minimal rainfall in the months prior to deposition of eggs. In illinois, USA,

infective larvae of T. colubriformis were recovered from plots within 2-4 days after faecal

deposition when the average maximum (weekly) temperature was 31.1°C (±7.5°C), while

recoveries at maximum temperatures below 10°C were poor, with a small proportion

emerging as L3 up to 112 days after deposition (Levine & Andersen, 1973).

The length of time required for T. circumcincta L3 development is also regulated by

temperature. Young et al. (1980) conducted a series of laboratory-based experiments at

constant temperatures, reporting that 95% of T. circumcincta eggs hatched to L1 within 40 h

at 20°C, and 80-90% hatched within 160 h at 10°C. The studies of Salih and Grainger (1982)

reported mean time until hatching for T. circumcincta was shortest at 25°C (1 day) and

longest at 5°C (11.8 days), while development of L1 to L3 was fastest at 30°C (4.9 days),

slowest at 10°C (19.1 days) and did not occur at 5 or 35°C (Salih & Grainger, 1982).

In broad agreement with the laboratory studies are plot studies with T. circumcincta In

England, in which L3 were recovered from herbage within 2 weeks at a weekly mean

maximum soil temperature of 11°C, and in 8 and 10 weeks at 9 and 7°C, respectively (Gibson

& Everett, 1972). In south western Victoria, where mean maximum soil temperatures did not
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fall below 10°C, T. circumcincta L3 appeared on herbage or soil within 4-27 day (Callinan,

1978a). Egg urvived for 2-13 days and pre-infective larvae for 1-14 days, with urvival

times shorte t in summer and longest in winter (Callinan, 1978a).

Although there is a considerable quantity of data available on temperature thresholds for

development, information concerning temperature effects on rate of development is relatively

limited. The development of functions, ba ed on prevailing temperatures, that describe the

length of time between egg deposition and each of the free-living stages, along with the

development succe s rate, would be valuable information for predicting the likelihood of

pasture infectivity at a given time following a grazing event.

2.4.1.3 The effects ofmoisture on development

In comparison to the relative abundance of information regarding the effects of temperature

on larval development, only a mall number of tudies have examined the effect of different

moi ture increments on the free-living stages. This may be a con equence of the complexities

as ociated with measuring and controlling moisture experimentally, given that level are

influenced by a range of often-interrelated factors, including pa ture and soil conditions,

temperature, cloud cover, wind, and evaporation. While cold temperature are generally

limiting to development regardless of moisture availability, the interaction between moisture

and temperature becomes increasingly important as warmer conditions prevail. The moisture

requirements of different specie are a particularly important feature of the epidemiology of

ovine gastro-inte tinal helminthia is, as the often extreme temperature ob erved at the faecal

and soil urface level can promote rapid drying of faecal pellets (Berbigier et aL., 1990;

Young, 1983).

Bioclimatographs developed by early researchers concurred on a figure of approximately 50

mm as the minimum monthly rainfall required for outbreaks of haemonchosis (Gordon, 1948;

Levine, 1963), however more recent experiments have indicated that monthly rainfall
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distribution, pasture conditions and soil moisture are more precIse determinants of H.

contortus development, as discussed below. Unfortunately, there has been little quantification

of the effect of these nloisture variables on free-living development rates and success.

Levine and Todd (1975) developed a formula for predicting the severity of nematode

infections, using soil moisture, dew duration and evaporation as variables describing moisture

availability to developing H. contortus and T. colubr~formis populations. The study concluded

that soil moisture was a more important measure of the degree of hydration of eggs and larvae

than precipitation, but that the use of this variable was limited by the impracticalities

associated with measuring soil moisture (Levine & Todd, 1975). In the H. contortus

predictive model developed by Barger et al. (1972), the percentage of newly hatched larvae

successfully developing to L3 was dependent upon the amount of time taken for cumulative

precipitation to exceed cumulative evaporation. If this occurred within a one week period,

90% of Ll were predicted to emerge as L3, while the rate fell to 50% if precipitation took

three weeks to exceed evaporation. Subsequent studies have also acknowledged the influence

of evaporation on moisture availability to the free-living stages. Another model of free-living

H. contortus development assumed that conditions were appropriate for H. contortus hatch

and development if cumulative rainfall exceeded cumulative evaporation by at least 3 rom

during the 1st two days after faecal deposition and air temperature was above 16°C, (R.

Dobson, unpublished data). Similarly for T. colubriformis, the probability of development to

L3 was derived from the pasture moisture conditions (evaporation minus rainfall) in the two

days following egg deposition, and the length of time until an effective fall of rain (Barnes et

al., 1988). Effective rainfall was defined as total rainfall over 7 consecutive days exceeding

16 rom, with the probability of an egg developing to infective larvae declining as the length of

time between egg deposition and effective rainfall increased. Recovery of infective larvae was

optimised when moisture was available in the first week after eggs were deposited (Barnes et

al., 1988).
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However in the winter-rainfall environment of We tern Australia's south coast, the proportion

of green pa ture and the di tribution of rainfall immediately following egg deposition were

more critical for H. contortus development than both total rainfall and mean evaporation in

the same period (Besier & Dunsmore, 1993b). L3 were recovered in the absence of rainfall

when pasture plots contained a significant amount of green material, a likely effect of the

lower drying of the faecal pellet due to increased RH and decreased evaporation under green

herbage compared to drier herbage. Additionally, higher recoveries were observed following

8 mm of rain spread acro 4 consecutive days, compared with plots that received 26 mm on a

single day.

The re ults of Besier and Dun more (1993b) suggest that a more comprehensive array of

factors, other than total rainfall, must be included in attempts to quantify the influence of

moisture. In his thesis, Besier (1992) concluded that both relative humidity and rainfall were

poor measures of moisture status at the microclimatic level, and that a visual asse sment of

pa ture greenness may be u ed a a qualitative indicator of moi ture availability for the free

living population. The author does not describe the relationship between green material and

FMC, although it would seem intuitive that the level of green herbage would have a direct

influence on moi ture in faeces, both initially (that is, the effect dietary intake of green feed

on FMC of grazing sheep) and in terms of the effect of green matter on microclimate RH and

evaporation, and hence faecal drying.

The effect of irrigation on development of free-living stages has been the subject of everal

studies. Gruner and Suryahadi (1993) reported that flood irrigation of pasture contaminated

with parasitised faeces increased air humidity and lowered maximal oil temperature, relative

to non-irrigated pastures, and that development ucce of T. circumcincta and T. vitrinus wa

proportional to the length of immersion of faeces. Earlier, Bullick and Andersen (1978)

showed that spray irrigation reduced soil temperature, increased soil water content and was
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conducive to H. contortus free-living development and survival. Uriarte and Gruner (1994)

found that spray irrigation favoured the n1igration of bovine trichostrongyle L3 onto herbage,

while flood irrigation favoured n1igration into the soil.

Laboratory studies have enabled the effects of moisture on H. contortus development to be

more quantitatively measured, although generally at the expense of integrated information on

other environmental influences, such as pasture and soil effects, and natural fluctuation in

temperature. Hsu and Levine (1977) reported maximum recoveries of H. contortus L3 when

un-embryonated eggs in faeces were incubated at a constant 100% relative humidity (RH) but

no L3 were found at 850/0 RH. However, if RH was cycled between 70 and 100% (mean of

850/0; 12 h at each level), L3 appeared within six days (Hsu & Levine, 1977), suggesting that

development occurred in periods when humidity was greater than 850/0, and that the alternate

12 h periods of low humidity were insufficient to kill the eggs. Rossanigo and Gruner (1995)

measured the effect of faecal moisture on free-living development by adjusting the faecal

moisture content to within the range of 15-850/0, either by drying at 28°C in an incubator or by

adding water. Optimum development of H. contortus eggs to infective larvae occurred at 23°C

and a FMC of 700/0. At the same temperature, the optimal FMC for T. colubriformis and T.

circumcincta were 65% and 600/0, respectively. The minimum FMC that permitted 1% of H.

contortus eggs to develop to infective larvae at 23°C was 390/0, a value considerably higher

than that of T. circumcincta (250/0) but only marginally higher than that for T. colubr~formis

(350/0) (Rossanigo & Gruner, 1995).

Apart from Rossanigo and Gruner (1995), few attempts have been made to correlate FMC

with development of free-living GIN stages, however it seems intuitive that, given the

importance of moisture for development and the role of microclimate in this process, it is

FMC that integrates climatic influences and then drives both rate and success of transition

from egg to infective larvae. With temperature, rainfall, evaporation, and pasture conditions
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among orne of the immediate influences on FMC, knowledge of the effects of these variable

on faecal moi ture, combined with quantitative data of free-living development rate and

success at different FMC values, may provide a successful approach to quantifying

development in respon e to macroclimate conditions.

2.4.1.4 Resistance to desiccation

As with temperature, difference in usceptibility to desiccation have been ob erved both

within and between species. The low resistance of pre-infective H. contortus to dehydration i

highly characteri tic of thi pecies which dominates in areas with warm moist summer. The

finding of Rossanigo and Gruner (1995), di cus ed in section 2.4.1.3, suggest that T.

circumcincta eggs are capable of development to L3 with con 'iderably lower faecal moisture

availability than T. colubriformis or H. contortus eggs, while those of Berbigier et al. (1990)

suggest that the latter is more susceptible to dehydration than T. colubriformis. Earlier studies

by Waller and Donald (1970) reported that the latter species had two desiccation-re'i tant

stages - embryonated egg and infective larvae - whereas only the infective larvae of H.

contortus were able to survive in moisture-limited environment. A consequence of this

susceptibility to de iccation i that a significant rise in H. contortus infective larval pasture

populations is likely only following rain and only from eggs deposited shortly before or

during the wet period.

In Guadeloupe (longitude: 61.35W, latitude: 16.25°N), Gruner et al. (1989) recovered

negligible H. contortus from goat faeces on non-irrigated plots over 26 days, although small

numbers of T. colubrifonnis eggs were able to survive 10 days of hot, dry conditions before

developing to L3 following several rainfall event between day 11 and 20. Field studie in a

dry tropical climate demonstrated the effects of FMC of goat faeces on H. contortus and T.

colubriformis development (Berbigier et aI., 1990). Under approximately 7 cm of herbage

drying occurred rapidly post-faecal deposition, with FMC falling to < 50/0 after 48 h during

which no rain fell and minimum daily air temperature was 21°C. At this stage, 6% of H.
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contortus eggs remained viable, compared with 360/0 of T. colubr~fonnis eggs (Berbigier et

al., 1990). However under conditions of lower evaporation and lower mean maximum

temperatures, it is likely that faecal moisture at time of deposition may be adequate to allow

hatching of some eggs. We conducted plot studies in mid-sunlmer in the New England region

(longitude: 151.39°E, latitude: 30.3] OS) of NSW, Australia, finding that] 6% of H. contortus

eggs in sheep faeces hatched to pre-infective larvae during the week following faecal

deposition, despite there being no addition of rainfall (Figure 2-2). Treatments in which

moisture was added within 4 days of faecal deposition led to a higher hatching success rate.
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Figure 2-2: Back-transformed LS means and 95 % C.I. of H. contortus pre-infective larvae recovery over

time from infected faeces deposited on plots in mid-summer (mean daily minimum temperature: 11°C;

mean daily maximum temperature: 25°C) in the New England region of NSW, Australia. Plots were either

unwatered or treated with simulated rainfall at day 1 or day 4, following faecal deposition. No L3 were

recovered from herbage under any treatment. Means with different letters differ significantly (p<O.05).

Little information is available concernIng the effects of desiccation on free-living T.

circumcincta, although worm control in Mediterranean climates has long been based on the

assumption that hot dry conditions over summer are lethal to T. circumcincta free-living

stages (Anderson, 1972, 1973; Anderson et al., 1978). Callinan (l978a) reported that in plot

trials with T. circumcincta in western Victoria, Australia, few viable eggs were recovered
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when mean daily herbage RH was below 70~ following faecal deposition. In the arne

region, mortality rate of T. circumcincta eggs and pre-infective larvae broadly paralleled the

rate of moisture loss from faecal pellets (Young, 1983), with the initially high mortality

followed by a rapid drop in death rate as moisture loss slowed, as measured by moisture

probes positioned in the centre of the faecal deposit.

2.4.2 Migration and survival of infective larvae

Once development to the L3 stage is complete, all three major pecle are con iderably Ie s

usceptible to unfavourable climatic condition . Variables such a temperature and moi ture

still playa significant role, however the limits for L3 urvival are much less restrictive. While

it is not fully understood why infective larvae survive better than pre-infective stages, it could

be attributed in some part to their ability to migrate to more favourable microenvironments.

The protective 3rd stage larval sheath is also likely to play a significant role as it affords

resistance to desiccation. However the heath also prevents feeding by infective larvae, thus

making them usceptible to higher temperature which increase metabolic rate through

depletion of energy reserves. Experiments conducted by Taylor (1938) and Crofton (1948) put

an end to the common belief that larvae migrate to the tips of grass blade and remain there

until they either died or were ingested. In pa ture plot studies the majority of larvae were

found in the lower portion of the herbage, where death rates were lower and climate was least

variable (Crofton, 1948). Silangwa and Todd (1964) concluded that migration of larvae was

random and limited by environmental factors, and not necessarily a pre-determined response

of the parasite to move in a direction that may offer more chance for the larvae to be picked

up by the grazing host animal.

2.4.2.1 Factors influencing migration ofL3 to herbage
The movement of nematode larvae is facilitated by a continuous film of moisture on herbage,

such as that which might be present due to rainfall or dew. When moisture is not a limiting

factor, temperature asserts a greater influence over migration (Stromberg, 1997). However,
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few studies of the influence of climatic factors on migration alone have been conducted since

both Silangwa and Todd (1964) and Levine and Andersen (1973) showed that migration rates

of trichostrongyle larvae increased with temperature. Prior to this Rogers (1940) investigated

the effect of light intensity on larval migration (mixed species), finding that vertical

nlovement was minimal when larvae were kept on herbage plots in the dark. There were also

differences between species in terms of ideal migratory conditions, with H. contortus more

active at higher tenlperatures, and migrating onto relatively dry grass at a faster rate than

Trichostrongylus spp. and Teladorsagia spp. (Rogers, 1940). Further investigation or

confirmation of these results do not appear in more recent studies.

Both Barger et aL. (1972) and Besier and Dunsmore (1993b) used herbage green matter as a

predictor of H. contortus L3 recovery from pasture, however the relationships described in

both studies are not solely a beneficial effect of green matter on migratory conditions, but

rather a more complex association in which green matter provides a favourable environment

for both the development process and the migration of resultant larvae.

Reports of differences between species in the rate of migration from the faeces are more

common than those describing climatic influences on larval movement. Donald (1968)

reported that migration of H. contortus in south-west England in June occurred over a 3 week

period following egg hatching, while Gibson and Everett (1976) also reported rapid migration

of H. contortus soon after completion of development, with negligible L3 recovered from

faeces. Like H. contortus, infective larvae of T. colubriformis were observed to migrate

rapidly onto herbage once development was complete, with no L3 present in the faeces a '"few

weeks" after hatching of eggs (Gibson & Everett, 1972). In the same study, T. circumcincta

larvae remained in faecal pellets for a considerable period, providing a long-term reservoir of

infection. L3 were present both in faeces and on pasture for 10 months when egg deposition

occurred in May, and once the T. circumcincta L3 faecal population receded, recovery of L3
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from pa ture rapidly declined (Gibson & Everett, 1972). Similarly, Callinan (1978a) found

that T. circUJncincta migration from the faecal micro-environment continued for as long a

pellets per isted - up to 90 days during cold, dry weather. The significantly shorter period of

faecal L3 persistence compared with the Briti h study was mo t likely a consequence of

climatic differences - the latter study was conducted in southern Australia, where conditions

may have been less favourable for pellet preservation compared to the cold British winters

and wet but mild summers.

This distinct difference in migratory behaviour between species is likely to playa ignificant

role in the contra ting periods of larval decline between the three major pecies, with infective

larvae of T. circumcincta generally recovered from the herbage for significantly longer

periods after deposition than both H. contortus and T. colubriformis (see section 2.4.2.2).

2.4.2.2 Survival of infective larvae

The survival of infective larvae, whether on herbage, or in soil or faeces, is of considerable

interest from a practical viewpoint, as it is thi parameter that will contribute significantly to

the succe s of management approaches designed to avoid grazing on heavily infe ted

pastures. With L3 the mo t resistant free-living stage to temperature and desiccation, it is

unsurprising that many studies report lengthy periods of infective larval availability on

pasture, under conditions that are unfavourable to earlier stages of the free-living cycle.

Barger et al. (1972) assumed the death rate of the H. contortus L3 population to be

approximated by a function of daily maximum temperature and humidity, while Leathwick et

al. (1992) in a model for mixed nematode infections of heep, u ed a constant daily urvival

rate of 0.977, suggesting that this value gave equivalent output to climate-driven variable

survival. This latter assumption is difficult to agree with given the influences of climate on

larval survival reported by numerous authors (see below). It also assumes that pasture plays

no role in survival, despite the variation in conditions reported both between different herbage
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heights (Rose, 1964; Rose & Small, 1984; Sakwa et aL., 2003), and between the pasture

microclimate and the macroclimate. Figure 2-3 shows the larval survival curves, adapted from

the modelling of Barger et al. (1972), for H. contortus populations under a range of

temperatures and RH. Also plotted is the constant survival rate used by Leathwick et al.

e1992). According to the earlier model, survival is greater at colder temperatures, while higher

levels of RH promote greater survival. Leathwick's constant survival rate approximates the

exponential decay shape of the Barger et al. (1972) model, with a rapid initial drop in pasture

contamination followed by a prolonged tail. However the differences in larval survival

between the two are substantial especially at temperature and RH extremes. According to the

Leathwick et al. (1992) survival rate, 50% of the initial infective larvae population will

remain after 31 days. However the Barger et al. (1972) model predicts a population half-life

of 93 days at 850/0 RH and 12°C, and only 9 days at 35% RH and 28°C. At 650/0 RH and 20°C,

the Barger et al. (1972) survival model closely approximates that of Leathwick et al. (1992),

with the half-life of the former model equalling 33 days.

Laboratory studies have demonstrated differing levels of resistance to unfavourable

temperatures between the infective larvae of different species. Pandey et at. (1993) reported

survival of T. circumcincta larvae for up to three months at a constant -10°C. At the same

temperature, few T. colubriformis L3 survived longer than 8 days (Andersen et aI., 1966),

while Todd et al. (1976) reported that only 1% of H. contortus L3 remained viable beyond 24

hours at -10°C. Jasmer et al. (1987) compared survival of H. contortus and T. circumcincta

under freeze/thaw conditions in water, reporting that 48% of T. circumcincta L3 remained

viable for 10 weeks when temperatures were alternated on a 24hr cycle between -10°C (15hr)

and 3°C (9hr), while no H. contortus L3 were viable after 14 days under the same conditions.

At higher temperatures, survival is considerably longer. The study by Jasmer et al. (1987) also

found that more than 900/0 of both H. contortus and T. circumcincta L3 were viable after
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storage at a constant 3°C for 10 weeks, although Boag and Thomas (1985) found that T.

circumcincta survived longer than both T. colubriformis and H. conforfus, In water at

temperatures between 5 and 30°C.
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Figure 2-3: Larval decay curves on pasture based on L3 death rate functions of Barger et ai. (1972) and

Leathwick et al. (1992). Curves represent the decay in larval numbers from a given time point, with no

allowance for additional development of L3 from the faecal reservoir.

The ability of L3 of the three main species to withstand cold temperatures prevailing under

natural conditions facilitates over-wintering of the free-living population and imposes an

additional constraint on evasive grazing management strategies. Ransom (1906) reported that
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H. contortus infective larvae were able to survive outdoors over the winter in the United

States (location not specified) when temperatures were below freezing for one quarter of the

three month period, and larvae were frozen and thawed 32 times. A study conducted in Britain

reported that H. contortus infective larvae were recovered throughout winter, when weekly

mean Hunimum ground temperature was below SoC, and for up to 60 weeks following

contanilnation of plots the previous autumn (Rose, 1963). In the summer rainfall regions of

Australia, H. contortus larvae derived from eggs deposited in late summer-autumn can

survive through winter, maintaining their infectivity for ingestion in spring (Anderson et al.,

1978), while field studies in the same climate have indicated that T. circumcincta and

Trichostrongylus spp. are also capable over over-wintering, with pasture remaining infective

for up to 12 months (Southcott et al., 1976). In winter rainfall regions, H. contortus survival

on pasture from late autumn to mid spring is correlated with availability of moisture and

cooler temperatures (Besier & Dunsmore, 1993a). Over-wintering in this climate provides H.

contortus with a significant advantage in that larvae are available for ingestion in spnng,

before hot, dry summer conditions destroy the remaining infective populations.

It is this effect of hot dry conditions on L3 populations that is of greatest relevance to

producers in winter rainfall areas, with most local gastro-intestinal parasite control schemes

based on the assumption that the summer period will act as a seasonal pasture

decontamination event. A study in Western Australia indicated that a typically dry summer

created an effective barrier to H. contortus development and survival (Besier & Dunsmore,

1993b), while reports on plot studies with T. circumcincta in the same region (Anderson,

1972; Anderson, 1973; Callinan, 1978a) also showed that few or no larvae were recovered

from December through to February.

Survival of infective larvae under tropical conditions is generally shorter than under temperate

conditions, most likely due to higher temperatures increasing the metabolic rate of larvae,
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resulting in rapid depletion of energy reserve (Cheah & Rajamanickam, 1997). In wet

tropical Malaysia, only 100/0 of the peak larval population of T. colubriformis and H.

contortus remained after 5 weeks (Cheah & Rajamanickam, 1997), while a similar reduction

in pasture infectivity was observed within 4-5 weeks on irrigated pasture in humid tropical

Guadeloupe (Gruner et al., 1989). Barger et at. (1994) recovered H. contortus, T.

colubriformis and Oesophagostomum columbianum L3 for 3-7 weeks on herbage in wet

tropical Tonga, while an earlier tudy in Fiji by Bank et al. (1990) had reported urvival

tin1e of 5-13 week for H. contortus and T. colubrifonnis on herbage. The relatively short

survival time of free-living GIN population under these conditions has highlighted the

potential for rotational grazing strategie to manage GIN infections in tropical region , with

Barger et al. (1994) providing preliminary evidence that a system based on 3.5 d graze

periods and 31.5 d rest periods could substantially reduce goat worm egg counts relative to an

adjacent et-stocked flock. Chandrawathani et al. (1995) reported similar reduction in sheep

worm egg counts in Malaysia, ba ed on a 3-5 d graze period and 31 d rest periods. More

recently, uccess in controlling H. contortus ha been reported using intensive rotational

grazing in a cool summer rainfall environment (Healey et aI., 2004).

Seasonal and inter-species differences in L3 longevity correlate quite closely with the rate of

larval migration from faeces. Following relatively rapid migration to herbage, T.

colubriformis and H. contortus L3 are exposed to the elements, whereas T. circumcincta

larvae are able to take advantage of the protective environment of the faecal pellet during

adverse condition . According to Ander on et al. (1978), Teladorsagia pp. larval populations

from summer contamination declined more slowly than other pecies, partly as a re ult of

comparatively slow migration from the protected environment of the faeces to the relatively

exposed herbage. Morley and Donald (1980) concluded that the persistence of pasture

infectivity for long periods is correlated with the presence of L3 in soil and faeces. With

migration from these source coinciding with availability of sufficient moisture, infective
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larvae n1ay survive long periods of low temperatures and moderately dry conditions before

becoming available for ingestion. The converse of this is that warm, moist conditions promote

high levels, but comparatively short periods, of pasture infectivity by rapidly depleting soil

and faecal reservoirs of larvae (Morley & Donald, 1980).

2.5 Conclusion and recommendations

The considerable volume of research conducted on the free-Jiving stages of the major GIN of

sheep provides ample support for the notion that environmental effects can be manipulated or

exploited as part of integrated parasite management. Since the 1970s, knowledge of the

effects of cold temperatures on both pre-infective and infective stages of the three main

species has improved, while investigations into L3 survival of each species has contributed

valuable information for grazing management relevant to a range of sheep-producing regions.

Possibly the most significant development in recent times has been the initiation of studies

concerning moisture effects on free-living development. Our quantitative understanding of the

effects of a range of moisture-related variables is currently Jimited, however there is scope for

significant work in this area.

Laboratory studies have broadly determined the role of individual ecological factors in the

developmental success of the free-living stages, providing an indication of the thresholds and

optimum conditions necessary for development. Studies conducted in the field have permitted

the measurement of larval development and survival under conditions mimicking those at the

paddock level, however the number and complexity of environmental effects and interactions

makes quantifying the influence of variables under these conditions difficult. Nevertheless,

clear species differences have emerged in both laboratory and field studies in the optimum

and threshold environmental conditions required to support the development of the free-living

stages H. contortus, Trichostrongylus spp., and T. circumcincta (Table 2-2).
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Inconsistencies between climatic measurements at the macro- and micro-climate level have

imposed an additional difficulty for the quantification of ecological effects. These

inconsistencies highlight the need for standardised measures of climate and for future studies

which either measure directly, or enable estimation of, the microclimate around the

developing life-cycle stages. Reliance in the past on long-term weather averages to predict

infectivity of pastures has obscured the fact that development may be limited by the relatively

short lifespan of the early free-living stages (Barger et aI., 1972; Berbigier et aI., 1990), hence

daily fluctuations in weather and environment play a major role in determining pasture

infectivity.

Table 2-2: Key differentiating features of environmental influences on the free-living stages of the major

trichostrongylid nematode parasites of sheep.

Stage of life cycle

Nematode
species Un-embryonated

Embryonated egg Pre-infective larvae Infective larvae
egg

Highly susceptible
Susceptible to cold Optimum survival in

& desiccation. warm, moist
to cold &

Negligible hatching Highly susceptible to weather. Poor
H. contortus desiccation. High

below 10°C. Low cold & desiccation survival in cool or
mortality below

hatching rates in warm dry weather &
10°C.

absence of moisture sub-freezing winters

Intermediate Intermediate Susceptible to cold.
Optimum survi val in
cool or warm moist

T. colubrif'ormis
susceptibility to cold susceptibility to cold. High mortality below

weather. Poor
& desiccation. High Low susceptibility to SOC. Susceptible to

survival over sub-
mortality below 5°C desiccation. desiccation

freezing winters

Low susceptibility Optimum survival in
to cold. High egg

Low susceptibility to
Intermediate cool, moist weather

T. circumcincta
viability at 0-1 O°e.

cold & desiccation.
susceptibility to cold. & sub-freezing

Intermediate
Hatching below 5°C

Susceptible to winters. Poor
susceptibility to desiccation survival in warm, dry

desiccation weather

The further development of predictive models that integrate daily environmental variables

over a considerable period, based on their effect at the microclimate level, would provide a

practical and valuable means of predicting the likelihood and magnitude of pasture infections.

As illustrated in Figure 2-4, we propose that future studies in this area incorporate standard
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measures of macroclimate as reported by meteorological serVIces, In addition to any

microclimate measurements made. This is because any conceivable model of the free-living

stages will require climatic data input and this will have to be that which is routinely

collected. We also propose that a major effort be made to define the effect of faecal moisture

content and faecal temperature on each developmental stage for each of the major sheep

trichostrongylid species. The work needs to incorporate interaction between these two effects

and should cover typical ranges of temporal variation in both in the first few days following

deposition. This process can be conducted in the laboratory and has already been initiated by

Rossanigo and Gruner (1995), among others. However it needs to be supplemented by field

studies that closely define the relationship of macroclimatic variables (and other

environmental effects) with faecal temperature and moisture content. These two experimental

processes will provide response surfaces for the effects of faecal temperature and moisture on

development to L3 for each species, and provide details of how these variables (faecal

temperature and moisture content) are influenced by macroclimatic and other physical

environmental attributes such as pasture sward characteristics. The two sets of work can be

done independently and cost effectively, resulting in a major reduction in overall work load

relative to comparing all possible environmental interactions in field studies in which

developmental stages are measured. While this approach will facilitate accurate modelling of

development to L3, it does not take into account the effects of predation, which may vary

independently of faecal temperature and moisture. Environmental effects on survival of L3

will also continue to require resource-intensive field experimentation or use of climate

chambers. We recommend that, wherever possible, tracer sheep be used to assess levels of

pasture contamination, rather than the less sensitive pasture larval recovery methods.

The development of accurate predictive models of larval development, through ecological

studies such as those suggested above, would significantly improve the efficacy of IPM

systems on farms, by enabling site-specific and accurate decision-support.
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Faecal temperature and Field studies

\=J Environmental
Faecal moisture content variables

Laboratory!J:tudies Rainfall

.,,---------------,
I Development to L3 \ Evaporation
I I
I (intra-faecal pellet) I
I • Transition rate to next stage I Maximum temperature
I I
\ • Death rate J.... _-------------- Minimum temperature

D Pasture characteristics
.".--------------- ....

I Infective L3
,

I I Soil type
I • Migration between I \=JI reservoirs I
I

• Death rate
I Field studies Aspect

\ I----------------
Figure 2-4: Conceptual framework for future investigations into the ecology of the free-living stages of

sheep gastrointestinal nematode parasites. It is proposed that environmental influences on development to

L3 within the faeces are mediated largely by interactions between faecal moisture and temperature. These

variables are relatively easy to manipulate and measure (solid box) so detailed investigations into their

effects on larval development which is laborious to measure (dotted box) are best conducted under

controlled laboratory conditions. When evaluating the effects of interactions between environmental

variables on larval development in field studies, rather than measuring development directly, resources

would be conserved by evaluating effects on faecal moisture and temperature alone. Effects on larval

development could then be inferred from fundamental knowledge developed in laboratory studies into the

interaction between these two effects. Evaluation of environmental influences on survival of L3 would still

have to be evaluated directly in the field or in climate chambers.
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Chapter 3 - General Materials and Methods

General Materials and Methods

3.1 Study site

3.1.1 Plot experiments (Chapter 4)

All plot experiments were conducted at the CSIRO rain-out shelter (Figure 3-1), Chiswick,

approximately 20 knl south of Armidale (latitude: 30°31 'S, longitude: 151°39'E, altitude: 1070

m). The shelter' automatic retractable roof covered plots during natural rainfall events, with

0.2 mm of rain required to activate the computer system controlling the roof. In the absence of

ongoing precipitation the roof retracted and expo ed the plot area to ambient environmental

condition . Within the shelter, an area of approximately 11 m x 11 m of pasture was used for

each experiment. Herbage was cut to a uniform height of approximately 50 mm prior to the

beginning of each experiment. The herbage area was divided into individual plots (Figure

3-2), each delineated by galvanised square steel dividers (390 x 390 x 120 mm), creating a

solid barrier approximately 100 mm high around each plot. Plot were contaminated with

heep faeces infected with H. contortus eggs on four occasions - 13 May 2004, 12 October

2004,25 January 2005 and 8 February 2006.

3.1.2 Laboratory experiments (Chapters 5 and 6)

During both series of laboratory studies, experimental units containing sheep faeces and steam

sterilised soil were placed in two climate-controlled incubators (MIR 253, Sanyo Electrical

Biomedical Co., Ltd.), as shown in Figure 3-3. Incubators were programmed to cycle through

specific temperature regimes, as presented in experimental chapters. Evaporation varied

between shelve , decreasing towards the base of the incubators due to the effect of circulating

air from the fan situated behind the top shelf. Prior to the second experiment, one incubator

was modified so that humidity and evaporation could be controlled manually, allowing

significantly higher evaporation rates than in the un-modified unit. Experimental units were

contaminated with sheep faeces infected with H. contortus eggs, and were placed on shelves

within each incubator as described in Chapters 5 and 6.

50



Chapter 3 - General Materials and Methods

Figure 3-1: The CSIRO rain out shelter, Chiswick, at which all

plot experiments were conducted.

Figure 3-2: An individual plot,

delineated by a galvanised steel

divider, containing faeces and a

polycarbonate cylinder to measure

amount of simulated rainfall.

Figure 3-3: Sanyo climate controlled incubator containing
~===d
:~~:~:::z::~:~::::::~::::~@~~:~:;~~:i~:~:~:~~~~iW? ••

'(:;:;:::;:;ii:;:;:;:;:;:;;(::; experimental umts. Umts on the upper two shelves are fitted

with polycarbonate filter jars for simulated rainfall events

~~If"'I'f""" (see section 3.3).

3.2 Infection of sheep and harvesting of faeces

3.2.1 Plot experiments

For each experiment, Animal Ethics Committee approval was obtained to infect sheep with

Haemonchus contortus larvae to produce sheep faeces infected with H. contortus eggs, and

animals were maintained in accordance with the NH&MRC (2004) Australian Code of

Practice for the care and use of animals for scientific purposes. At each time, 10-15 merino
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wethers aged 12-24 months from Chiswick Field Station were given a quarantine drench of

levamisole and benzimidazole (2 ml/l0 kg COMBI ®: 34 gIL albendazole oxide and 70 gIL

levamisole hydrochloride; Novartis Animal Health Australasia Pty. Ltd., Australia) and

ivermectin (2 ml/4 kg IVOMEC ®: 0.8 gIL ivermectin; Merial Australia, Australia) 7 days

prior to being infected with 10000-15000 H. contortus L3 (Kirby strain, isolated locally in

1982, CSIRO Livestock Industries) via oral drench. Animals were housed indoors for 14 d

following infection, then moved to pasture so that faecal dry matter was similar to that of

grazed sheep. On the day prior to faecal collection (d 27 or 34) sheep were moved indoors and

harnessed with faecal collection bags. The following morning (12-18 h after harnessing)

faeces were collected and WEC conducted on each sample. Faeces collected from individual

sheep which were of adequate egg count were pooled and mixed manually in a large container

for a period of approximately 10 min. A pooled WEC (see section 3.4) was conducted on four

20-30g aliquots of the faeces to determine the egg count per gram, and hence the plot

contamination rate.

3.2.2 Laboratory experiments

For the first incubator experiment (Chapter 5), faeces were collected from sheep in which H.

contortus infections (Kirby strain) had been whi'ch maintained over a period of up to 6 months

following a bolus challenge of 10,000 L3. The sheep were housed permanently in the

Chiswick Field Station Animal House. Harnesses were fitted to 3-4 sheep for approximately

18 h prior to collection. Worm egg counts were conducted on faeces collected from individual

sheep and on a bulk sample after mixing among sheep, as per the grazed sheep samples.

In the second incubator experiment (Chapter 6), faeces for the first two replicates were

obtained from 2 sheep infected with H. contortus (Kirby strain) via trickle infection and

housed in the University of New England animal house. Sheep had received a priming dose

(150 L3 per kg bodyweight) of H. contortus L3 34 days or 55 days prior to faecal collection,

followed by a maintenance dose of 250 L3 per head three times a week until faecal collection.
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Larvae were administered orally using a roux revolver (for delivery of a precise amount of

larval solution). The second replicate was started 7 days after the completion of replicate 1,

hence sheep had continued to receive the maintenance dose of larvae for the intervening three

weeks. On the day of faecal collection (d 0) harnesses were fitted to sheep for approximately

]8 h prior to collection, when faeces were bulked and mixed to determine WECo In the final

replicate of the second experiment, faeces were obtained from the same source as the first

incubator experiment, as the sheep used in previous replicates had been drenched and returned

to the paddock.

3.3 Simulation of rainfall

The watering methods used to simulate rainfall events during plot studies have been described

in Chapter 4, and will not be discussed in detail here. In laboratory studies, watering devices

were designed in order to mimic as closely as possible the rate and intensity of natural

rainfall. Polycarbonate jars (250 ml), identical to those used as experimental units, were

converted to filters by drilling 17 x 2 mm diameter holes in the base of the jar and then

covering the base with a layer of filter paper (Whatman filter paper; filter speed: slow). At

each watering event, filters were fitted to the designated experimental units Figure 3-3, filled

with the designated amount of water, and left to drip onto faeces at a rate of approximately 4

mmIhr before being removed 5 hr later.

3.4 Worm egg counts (WEe) - modified McMaster technique

Faecal samples (1.5-2.5 g) collected from individual animals were diluted with de-ionised

water at a 1:5 ratio, before being mixed to a slurry. From each sample, a 150 III aliquot of

faecal solution was taken up through a sieve (600 Ilm aperture) and added to 600 III of

saturated salt solution in a Whitlock Universal counting chamber (500 ~l under the counting

area). Eggs were enumerated at x 40 magnification, with 1 egg equal to 60 eggs per gram.
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3.5 Intra-pellet enumeration

For enumeration of free-living stages present in faeces, water was added to faecal samples to

make up the starting fresh weight, and then samples were ground and mixed thoroughly. A 2

g subsample of the homogenised faeces was diluted at a 1:5 ratio with de-ionised water,

forming a slurry of 12000 fJ I in volume, and samples were refrigerated at 4°C while awaiting

processing. A stainless steel mesh cylinder was inserted into the sample tube and a 60 fJ I

subsample of the slurry taken up with a pipette and placed on an etched glass microscope

slide. Water (180 Ill) and Lugol's iodine (2-3 drops) were mixed into the faecal slurry, and

the slide was examined under x 40 magnification. H. contortus eggs were categorised as

either un-embryonated, embryonated or degenerate, and larval stages as Ll and L2 (pre-

infective) or L3 (infective) (Figure 3-4), based on length and presence of an outer sheath. The

following equation was used to determine the number of free-living stages per plot:

Free-living
stages per plot

=
120001J1

60 IJI
x C x D

where C = weight (g) of fresh faeces
deposited per plot
D = number of free-living stages per
60 ~I subsample

3.6 Faecal moisture content (FMC)

In the final plot study (summer 2006) and both incubator studies, FMC of fresh pooled faeces

was measured at d 0, and subsamples of faecal material collected at designated intervals

during experiments were also reserved for FMC estimation. Faecal samples of known weight

('fresh weight') were dried at 80°C for at least 5 days before FMC was measured using the

following equation:

FMC (%) =
Dry weight

Fresh weight
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Figure 3-4: Haemonchus contortus free-living stages recovered by intra-pellet

enumeration (photos are not to scale). a) Degenerate egg, identified by breakdown

of blastomeres; b) Embryonated egg (E2), with embryo beginning to hatch; c) Pre

infective larva (categorised as Ll and L2); d) Infective larvae (L3) distinguished

from pre-infective larvae by length and presence of outer sheath.

3.7 Pasture larval recovery technique

A modified version of the pasture larval recovery technique described by Martin et ale (1990)

was used in each of the plot studies. Adaptations made to the Martin et ale (1990) procedure

and validation of the new procedure are described in Appendix 1.

Herbage was placed in coarse aperture (1 mm) mesh bags suspended inside a 20 L bucket,

covered with 10 L of water and soaked for 6 h in approximately 25 g non-ionic detergent

(Pyroneg, SUMO, JohnsonDiversy Pty Ltd, Smithfield, Australia). Following soaking,

samples were rinsed and drained over the buckets, and the washings left to ediment

overnight. The supernatant was then siphoned off through a filter to minimise disturbance of
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sediment, and the remaining 4 L of sediment and water sieved through a coarse aperture (1

mm) sieve into a polyethylene bag with a V -shaped base. The bag was suspended overnight to

sediment, then plit to remove the supernatant and the sediment collected in a 250 ml jar with

50-80 ml of 70% ethanol. The excess alcohol was removed and the amount of sediment

recorded (A), mixed by inversion and a 3 ml subsample transferred to a 15 ml tube with 7 ml

of potassium iodide (KI) solution (r.d. 1.4). Following centrifugation at 1400 g for 6 min to

eparate the larvae from the soil sediment, the supernatant was collected, diluted up to 50 ml

with de-ionised water and then centrifuged again (1400 g, 6 min) to sediment larvae.

Supernatant was removed, leaving 0.8 - 1.5 ml (B) larval sediment and water. Replicate 0.2

ml subsamples of the larval solution were transferred to two chambers of a Whitlock

Universal counting slide (500 JlI), each containing 0.4 ml KI (r.d. 1.6) to float larvae. The

solution was stained with 1 drop of Lugol's iodide, and larvae (pre-infective and infective)

were identified and counted under x 40 magnification. The number of larvae per plot was

calculated thus:

Larvae per plot =
A

Subsample (3 ml)
x B

Volume examined
(0.2 ml)

x L3 per chamber
(average of two

chambers)

At each sampling event two herbage samples, clean of H. contortus larvae, were collected and

spiked with a known number of H. contortus L3 (3000-6000 per sample) to act as controls for

the pasture larval recovery process. Samples were processed as per experimental herbage

samples. Recovery was variable between sampling events and between control samples

collected on the same day, varying between 60 and 90% recovery of spiked L3. Recoveries

calculated for pasture samples therefore represent an underestimation of actual numbers of

free-living stages present on the herbage. Due to this variation in recovery between spiked

samples, the recovery rates calculated at each sampling event from experimental plots were

not adjusted for spiked recovery rates, but rather presented as raw recovery.
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3.8 Soil larval recovery technique

In the climate chamber studies, where experimental units (250 ml polycarbonate jars) were

COlllposed solely of soil and faeces, soil larval enumeration was conducted as a mea ure of

larval development and migration fronl the faeces. The process was essentially identical to the

laboratory flotation/sedimentation process described previously for pasture larval recovery

(section 3.7), with part or all the soil profile collected for processing. Validation of the

proces was conducted prior to the start of experimentation, and i de cribed in Appendix 2.

In the fir t incubator study, the top 25 nun of soil from experimental units was collected in

250 ml jar , combined with 50-80 ll11 of 700/0 alcohol to saturate and left to sediment for

several day . Following removal of most of the supernatant (5-10 mm remaining above the

sediment) and mixing by inversion, a 3 ml subsample of the sediment slurry was processed

according to the procedure detailed in section 3.7. The number of larvae per experimental unit

was calculated according to the equation in section 3.7. In the econd climate chamber study,

the entire soil profile (approximately 80 nun) in each experimental unit wa collected for

sampling in three separate strata - the top 25 mm, next 25 mm and remaining soil. In both

experiment, the final larval olution wa examined under x 40 magnification to identify and

enumerate pre-infective and infective larvae. Validation of the technique (see Appendix 2)

was conducted by spiking clean soil samples with a known quantity of H. contortus L3, and

processing spiked samples according to the protocol. Recovery ranged between 76 and 106%,

averaging 900/0. Soil larval recovery data presented is based on the urn of larval recovery for

all strata within an experimental unit.
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Chapter 4. The effects of amount, timing and distribution of
simulated rainfall on free-living development of Haemonchus
contortus

4.1 Introduction

The ecology of the free-Jiving stages of Haemonchus contortus has been studied extensively

under both laboratory and field conditions (reviewed by Levine, 1963; Michel, 1969;

O'Connor et ai., 2006), providing a thorough understanding of the temperature requirements

for development to infective larvae (L3). However our knowledge of the quantitative

relationships between moisture, temperature and H. contortus development remains

incomplete, limiting our ability to exploit the natural processes controlling free-living

development for control of gastrointestinal nematodiasis. With the increasing popularity of

intensive rotational grazing systems for sheep, and the demonstrated efficacy of these systems

in controlling H. contortus (Colvin et ai., 2006), comes the opportunity to accurately

determine the infective status of individual paddocks based on rainfall and temperature

conditions. This information could be readily used in grazing systems with short (2-5 days)

but intensive periods of grazing to delay re-stocking with sheep to a time when sufficient

mortality of H. contortus infective larvae has occurred. In intensive rotational grazing systems

with a large number of paddocks, it is probable that only a limited number of paddocks will

become significantly infective following each grazing event, and the ability to determine and

avoid this based on current climatic information will further facilitate integrated worm

control.

The susceptibility of H. contortus pre-infective stages to desiccation (Rose, 1963; Rossanigo

& Gruner, 1995; Waller & Donald, 1970) is highly characteristic of the species, limiting its

distribution to areas with warm, moist summers and creating a natural barrier to development

that results in sporadic development of the free-living stages. The sporadic nature of

development is compensated for by the fecundity of H. contortus (Gordon, 1948) which
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means that under continuou tocking of pa ture, hort period of favourable condition for

development generally produce significant numbers of L3. Rotational grazing sy terns di rupt

this compensatory mechanism by disassociating areas of recent faecal deposition with areas

grazed, both spatially and temporally.

Bioclimatographs developed by early researchers attempted to identify the rainfall conditions

required for H. contortus development under continuous grazing conditions, defining

approximately 50 mm a the minimum monthly rainfall required for outbreak of

haemoncho i (Gordon, 1948; Levine, 1963). More recently, attempts at modelling the free

living pha e of H. contortus have used the ratio of (Barger et al., 1972), or difference between

(R. Dobson, unpublished data), cumulative precipitation and evaporation to describe the

moisture conditions influencing development success. The former reported that 900/0 of

hatched egg would reach L3 stage if the cumulative PIE ratio exceeded 1 after one week, and

500/0 if it took three week to exceed 1. However, Besier and Dun more (] 993b) identified

rainfall distribution following faecal deposition and the proportion of green herbage a better

indicator of H. contortus development than total rainfall and evaporation post-depo ition,

observing that L3 recovery from pasture plots was higher following 8 mm of rainfall over 4

consecutive days compared to 26 rom on 1 day. Rossanigo and Gruner (1995) inve tigated

faecal moisture content as a predictor of H. contortus development, reporting optimal

development of H. contortus eggs to L3 at 23°C and a faecal moisture content of 70%. The

review of the literature in Chapter 2 signalled the potential to simplify the multitude of

moisture influences on the free-living environment through determination of the relation hip

between macroclimate moisture variable and FMC, combined with the defining of the effects

of FMC on each free-living developmental stage.

Although current knowledge is valuable for predicting trends in field-scale development of L3

under continuous grazing, it does not provide detailed information on the effects of a given
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rainfall event on eggs recently deposited in faeces. As yet we cannot accurately correlate

faecal moisture, or the amount, distribution and timing of rainfall relative to faecal deposition,

with the development and success rates of H. contortus eggs. The maximunl time allowable

between faecal deposition and rainfall in order for L3 to develop has been poorly quantified,

and, given the short lifespan of H. contortus pre-infective stages, the 50 mm threshold for

monthly rainfall defined by Gordon (1948) and Levine (1963) is of limited value for

predicting pasture infectivity following a particular climatic or grazing event. The effect of

rainfall distribution remains unknown, beyond the observational reports of Besier and

Dunsmore (l993b), and considerable research is required to determine the effects of rainfall

variables, pasture conditions and prevailing temperatures on faecal moisture content before

knowledge of its effects on development can be utilised in a practical manner.

Three studies were undertaken in order to address these deficiencies, testing H. contortus

development onto pasture in the Northern Tablelands of NSW under a controlled rainfall

environment. Experiments were conducted using pasture plots under a rainfall-activated

retractable roof to assess the effect of simulated rainfall events on free-living stages. Whereas

earlier studies have relied on incidental rainfall to evaluate moisture effects on development

(Barger et ai., 1972; Besier & Dunsmore, 1993b; Gordon, 1948), the current study was

designed to explicitly measure the impact of a given amount, timing and distribution of rain

applied under controlled conditions. The purpose of measuring H. contortus development at

simulated rainfall increments, under otherwise naturally occurring climatic conditions, was to

determine a) how soon after faecal deposition a rainfall event is required for pre-infective

stages to remain capable of development, b) whether a quantitative relationship existed

between rainfall amount and H. contortus development, and c) whether rain spread over

several small events over two days is more favourable for H. contortus development than the

same amount falling in a single large event.
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4.2 Materials and methods

4.2.1 Location and experimental design

The experiments were conducted under a rain-activated retractable roof at the CSIRO FD

McMaster field station, Chiswick, as described in Chapter 3 (section 3.1.1). Plot

contamination with sheep faeces containing H. contortus eggs was carried out on three

occasions - October 2004, January 2005 and February 2006. Experiments will hereafter be

referred to as spring 2004, summer 2005 and summer 2006, respectively.

Faece were deposited in a central heap on plot on d O. In the pring 2004 and summer 2005

experiment the experimental design wa a 4 x 4 x 6 factorial with four amounts of a ingle

simulated rain event applied at either of four time periods after faecal deposition and

harvested at either of six times after deposition. In summer 2006 the experimental de ign was

a 3 x 2 x 5 factorial with three amounts of simulated rain applied in either of two distributions,

with harvesting occurring at either of five times after deposition. Plot sampling was

destructive. There were 3 replicates per treatment combination in each experiment. In spring

2004 and ummer 2005, treatments were allocated to constitute a completely randomi ed

block de ign with each block representing a complete replicate to accommodate variable

herbage layers. In summer 2006, treatment were again blocked according to replicate and

then grouped within block according to rainfall treatment. In this experiment rainfall

treatment groups, each consisting of 5 plots, were separated by a distance of at lea t 0.5m with

an interceding drainage line to prevent the cross-transfer of simulated rainfall. At weekly or

bi-weekly intervals following contamination in all experiments, pa ture and faece were

collected and examined for developmental stages. The dates, durations and contamination

rates of each experiment are shown in Table 4-1.
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Table 4-1: Experimental outline for rain-out shelter experiment series.

Spring 2004 Summer 2005 Summer 2006

Date
12 October - 23 25 January - 8 March, 8 February - I March,

November, 2004 2005 2006

Duration 42 days 42 days 21 days

Mean contamination
11738 7896 15522

rate (eggs per gram)

Standard deviation
2023 [-1-] 586 [3] 4521 [4]

(eggs per gram) [n]*

Mean contamination
230,000 197,400 465,660

rate (eggs per plot)

Weight of faeces per
20 25 30plot (g)

* Number of replicates from which standard deviation is derived.

4.2.2 Treatments

In spring 2004 and summer 2005, faeces were subjected to one of four amounts of simulated

rainfall (6, 12, 18, 24 mm) on one of four days following faecal deposition (d 1, 4, 8, 15).

Plots were under the retractable roof only during natural rainfall events, and at all other times

were exposed to prevailing climatic conditions. Each simulated rainfall event took place in the

morning, so that the first event (d 1) occurred 18-20 h post-deposition. Rainfall was simulated

with a watering can, delivering water at an intensity of approximately 8 rnmIminute. Plots

were covered with shade-cloth (50% block-out) for approximately 5 h post-simulated rainfall,

in an attempt to simulate cloud cover following a natural rainfall event. Following d 28

sampling in the summer 2005 experiment, one replicate was removed from the study and a

sprinkler system installed on it to deliver approximately 10 mm water per day for 10 d. The

results from this replicate are not reported beyond d 28.

In summer 2006, a sprinkler system delivered water at a rate of approximately 0.1

mm1minute. Plots were subjected to one of three amounts (12, 24, 32 mm) of simulated

rainfall applied at one of two distributions, namely as a single application starting

approximately 4 h after faecal deposition (16:00 h on d 0) or in three smaller split applications

occurring on d 0 (starting at 20:00 h), d 1 (20:00 h) and d 2 (4:00 h). Plots not designated to

receive water during these events were covered with solid plastic sheeting for the duration of
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water application, but all plot were uncovered in the period between split application .

Unfortunately at each simulated rainfall event, variable water pre sure and windy conditions

meant that delivery of water froln the sprinkler system was not uniform across the plot area.

However collection vessels located on each plot enabled measurement of the actual amount

deposited. Between d 12 and 21, the computer system controlling the retractable roof

malfunctioned and it did not close during several natural rainfall events. Between the e dates,

approximately 35 nun of rain fell on the site (with the majority falling in the 2 d prior to d 21

sampling). Each of the e rainfall events is li ted in Table 4-2.

Table 4-2: atural rain events falling on plot area between 12 and 21 days post-deposition, due to a

malfunction of retractable roof system.

Day (post-deposition)

Amount (mrn)

12 J3 14 15

2.6 2.4 0 0

J6 17

0.6 0

18

o
19 20 21

o 3.2 26.4

4.2.3 Deposition of faeces on plots

Faece u ed to contaminate plot were obtained from heep (n=8) infected with a local train

of H. contortus (Kirby strain, isolated in 1982, CSIRO Live tock Industries) and mixed

thoroughly to produce a uniform pool of faeces, a described in Chapter 3 (section 3.2.1).

Faeces were heaped in the centre of each plot to simulate a natural deposit approximately 24 h

after the faecal collection bags were placed on sheep.

4.2.4 Sampling & Measurements

At each ampling event, faeces were collected for intra-pellet enumeration of egg and larval

stage (Chapter 3, ection 3.5), and pasture for pa ture larval count (Chapter 3, section 3.7).

By the d 7 ampling event in each experiment, a proportion of the faecal material had broken

up or crumbled to smaller piece , although many remained complete. Decompo ition

increased over time during the period that water was applied, although beyond this the

dryness of the faecal material reduced the rate of breakdown.
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Pasture was clipped to ground level using pasture shears and all herbage, along with the

herbage mat and upper soil layer (approximately 2-5 mm), was collected.

In spring and summer 2005, sampling began on d 7 and continued weekly thereafter (d 14, 21,

28, 35, 42). In summer 2005, samples collected on d 35 and 42 were restricted to two of the

three replicates, with the remaining replicate removed from the study for additional watering.

These samples were collected on d 42, but were not included in the main analyses.

In summer 2006, sampling began on d 4 and was repeated on d 7, 14 and 21. In the remaining

plot within each treatment group, 3 subsamples of faeces were collected on d 1-3 for faecal

moisture content (FMC) analysis (Chapter 3, section 3.6). As with subsamples of faeces

collected on d 4, 7 and 14, faeces were dried at 80°C for 6 d to determine FMC.

The multi-factorial designs of all three experiments, including all treatments and sampling

events, are shown in Table 4-3.

Table 4-3: Multi-factorial design of all experiments, including amount, timing and distribution of

simulated rainfall events, and timing of harvesting post-deposition.

Experiment

Treatment factor

Amount of rain applied (mm)

Timing of rain application (day
post-deposition)

Distribution of rain

Spring Summer 2005 Summer 2006

6,12,18 or 24 6, 12,18 or 24 12,24 or 32

1, 4, 8, 15 1, 4, 8, 15 No timing treatment

No distribution treatment No distribution treatment Single or Split

Sampling days (post-deposition) 7, 14, 21, 28, 35 & 42

* Samples collected from two of the three replicates only.

7, 14,21,28,35* & 42* 4,7,14 & 21

4.2.4.1 Herbage measurements

At each sampling event, prior to harvesting, a visual estimate of the herbage green matter

percentage (GM%) on each plot was made. In spring 2004 and summer 2006, the estimate

was a proportion of the total vegetative cover, whereas in summer 2005, due to poor ground

cover, the estimate was a measure of the proportion of ground covered by green vegetation.

The total weight of fresh herbage (including the herbage mat and approximately 5 mm of

topsoil) per plot was also recorded prior to processing. The amount of herbage (kg/ha) was
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not calculated due to the presence of soil in the herbage samples. Dominant plant pecle

pre ent were Phalaris spp., cock foot (Dacrylis glomerata), white clover (Trifolium repens)

and plantain (Plantago lanceolata).

4.2.4.2 Climatic records

Ambient climatic data was recorded at the CSIRO weather station, situated adjacent to the

rainout shelter. Ground temperature was recorded hourly in all experiments using Tinytag®

(Gemini Data Loggers, Chichester, UK) climate data loggers. The e were placed in plots

designated for the final sampling event, enabling data to be collected over the entirety of the

experiment. Open pan evaporation data wa unavailable at the plot site. The evaporation data

presented were therefore obtained from the University of New England weather station

located in the city of Armidale, approximately 18 km north of the rain out shelter.

4.2.5 Statistical analysis

General linear models (GLM) were constructed to test the effects of experimental factors on

intra-pellet enumeration respon e variables. The main effects in the models included

simulated rainfall amount and di tribution, day (timing) of simulated rainfall after faecal

depo ition, day of sampling and block. In addition, continuous variable of faecal weight,

grass weight, GM% and, in the summer 2006 experiment, FMC were included as covariates in

the models. In summer 2006, the problems with obtaining a uniform watering rate across plots

necessitated the use of a continuous variable to describe simulated rainfall amount, rather than

the categorical variable u ed in earlier experiment . Effects which were not tati tically

significant (p>0.05), as determined by analysi of variance, were eliminated from the model.

Significant differences between means were determined using Tukey's HSD te t or pecific

linear contra t within the model. All analyse were carried out using JMP-IN 5.1 oftware

(SAS Institute Inc., NC, USA).

The response variables, expressed as a percentage of the number of eggs deposited, were

recovery of (i) degenerate eggs; (ii) embryonated eggs (E2); (iii) pre-infective larvae (LI and
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L2); (iv) infective larvae (L3); and (v) total eggs and larvae (total recovery). Where the

distribution of response variables departed significantly from normality, a square-root

transformation was used and the suitability of the transformation confirmed by reference to

Shapiro-Wilks statistic (ie. p>0.05). Data are presented as back-transformed least squares

means with upper and lower 95% confidence intervals. In some cases, raw means and

standard errors are also presented.

Data from summer 2006 was fitted to a nominal logistic model with a categorical response

based on whether or not L3 were present on herbage. Non-significant effects (p>0.05) were

removed from the model. L3 recovery rates from plots containing L3 in summer 2006 were

fitted to a LS means model, however none of the main effects or covariates significantly

influenced recovery rate.

4.3 Results

4.3.1 Meteorological and herbage data

The daily mean, mean minimum and mean maximum ground and air temperatures for both

the first week and entire period of each experiment, along with the mean daily evaporation

rates, are summarised Table 4-4. In spring 2004, the minimum daily ground temperature fell

below 5.0°C on 14 occasions. Minimum temperatures were marginally higher in summer

2006 than summer 2005. Mean maximum ground temperatures were considerably higher than

mean maximum air temperatures during each experiment, although there was only a small

difference in mean minimums. The maximulll ground temperatures recorded during the

summer 2005 experiment may have underestimated the true maximums, because the data

loggers reached the logger range maximum temperature of 51.9°C on several occasions.

There were no differences in grass growth (GM% or fresh weight) between rainfall

treatments. Average GM% for each sampling event in all three experiments are shown in

Table 4-5.
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Table 4-4: Summary of mean ground and air temperatures, and mean daily evaporation, for the fir t

week and the entirety of each experiment.

Mean daily
Mean min. Mean max. Mean daily
daily temp. daily temp. evaporation

temp. (OC)
(OC) (OC) (mm)

Ground 1-+.5 5.0 31.8
Day 0-7 4.4

Air 12.3 7.] 18...+
Spring 2004

Ground 17.] 6.2 34"'+
Day 0-42 -+.7

Air 13.5 7.2 19.9

Ground 22.5 13.9 36.5
Day 0-7 -+.7

Air 17.8 13.7 23.6
Summer 2005

Ground 22.] 10.7 39.7
Day 0--+2 -+. ]

Air 17.6 11.0 2-+.8

Ground 21.7 ]3.3 37.7
Day 0-7 4.0

Air 18.4 ]2.] 26.9
Summer 2006

Ground 20.8 12.7 37.]
Day 0-42 4.8

Air 17.5 12.2 25.1

Table 4-5: Average green matter (%) on plots over time for each experiment.

Green matter (%)

Day post-deposition Spring 2004 Summer 2005 Summer 2006

4 na na 43

7 29 37 41

14 3-+ 36 45

21 26 43 57

28 26 32 na

35 24 38 na

42 22 19 na

4.3.2 Recovery of larval stages in faeces

Recovery of L3 from faeces was negligible in all experiment, so thi data is not pre ented.

Recovery of pre-infective larvae (Ll and L2) from the faeces i shown in Figure 4-1 for

spring 2004 and both summer experiments. Recovery peaked at 30/0 on d 14 in spring 2004

and at 24% on d 7 in summer 2005, before declining to less than 1% by d 28 and 140/0 at d 35,

respectively. In summer 2006 the decline in Ll and L2 recovery was, by comparison, very
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rapid, peaking at 18% on d 7 before more than halving by d 14 (7%) and then dropping to

levels comparable to those in the spring experiment on d 21 (3%) (Figure 4-1).

30

2:5

:5

o
4 7 14 21 28

Day post-deposition
42

Figure 4-1: Back-transformed least squares means (±95% C.I.) of L1 and L2 recovery rates over time

from eggs in faeces deposited in the spring 2004, summer 2005 and summer 2006 experiments. Data are

averaged across all simulated rainfall treatments.

In spring 2004 and summer 2005, day of simulated rainfall was a significant influence on L1

and L2 recovery (p<O.OOI), with earlier watering events associated with greater recovery

(Figure 4-2). In plots treated with rainfall on d 1, recovery of Ll and L2 was 4% in spring and

25% in summer 2005, and in both cases recovery was significantly higher (p<0.05) than that

obtained following simulated rainfall on d 4, 8 or 15. In spring 2004 there was no difference

between the later days of rainfall, with mean recovery being <I %, while in summer 2005 the

d 4 simulated rainfall event resulted in significantly (p<0.05) more L 1 and L2 than d 8 and 15

rainfall (20% versus 15-16%) (Figure 4-2).

In spring 2004 the greater recovery of Ll and L2 arising from simulated rainfall on d I was

maintained through until d 28 (Figure 4-3). In contrast, in summer 2005 the greater recovery
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from d 1 or d 4 rainfall events plots was not apparent at d 14 or thereafter (Figure 4-4), even

though one quarter of the plots (ie. those allocated to d 15 rainfall) remained unwatered at d

c c
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Figure 4-2: Back-transformed least squares means (±95% c.1.) of Ll and L2 recovery from faeces within

day of simulated rainfall in the spring 2004 and summer 2005 experiments. Data are averaged across all

sampling events. Means not sharing a common letter within experiment differ significantly (p<0.05).
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Figure 4-3: Spring 2004 experiment. Back- Figure 4-4: Summer 2005 experiment. Back-

transformed least squares means (±95% c.1.) of transformed least squares means (±95% C.I.)

Ll and L2 recovery from faeces over time, of Ll and L2 recovery from faeces over time,

within day of simulated rainfall. within day of simulated rainfall.
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The amount of simulated rainfall applied (6, 12, 18 or 24 mm) had no effect on Ll and L2

recovery in either spJing 2004 or summer 2005 (p=0.168 and 0.208, respectively; data not

shown). However in summer 2006, L I and L2 recovery increased (p=0.008) with rainfall

amount (4-42 mm) at the first two sampling events (d 4: R2=0. 15; d 7: R2=0.32; Figure 4-5).

By d 14 there was negligible effect of amount and at d 21 more (p=0.212) Ll and L2 were

recovered from treatments which had received smaller simulated rainfall amounts. In summer

2005, Ll and L2 recovery was positively correlated with green matter percentage of plots

(p<O.OO I), although the linear coo'elation was weak (Ll &L2% = 14.42 + 0.18GM% ;

30
-t) d..+ •

0
....... d?

0

• 0

•
• .~

• - • Cb- 0

€l
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o 5 10 15 20 25 30 35 -to -t5

Amount of simulated rainfall (mm)

Figure 4-5: Summer 2006 experiment. Ll and L2 recovery regressed on amount of simulated rainfall,

within day of sampling (raw data & linear fits).

In summer 2006, an effect of simulated rainfall distribution on LI and L2 recovery was

apparent through an interaction with day of sampling (p=0.007). This interaction was because

recovery under the split distribution was highest at d 4 and declined thereafter, while for the

single distribution, recovery increased between d 4 and 7, and declined thereafter (Figure

4-6).
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4.3.3 Recovery of L3 from herbage

No H. con/or/us infective larvae were recovered from herbage samples during the spring 2004

experiment. In summer 2005, L3 were recovered from herbage of only 10 out of 252 plot·

sampled during the expeJ;ment, and recovery was low, at an average recovery of 0.02% from

these plots. Statistical analysis of this data is not presented.

30
• Single

o Split

C20
ill
>o
~ 15
'-

o
14

Day post-deposition

Figure 4-6: Summer 2006 experiment. Back-transformed least squares means (±95% c.1.) of Ll and L2

recovery over time from faeces, within simulated rainfall distribution. Under the split treatment each

amount of simulated rainfall was applied in 3 events between d 0 and d 2, while the under the single

treatment each amount was applied in a one-off event on d O.

In summer 2006, translation to L3 was comparatively more successful, with L3 recovered

from herbage of 28 out of 84 plots, at an average recovery of 0.08% from these plots (data not

shown). Neither rainfal1 amount nor distribution had a significant effect on L3 recovery. The

raw means were suggestive of greater recovery under the split distribution, but variation was

large precluding statistical significance (p=0.40 1). FMC and herbage covariates were also not

significantly associated with L3 recovery.

In contrast, the logistic model fitted to the data indicated that sampling day (p=0.021) and

FMC (p=0.021) were significant influences on the presence of L3 on herbage. A one-way

ANOYA carried out to determine the difference in FMC between plots with and without L3
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indicated that mean FMC in plots with L3 was 43%, compared with 32% in subplots without

L3. The proportion of plots in which L3 were recovered is shown in Figure 4-7.
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Figure 4-7: Summer 2006 experiment. Proportion of plots sampled at each event from which L3 was

recovered from herbage.

4.3.4 Recovery of eggs in faeces

All significant effects on embryonated egg recovery, along with recovery over time, are

shown in Table 4-6. Timing of simulated rainfall was the only significant rainfall treatment

effect on recovery of embryonated eggs in spring 2004 and summer 2005. Distribution of

simulated rainfall had a significant effect on embryonated egg recovery in summer 2006.

Degenerate egg recovery over time, along with treatment effects, are shown in Table 4-7.

Amount of simulated rainfall did not influence recovery of either degenerate or embryonated

eggs in any of the three experiments.

Overall recovery of free-living stages declined over time in all experiments, peaking at d 7 in

spring 2004 and summer 2005 (33% and 53%, respectively), and at d 4 in summer 2006

(49%).
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Table 4-6: Back-transformed least squares means of embryonated egg recovery within day of sampling,

tinling of simulated rainfall (spring 2004 and summer 2005) and distribution of simulated rainfall

(summer 2006 only) for each experiment. Means not sharing a common letter within each experiment and

model effect differ significantly (p<0.05).

Effect in model
Embryonated egg recovery

Level
Spring 2004 Summer 2005 Summer 2006

p<O.OOJ p<O.OOl p<O.OOI

4 6.0a

7 8.5a J9.6a 2.3b

Day of sampling 14 3Ab 12.3b O.7b

(post-deposition) 21 2.1b 9.6b 3.1ab

28 1Abc 5Ac

35 2.3b 4.8c

42 O.7c 3.9c

p<O.OOI p<O.OOI

Timing of simulated
7.la 8.5a

rainfall (post- 4 l.8b 5.7b
deposition)

8 lAb 9Aa

15 l.8b ] l.Oa

p=O.OOl
Distribution of

Single 5.0a
simulated rainfall

Split 2.6b
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Table 4-7: Back-transformed least squares means of degenerate egg recovery within day of sampling,

timing of simulated rainfall (spring 2004 and summer 2005) and distribution of simulated rainfall

(summer 2006 only) for each experiment. Means not sharing a common letter within each experiment and

model effect differ significantly (p<0.05).

Effect in model
Degenerate egg recovery

Level
Spring 2004 Summer 2005 Summer 2006

p<O.OOI p<O.OOI p<O.OOI

-+ 9.3a

7 J2.7b 5.3c 7.8a

Day of sampling 14 16.8a 7.6c 4.6b

(post-deposition) 21 J J.8b J1.7b 4.Jb

28 18.3a 15. lab

35 20.1a 18. Ja

42 18.1 a J2.7b

p<O.OOI p=O.OO5

Timing of simulated
11.0b 9.lb

rainfall (post- 4 17.7a 12.0a
deposition)

8 18.0a 12.2a

15 18.6a 12.0a

p=O.842
Distribution of

Single 6.5 a
simulated rainfall

Split 6.4a

4.4 Discussion

The results obtained from the senes of plot experiments indicate that pre-infective

development of H. contortus was favoured by early addition of moisture to faeces and also by

larger amounts of simulated rainfall when applied at a rate similar to natural rainfall. Moisture

available from simulated rainfall treatments applied in spring 2004 and summer 2005 was

inadequate for development to infective larvae on pasture. The recovery of L3 in summer

2006 indicated that water applied over a longer duration was more conduci ve to complete

development, with the effect of the split distribution providing further evidence for this

hypothesis. The increase in maximum amount applied (32 mm versus 24 mm in earlier

experiments) may also have contributed to the greater development success. A threshold
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amount of rainfall for development to L3 was not established, as there appeared to be little

influence of this variable on L3 recovery within experiments.

One limitation of the experimental de ign - unfortunately recognised too late for action to be

taken - was the height of the galvanised metal frames used to delineate plots. It is possible

that these barriers had an effect on plot microclimate, by reflecting sunlight and blocking the

wind, resulting in higher temperatures and lower evaporation, respectively. The difference in

conditions between the plots and the surrounding area was not measured however temperature

measurements recorded for all experiments were made from within the plots, hence barrier

effect on thi variable were accounted for. Given the design of the experimental area, the

barrier were necessary to quarantine treatments (ie water application) and larvae to the

allocated plot.

4.4.1 Effects of simulated rainfall timing and distribution on free-living development

In pring 2004 recovery of pre-infective larvae and embryonated eggs was consistently higher

when simulated rain fell on d 1, compared with later rainfall events, while mortality of eggs

was lower. Evidently, eggs which received moisture almost immediately after deposition

remained viable and continued to develop under mean temperatures that would generally be

considered marginal for development (Barger et aL., 1972). It is likely that these egg

embryonated following the simulated rainfall event, when daytime temperatures were

adequately warm (l8.4°C average daily air maximum) and were then able to survive in the

pre-hatch stage until the second week when hatching occurred. The superior resistance of

embryonated egg to unfavourable conditions, relative to un-embryonated eggs (Silverman &

Campbell, 1959) and pre-infective larvae (Todd et aI., 1976), is most likely responsible for

the urvival of a proportion of embryonated eggs under cold temperature in thi experiment.

In summer 2005, the influence of timing of simulated rainfall on L1 and L2 recovery could be

separated into three effects - very early, early and late rainfall. There was no difference in

recovery of pre-infective larvae at d 7 and 14 between d 1 and d 4 timing treatment.
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Thereafter recovery tended to be greater from plots in which rainfall wa imulated on d 1.

However, overall recovery of degenerate eggs from d 4 plots (12%) was higher than from

those that received rain on d I (90/0), and similar to that those in which imulated rain fell on d

8 and 15 (mean of 120/0). These findings suggest that while a sin1ilar proportion of eggs had

hatched to pre-infective larvae by d 14 in plots receiving rain on d 1 or d 4, those eggs that

didn't hatch under the d 4 rainfall were succumbing at a greater rate than under the d

treatment, which appeared to survive as embryonated eggs for a period of time.

Although simulated rainfall event within a few days of deposition stimulated greater initial

and subsequent hatching success, it appears that there was adequate moisture available in the

faecal pellet at deposition to allow at least some development in the absence of additional

moisture. This was demonstrated most clearly in summer 2005 within the d 15 timing

treatment, in which 16% of eggs originally deposited were recovered as LI or L2 at d 14,

prior to the simulated rainfall event. That there was no difference in recovery of pre-infective

larvae at d 14 between d 8 and d 15 timing treatments suggest rainfall events applied one

week after faecal deposition have no detectable effect on development uccess. Similarly, the

addition of moisture experimental to plots during the last weeks of both ummer experiments

had no influence on subsequent development. Berbigier et al. (1990) observed rapid mortality

of H. contortus pre-infective stages in the absence of rain under a dry tropical climate, with

only 60/0 of eggs in goat faeces viable after 48 h. However at present there is little published

material concerning the timeframe in which rainfall (or addition of moisture) must occur

promote free-living development in temperate or Mediterranean climates.

The finding that the split distribution of simulated rainfall promoted more hatching by d 4

than the single distribution in summer 2006 suggested that an extended period of moisture

availability soon after deposition was more favourable for development than the same total

amount falling in one simulated rainfall event. This result conforms with the earlier

76



Chapter 4 - Effects of rainfall amount. timing and distribution on H. contorltls

experiments in which simulated rainfall timing treatments demonstrated the importance of a

favourable moisture environment dOling early development. There was no evidence, however,

of the effect of distribution being carried through to the infective stage of the life cycle.

4.4.2 Etl'ects of rainfall amount on free-living development

The negligible effect of amount of simulated rainfall on development In the first two

experiments conforms with previous research, in which evaporation and rainfall distribution

have been considered more relevant criteria for H. contortus development than total rainfall

(Barger et aI., 1972; Besier & Dunsmore, 1993b). It is possible though that application of

water at a significantly faster rate than natural rainfall provided little opportunity for steady

soaking of faecal pellets and the upper layers of soil, therefore limiting the effect of the

amount treatments. The summer 2006 experiment was designed to mimic more closely the

natural rate of rainfall more closely by spreading events over a period of several hours, rather

than minutes. In this case, effects of simulated rainfall amount were apparent on the

development success, with recovery of Ll and L2 initially increasing with amount. In later

weeks recovery was negatively correlated with simulated rainfall amount suggesting that

higher amounts may have, by this stage, promoted transition to L3 or at the least migration of

pre-infective larvae from the faeces, although this effect was not detected in recovery from

pasture samples. With a particularly rapid decline in overall recovery of Ll and L2 beyond d

7 under treatments which promoted more moist micro-environments (ie. split distributions

and higher rainfall amounts), it is also possible that increased rates of decomposition and

predation of Ll and L2 contributed to the loss of pre-infective larvae. Disturbance and

breakdown of faecal material by dung beetle and other insects may also have contributed to

loss of L I and L2.

4.4.3 Recovery of infective larvae on pasture

The negligible recovery of infective larvae from the spring experiment can be partly explained

by unfavourable temperatures, with only a small proportion of the eggs deposited reaching the
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pre-infective larval stage. Minimum daily temperatures were below 10°C - the value used by

Barger et ai. (1972) a the threshold for hatching to occur. Intere tingly, there was an increase

in recovery of Ll and L2 between d 7 and 14, a finding that suggest hatching can occur

beyond the 5 day maximum egg lifespan proposed by Barger et al. (1972). In summer 2005

when temperatures were more conducive to development, a significant proportion of the

deposited eggs were recovered as pre-infective larvae but developn1ent was stalled at this

stage. Our hypothesis is that moisture availability was the major limiting factor for

development to the L3 stage in both the pring 2004 and ummer 2005 experiments.

Evidence to support this can be found in the modelling assumption of Barger et ai. (1972) that

cumulative precipitation must exceed cumulative evaporation within a maximum of 3 weeks

of egg hatching in order for development to L3 to occur. With the average evaporation rates in

the region of 4.4 and 4.7 mm per day in the spring 2004 and summer 2005 experiments,

re pectively, conditions would quickly have become too dry for transition to L3 and migration

to the pasture. The 6 mm treatment would only have met the PIE ratio threshold for 1 day, the

12 mm treatment for 2 days, the 18 mm treatment for 4 days and the 24 n1ill for 5 days.

Comparatively higher developmental success was achieved in the summer 2006 experiment,

most likely due to a range of factors including a better simulation of natural rainfall. Again,

the PIE ratio remained above I for only a short period following deposition (a maximum of 8

days, under the split 32 mm treatment) however it is likely that moisture was retained longer

overall in the microclimate than in earlier experiments as a result of both the split distribution

and longer watering duration. The effect of FMC on H. contortus development succes

suggested that moisture condition early in the development cycle did influence whether or

not infective larvae developed at all, despite there being no significant effect of amount or

distribution of simulated rainfall, with larvae more likely to be recovered from plots in which

FMC was lower. Although L3 recovery was low and highly variable, the results are not
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dissimilar to findings of other plot tudies with H. contortus. Besier and Dunsmore (l993b)

reported that the mean L3 recovery from plots contaminated regularly over a 12 month period

varied between 0.00 I % and 0.475%, and that the majority of recoveries greater than 0.020/0

occurred during the months of May to October, when moisture was rarely limiting.

4.4.4 Conclusions

Thi tudy has provided evidence that normal faecal moisture i adequate for development of

H. contortus through to the pre-infective larval stage but not the infective tage, under

summer temperature and evaporation conditions. The addition of moisture to the free-living

environment, particularly during the first four days post-deposition, will promote greater egg

hatching and emergence of pre-infective larvae, which increases with amount of rainfall

applied. However sustained availability of moisture is necessary for development to L3.

Under high rates of evaporation, hort, single rainfall events are unlikely to lead to infective

pa ture, with rapid drying quickly limiting moisture availability in the microclimate. FMC i

likely to be a relevant predictor of development, however further work is required to

investigate both the quantitative effects of moisture on this variable, and the effects of FMC

on development rate and succe s. The ratio of cumulative precipitation and cumulative

evaporation may also offer considerable potential for de cribing moi ture availability

following faecal deposition. Again, however, additional studies are necessary to determine the

threshold PIE values at which development will proceed.

The results emphasi e the vulnerability of the free-living H. contortus to limited moi ture

environments, a finding that has significant implications for rotational grazing systems. For

example, the level of contamination following a 3-day grazing event during a typical Northern

Tablelands summer will be dependent on environmental conditions during the ub equent 3-5

days. In the absence of rain during this period, development to L3 can be assumed to be

negligible. If a rainfall event does occur, sustained rain will be more favourable for

tran mission than a hort downpour or storm. The low probability of favourable rainfall
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conditions coinciding with the crucial period for egg development means that many paddocks

in a rotationally-grazed system will be clear of larval contamination.

Further ecological studies are necessary to determine whether the effects of rainfall amount,

timing and distribution on pre-infective development observed in this study are measurable in

success or rate of L3 development. Knowledge provided by such studies will facilitate

mapping of paddock contamination within rotationally-grazed systems which, when

combined with strategic grazing management, will allow producers to minimi e exposure of

sheep to infective pastures.
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